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PREFACE
A new tradition started in 2005 that is called CENTRAL EUROPEAN CONGRESS ON
CONCRETE ENGINEERING. This is a series of yearly congresses to provide a forum for
engineers of our neighbouring countries to meet and exchange experiences regularly. Engineers
from all fields are addressed working in design, execution, prefabrication, material production,
research or quality control.
In our Congresses new achievements are presented to a specific field of concrete engineering:
The 1st CCC Congress in Graz (Austria) 2005 was devoted to Fibre Reinforced Concrete in
Practice; 2006 Hradec Kralove (Czech Republic) Concrete Structures for Traffic Network, 2007
Visegrád (Hungary) Innovative Materials and Technologies for Concrete Structures; 2008 Opatija
(Croatia) Concrete Engineering in Urban Development; 2009 Baden (Austria) Innovative
Concrete Technology in Practice; 2009 Mariánské Lazně (Czech Republic) Concrete Structures
for Challenging Time, 2011 Balatonfüred (Hungary) Innovative Materials and Technologies for
Concrete Structures, 2012 Plitvice Lakes (Croatia) Durability of Concrete Structures, 2013
Wroclaw (Poland) Concrete Structures in Urban Areas, 2014 Liberec (Czech Republic), 2015
Hainburg (Austria) Innovative Concrete Technology in Practice. In Hainburg in 2015 we decided
to have the Congresses biannual in order to be able to give enough time for preparing
contributions on important new constructions as well as on important new scientific results.
The 12th Central European Congress on Concrete Engineering will take place in the beautiful
ambient of Tokaj region (Hungary) that is listed as a UNESCO World Heritage site.
The CCC2017 Congress in Tokaj focuses on Innovative Materials and Technologies for
Concrete Structures. Concrete is an ever developing construction material. There is a continuous
development on material properties, constructability, economy as well as aesthetics.
The Congress in Tokaj intends to overview properties of new types of concretes (including all
constituent materials) and reinforcements as well as their possible applications. Therefore, we
selected the following 5 topics for CCC2017 Tokaj:
Topic 1: Tailored properties of concrete
Topic 2: Advanced reinforcing and prestressing materials and technologies
Topic 3: Advanced production and construction technologies.
Topic 4: Advanced concrete structures
Topic 5: Modelling, design and codification.
The host organisation of the CCC2017 Congress is the Hungarian Group of fib. The Congress
is jointly organized by the Faculty of Civil Engineering of Budapest University of Technology
and Economics. We have the pleasure to invite representatives of clients, designers, contractors,
academics and students to take part at this regional event, which will give excellent social and
technical conditions for exchange of experience in the field of concrete engineering.
As the Chairman of the CCC2017 Congress I am happy to welcome 83 papers in this
Proceedings from 16 countries of Europe, America and Africa.

György L. Balázs, Chairman of CCC2017 Congress
Honorary President of fib (International Federation for Structural Concrete)
Professor at Faculty of Civil Engineering, Budapest University of Techn. and Economics
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NEW TYPE PREFABRICATED WATER TOWERS WITH PRESTRESSED
MAST
Béla Csíki, Károly Kőszeghy, Zoltán Perczel
DCB Engineering Consulting Ltd.
H-1112 Budapest, Rózsabarack s. 8., Hungary
SUMMARY
Two types of water towers almost fully made of prefabricated elements have been developed
for lower and middle ranges of water storage capacities, recently. The first can be used for
50 m3 to 100 m3, while the second type from 150 m3 up to 750 m3 storage capacities. The
paper summarizes the design aspects and also the experiences obtained during the
construction of the 5 new type water towers having been realized, so far.
The new type water towers have proved to be economic even in the lower storage capacity
ranges due to the short time of in-situ building works and also to the (for long time) existing
prefabrication capacity.
1. INTRODUCTION
Due to the recent water supply developments in Hungary three of 100 m3, one of 200 m3 and
one of 500 m3 capacity new type water towers have been realized in the country in the past
few years. All of them are almost fully made of prefabricated reinforced concrete elements.
Although in lower storage capacity ranges steel towers have been regarded more typical so
far, developing and applying prefabricated reinforced concrete water towers have also
appeared recently, based on the following capabilities:
•
•

Exists, for long time, a prefabrication capacity for circular pipe elements widely used
to underground conduits, and
Exists also a prefabrication capacity for wall- and roof elements for prefab under
surface basins often built for drinking water storage in the past few decades.

The idea of putting together the prefab pipe-, wall- and roof elements in order to shape the
superstructure (the mast and the tank) of a water tower was coming from the manufacturer
of such elements itself, AGM Beton Zrt. (H-2200 Monor, Külterület, Hrsz.: 0100/8). The
company playing an increasing role in the civil engineering execution market in Hungary
and abroad, acted as main contractor in the execution of the five new water towers.
There are many examples for reinforced concrete water towers built by using prefabricated
elements. In most cases the mast is erected monolithically using sliding shutter, while the
tank is assembled on the land surface from prefab elements before lifting it up to its final
position (Koperniczky, 1969). An alternative method is also widely used: cast in situ
concreting of the tank on mounted shutter elements at the bottom surface before moving it
up the tower (Kiss, 1973).
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There are much fewer instances for prefabrication spreading also to the mast of the water
tower. An interesting example is a set of uniform 200 m3 water towers of such a kind in Italy,
near Verona (Márkus, 1984). In addition to the tank also the mast of the towers was made of
prefabricated elements connected by prestressing (post-tensioning). Mainly the mast
prefabrication resulted in a very short (3 weeks/tower) building time of these towers often
commemorated about.
2. TOWER TYPES
Two types of water towers almost fully made of prefabricated elements have been developed in
connection with the arising demand for high water storage. The first one is for lower (from 50 to
100 m3) and the second one is for middle (from 150 to 750 m3) storage capacities, Fig. 1.

Fig. 1: Design views of the two water tower types (Type 1 left, Type 2 right)
Three of the first type with 100 m3 storage capacity were built and put in operation in
Árpádhalom, Eperjes and Újiráz in 2015. Two of the second types have been built so far: one
of 200 m3 capacity in Gádoros in 2015, and one of 500 m3 capacity in Dömsöd in 2014.
2. STRUCTURAL ARRENGEMENT
2.1 In general
The mast of both water tower types is made of vertically post-tensioned prefabricated reinforced
concrete pipe elements. The storage tanks above the mast are also fully prefabricated with
watertight connections, but the arrangements are slightly different. The vertical sections of both
types, first for 100 m3 and the second for 200 m3 storage capacity are presented in Fig. 2.
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Fig. 2: Vertical sections of the two water tower types (Type 1 left, Type 2 right)
The circular tank-wall of the first type for smaller capacities consists of cylindrical segment
elements. The tank-wall of the second type for the bigger capacity is polygonal in layout, and
consists of vertical plain panels. The only main structural part of both types made of in-situ
reinforced concrete is the founding of the water-towers.
2.2 Substructure and foundation
The substructure consisting of a foundation slab and of a founding cone at both water tower
types is made of in-situ (monolithic) reinforced concrete.
Depending on the soil conditions of the site plane- or piled foundation is applied. The
foundation method determines the necessary layout measure of the applied (circular or
polygonal) foundation slab. (A piled foundation may need smaller sizes in layout.)
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The founding cone stiffening the substructure on the one hand secures the entrance of the tower,
on the other hand serves as anchoring space for the prestressing bars of the mast. The height of
the cone is about 5 m, the diameter is changing from 3 m to 5 m. The thickness of the roof slab
of the cone where the mast prestressing bars are fixed to is 0.7 m.
The applied grade of structural concrete for the substructure is C35/45-XC4-XF1-XA1, with a
reinforcing steel category of B500B.
2.3 Prestressed mast
The mast of both tower types consists of prefabricated reinforced concrete pipe elements of 3.0
m outer diameter and of 250 mm wall thickness. The height of the pipe elements is 2.58 m. The
number of the mast elements can be about 9 to 11 pieces depending on the required tower
height. At tower Type 2 the last element is special to allow for anchoring radial cantilever
beams directly supporting the tank.
The mast elements are gradually post-tensioned through the pipe-walls in vertical direction by
prestressing bars anchored at the bottom of the thick roof of the founding cone. In the realized
cases Dywidag prestressing bars (DSI 950/1050) of 26.5 and 32 mm diameter were used.
The applied grade of structural concrete for the mast elements is C50/60-XC4-XF1-16-F3, with
reinforcing bars of B500B.
2.4 Tank supporting
The direct supporting of the tank at the top of the mast is different for the two tower types.
At Type 1 (tank for lower storage capacities) an in-situ prefabricated reinforced concrete circular
plate is lifted and fixed directly to the final mast element. Then, the prefab segment elements of
the tank are placed directly to the circular plate functioning as bottom plate of the tank.
At Type 2 (tank for higher storage capacities) radially located, reinforced concrete cantilever
beams are used for supporting the tank. The bottom plate is made of in-situ reinforced concrete
casting on prefabricated shallow shutter slabs after they have been lifted up to the cantilevers.
Fixing and anchoring of the radial prefabricated cantilevers to the specially arranged, final mast
element was one of the most challenging questions to be solved during the design, Fig. 3.

Fig. 3: Anchoring of cantilevers to the final mast element (Type 2)
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2.5 Tank structures
The storage tanks above the mast are also fully prefabricated with watertight connections, but
the arrangements of the sidewalls are slightly different, Fig.4. The effective layout of tanks for
water storage is circular ring-shaped (not circle) because of a central circular pipe-element
with a steel ladder inside connecting the mast area with the tank-roof to secure free access.
This central pipe acts as an inner support of the tank-roof, as well.

Fig. 4: Tank horizontal sections (Type 1 left, Type 2 right)
The circular tank-wall of Type 1 for smaller capacities consists of prefabricated cylindrical
segment elements of 200 mm thickness, and of 1.50 m height connected to form whole circles
(rings) at the ground surface. Each ring including three connected segments is lifted up to the
bottom plate on the mast (or onto the previous full ring). The 100 m3 capacity tank is of
4.64 m diameter, with a 7.50 m necessary wall height. This height can be reached by five
whole rings with four circumferential watertight connections worked up at their final location
by special sticking material and welding.
The tank-wall of Type 2 for the bigger capacity is polygonal in layout. It consists of
prefabricated vertical plain panels with horizontal and vertical stiffening ribs at the paneledges. The panels are connected to each-other by bolts along the vertical ribs, while their
bottom is welded to steel continuous profiles concreted in the bottom plate. The watertightness at each junction is secured by cement-slurry injection of the designed gaps.
Regarding a 200 m3 storage capacity tank, 16 wall-panels of 1.76 m width are needed,
arranged around a 9.16 m diameter inner circle of the 16-sided polygon. The height of the
panels is 4.60 m, with lowest thickness of 150 mm. (Tanks of similar arrangement with
several measures were widely used to build underground water reservoirs a few decades ago.)
The grade of structural concrete to the prefab elements of the water tanks is C40/50-XV2(H)XC2-XD2. The category of the applied reinforcing steel is B500B.
2.6 Mast and tank element joints
The circular horizontal joints of the mast elements are formed by smooth surfaces (without
any notches) compacted by sticking and – obviously – by the prestressing itself.
The watertight joints of tank elements of both Types at the bottom slab are formed by mixing
of in-situ welding and concreting.
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The wall to wall circumferential joints at tank of Type 1 are notched connections compacted
by sticking and welding. The vertical joints along the wall elements of Type 2 are bolted and
in-situ cement injected connections.
3. STRUCTURAL ANALYSIS
The following structural models, design principles and analysis methods were applied to the
structural design of the water towers:
• In general:
Three-dimensional combined structural model on elastic bedding or on discrete elastic
springs examined by FEM (Fig. 5).
• To earthquake load (Modal response spectrum analysis):
1. Static model: Reduced at the mass centre (one mass) vertical cantilever. The
water load (weight) is considered in the metacentre when determining the mass
centre.
2. Dynamic model: Two mass (M1, M2) vertical cantilever. M1 is the sum of the
mass of the tower and of the mass of the impulsive water part (moving together
with the structure) acting in the mass centre. M2 is the mass of convective
water part (moving separately from the structure) suspended in the metacentre.
• To stability analysis:
Elastically supported (walled in) vertical cantilever. (The critical force based on
Föppl-Papkovics principle.)
• Prestressing of the mast:
The effective (applied in two steps) prestressing forces of the mast are increasing from
top to bottom to eliminate tension stresses along the mast. The distribution of the
considered prestressing forces and of the normal forces due to an ultimate load
combination of 200 m3 water tower in Gádoros is presented in Fig. 5.

+31,88 m

8 bars

4080 kN

12 bars

6120 kN

16 bars

8160 kN

20 bars

10200 kN

24 bars
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28 bars

14280 kN

+29,30 m

+24,14 m

+18,98 m

+13,82 m

+8,66 m

+2,80 m

Fig. 5: FEM model of structure, Prestressing- and axial forces of mast
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4. CONSTRUCTION ASPECTS
Due to the recent demand for water towers of low and middle range capacities in Hungary the
advantages of prefabrication could be considerable because of the next correlating reasons:
•
•
•
•
•

There has been, for long time, a prefabrication capacity for reinforced concrete
elements applicable (by not much modification) to build mast and tank of water
towers.
There have been, for long time, building experiences of prefabricated water reservoirs
on or under the ground.
The mounting-like building activity needs low living labour capacity (Fig. 6).
Possibility of more tower construction at the same time with not multiple recourses.
This may reduce multiple costs.
Possibility of very short building time. After the in-situ concreting works of the
substructure have been done the building time of mounting is not more than a few
weeks, depending on the storage capacity of the water tower.

Fig. 6: Examples for mounting-like construction (Type 2)
5. CONCLUSIONS
To satisfy the demand for high water storage of lower and middle range capacity in the
country, five new types almost fully prefabricated reinforced concrete water towers have been
built recently, in Hungary.
The mast of both water tower types is made of vertically post-tensioned prefabricated
reinforced concrete pipe elements. The storage tanks above the mast are also fully
prefabricated with watertight connections, but the arrangements are slightly different.
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The circular tank-wall of the first type for smaller capacities consists of cylindrical segment
elements. The tank-wall of the second type for the bigger capacity is polygonal in layout, and
consists of vertical plain panels. The only main structural parts of both types made of in-situ
reinforced concrete are the foundation and founding of the water-towers.
The experiences with the new type of civil engineering structures (Fig. 7) have been positive
so far regarding the aspects of design, building and operation, respectively.

Fig. 7: Views of the new water tower types (Type 1 left, Type 2 right)
Hopefully, the new civil engineering structures, as special kinds of landmarks, satisfy
aesthetic considerations, as well.
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THE LONGEST INTEGRAL BRIDGE IN AUSTRIA – A5.24 BRIDGE
OVER THE SATZENGRABEN
Robert Schedler, Michael Fritsch, Iztok Arnuga
FCP Fritsch, Chiari & Partner ZT GmbH
Marxergasse 1B, A-1140 Wien
SUMMARY
On the new highway section of the Austrian northern highway A5, the A5.24 bridge over the
Satzengraben is currently being constructed. The bridge with a length of 112 m was designed
as an integral bridge, equipped with an innovative road expansion joint, developed by the
Technical University of Vienna. Due to the length of the bridge, the constraints of the road
expansion joint and the high earth dam made of cement stabilised soil unconventional
solutions at the abutment axes had to be implemented. The integral solution with a high
superstructure stiffness and robustness of a statically undetermined system also enabled a
slender and visually attractive design of the bridge.
1.

INTRODUCTION

A new section between Schrick and Poysdorf is currently being built on the Austrian north
highway A5. Part of this section, at the chainage 32+347, is also the longest integral bridge in
Austria. The highway bridge with a total length of 112 m and with straight geometry crosses in 5
spans the Satzengraben Creek, a local road and a hiking path in 5 spans. The reinforced concrete
bridge, designed by the structural consultancy firm Fritsch, Chiari & Partner ZT, is a pilot project
of the Austrian highway authority (Asfinag) and will be equipped with a special maintenance-free
road expansion joint developed by Univ.Prof. Dr.-Ing. Kollegger and Dr.techn. Eichwalder at the
Technical University of Vienna (Kolleger, Eichwalder 2014). The construction of the bridge is
carried out by the Joint Venture Strabag-Porr-Habau and began in spring 2016. The completion of
the bridge and the expansion joint is scheduled for the second half of 2017.

Fig. 1: View of the bridge
2.

INTEGRAL BRIDGES

Today integral bridges present the standard solution for road bridge structures with a total
length of up to 60 m in straight geometry. Due to the low life cycle costs they are the
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preferred solution by the authorities and therefore there is the tendency to extend the
boundaries for integral (and semi-integral) bridges by using and developing special details
(e.g. transition slab details, concrete hinges, elastic interfaces etc.) and applying sophisticated
calculation methods (e.g. consideration of cracked concrete stiffness, detailed construction
stage modelling).
One of the major concerns or limits for integral bridges on road networks presents the
detailing of the abutment zone, especially on highways. In order to minimize the differential
settlements behind the abutment wall, transition slabs are generally installed. For longer
bridges also expansion joints in the road pavement are required. However, due to a large
number of heavy vehicles on today’s highways, the conventional expansions joints need to be
frequently checked, maintained and also replaced.
Therefore, there is a strong initiative on developing maintenance-free road expansion joints or
transitions nowadays. In the last couple of years multiple innovative road transition solutions
were developed and executed in Austria, e.g. Oberwarter bridge with a rubber concrete
transition slab (Geier et al 2017), A5.18 bridge with an anchored stretchable transition slab
(IL-Mayer 2015) and the solution applied at the A5.24 Satzengraben.
3.

ROAD EXPANSION JOINT

The bridge is equipped with a road expansion joint developed by the Technical University of
Vienna (Kolleger & Eichwalder 2014). Below a short description of the system is given,
detailed information can be found in (Eichwalder 2017).

Fig. 2: Road expansion joint
The expansion joint consists of a transitions slab, which is monolithically connected to the
bridge superstructure; glass fibre bars, which are anchored in the transition slab and in the
anchor block; precast elements which are placed between the transition slab and the anchor
block and are fixed to the glass fibre bars. The precast elements slide on top of the sliding
slab, which is monolithically connected to the anchor block. The anchor block is the fixed
point, while the bridge is contracting or expanding. The longitudinal deformation of the
bridge is equally distributed to the single gaps between the precast elements. That way the
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relative movements between two precast elements are small enough to be resisted by the
asphalt. Between the road pavement and the precast elements also a stress absorbing layer is
placed to reduce the concentrated loading of the asphalt between the precast element gaps.
Therefore the asphalt layer is continuous and should result in lower maintenance costs. The
glass fibre bar stiffness results in axial tension forces in the superstructure of the bridge –
approx. 4.5 MN, which had to be considered in the design of the bridge.
4.

DESIGN OF THE BRIDGE

4.1. Structural Form
The structural form of the bridge was conceptualized together with Dipl.-Ing. Kleiser from the
Austrian highway authority (Asfinag) in accordance with the principles stated in the articles
(Kleiser 2016) and (Kleiser 2017). The wish was to create a subtle, robust and economic
structure. The form and size of the structural elements should reflect the magnitude of forces
they are transmitting. To visualize the continuous flow of forces any abrupt cross section and
stiffness changes were tried to be avoided.

Fig. 3: View of the superstructure from below

Fig. 4: Detail of the abutment wall
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In order to emphasize the integrity of the structure, the cross section of the superstructure was
chosen as trapezoidal. The ratio of the span length of 24 m and the superstructure depth of 90
cm in midspan, as well as the 140 cm haunch at the supports, creates a slender appearance of
the bridge. The slenderness of the piers is a compromise between the required horizontal
stiffness for external loads (e.g. traffic braking) and flexibility to enable an “unconstrained”
expansion and contraction of the bridge (temperature, shrinkage).
To visualize the reduced forces at the edges of the superstructure-abutment connection, the
abutment wall below the superstructure cantilever is locally drawn in. According to the author’s
opinion, the use of such subtle details to “break” the monotony of large flat surfaces contributes
to the aesthetic value of the structure and creates an interesting play of light and shadow.
4.2. Foundations
The bridge is supported on pile foundations in all axes, with a maximal pile length of 28.5 m.
Six piles reaching through the 15 m high earth dam to the load-bearing soil were executed at
the abutment axes, while in the pier axes only four deep piles per axis were cast. For the
design of the sub- and the superstructure of the bridge a variation of the soil parameter had to
be considered. The mean geotechnical horizontal bedding of the piles was multiplied either by
a factor of 2.0 or 0.5. Additional design considerations which are described in the following
chapter were taken at the abutment zone.
4.3. Detailing of the Abutment Area
The detailing at the abutment area required a non-conventional solution due to large
longitudinal bridge deformations. In order to achieve a decoupling of the abutment from the
embankment, the abutment wall is covered with 20 cm of an elastic layer of EPS (Fig. 5) and
the top 3 m of the piles are coated with a 30 cm thick elastic layer of polystyrene concrete (Fig.
7). The embankment with a slope of 1:1 has a height of approx. 15 m and is made of cement
stabilized gravel. Therefore, any imposed deformation from the piles and the abutment wall due
to bridge shortening (temperature and shrinkage), could destabilize the embankment dam, cause
large constraining forces or loosen the earth dam behind the abutment wall.

Fig. 5: EPS on the back of the abutment wall
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The required depth of the decoupling and the deformation capacity of the embankment were
determined with a nonlinear soil-structure analysis (Fig. 6). The following considerations were
taken at the abutment axes where the piles are embedded into the cement stabilised earth dam.
Since the dam is made of cement stabilised gravel, it was assumed that due to relatively large
horizontal bridge movements, the soil will be compacted by the piles, after a certain number
of summer/winter cycles. Therefore, two extreme cases were considered:
• Due to the compaction of the soil, the resistance gets higher – factor 2.0 considered.
• Due to the compaction of the soil, the pile is unsupported in the phases between maximal
bridge expansion and contraction – zero horizontal bedding.
The mean horizontal bedding values were calculated with mean geotechnical parameters and
with the use of a nonlinear soil-structure 2-dimension interaction model for the abutment area.
The maximal horizontal displacement of the pile head was imposed (30 mm) and at every
interaction spring, the horizontal reaction and displacement were recorded. On this basis an
envelope of the elastic bedding, considered in the general design model, was determined.
Additionally, also negative shaft friction had to be considered in the design of the piles since
the earth dam had not completely consolidated at the time of pile construction.

Fig. 6: 2D FE-model of the abutment area
The execution of the partial decoupling of the piles from the earth dam on the top 3 m was
planned in the tender design with the use of EPS sheathing as executed at the Seitenhafen
bridge in Vienna (Kral, 2012). However, in the detailed design phase, the construction
company proposed a simpler solution for execution. In the first stage an approx. 3 m deep
borehole with a diameter of 1.8 m was drilled and filled with a polystyrene granulate cement
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mixture used for impact sound insulation. After the polystyrene filling hardened, a cased
borehole with a diameter of 1.2 m was drilled through the polystyrene to the final depth of the
piles and consequently the piles were cast (see Fig. 7).

Filled bore-hole before the drilling of the piles

Filling of the 1.8 m bore hole with the
polystyrene granulate cement mixture
Executed piles – earth dam partly removed
Fig. 7: Execution of the piles at the abutment axis
5.

CONSTRUCTION

The superstructure of the bridge was erected in 5 construction phases per lane. Due to the
height of more than 15 m, the scaffolding with the formwork had to be fixed to the abutment
wall or previous construction segment and to the piers, as it can be seen in the figure below.
The slender piers (slenderness of λ = 125 in construction phase) had to be horizontally
supported by auxiliary steel columns and struts.

Fig. 8: Temporary support of the scaffolding and formwork of the new superstructure segment
on the previous superstructure segment (left) and piers (right)
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Fig. 9: Construction phase
6.

MONITORING

The average core temperature of the bridge at the moment of ”closing” – connecting the
bridge with the road expansion joint - is important for the functionality of the expansion joint
and magnitude of the constraining forces in the bridge. Therefore, temperature sensors were
installed in the superstructure of the bridge.
However, in order to record the performance of the road expansion joint, the structure will be
monitored in the following three years of operation. The monitoring is performed by VCE ZT
and includes the following monitoring instruments:
• Air temperature sensors.
• Multiple temperature sensors in the superstructure (in three sections, in multiple points
over the depth of the deck) and in the abutment.
• Extensometers at every road expansion joint to measure the total extension between
the anchor block and the abutment wall.
• Laser sensors to measure the distance between the abutment walls of the bridge.
• Combi-sensors in the asphalt layers for measuring the temperature and strain.
• Fibre-optical strain sensors between the precast elements of the road expansion joint to
measure the opening of the gaps between the precast elements.
7.

CONCLUSIONS

In the past few decades, many integral bridges were built on the road and railway networks. The
positive experience gained with this type of bridge structures encouraged authorities, researchers
and designers to develop new solutions and push the boundaries of long integral bridges.
The A5.24 bridge over the Satzengraben with a length of 112 m, equipped with an innovative
road expansion joint, is a pilot project setting a step towards maintenance free road expansion
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joints on long road bridges. Based on the monitoring results, the actual behaviour of the road
expansion joint, the road pavement and the bridge structure new experience will be gained in
the following years. This experience will serve as guidance and as a stimulus for further
development of integral bridges.
Below the companies involved in the design and realisation of the bridge are listed:
Principal authority:
ASFINAG Bau Management GmbH
Development of the road exp. joint: Technical University of Vienna – Institute of Structural
Engineering and Institute of Transportation
Construction:
Strabag – Porr - Habau JV
Project management:
IGP ZT GmbH
Designer:
FCP ZT GmbH
Design supervision:
KMP ZT GmbH
Site supervision:
IBK ZT GmbH, SPP ZT GmbH
Monitoring:
VCE ZT GmbH
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SUMMARY
Modulus of elasticity of concrete is an important design parameter. It determines the relation
between internal forces and deformations, which is important for structural behaviour of
concrete structures. Design codes provide only a mean value of the modulus. Significant
variability of the modulus is described and the reasons are explained. At some structures, the
elastic modulus of concrete has to be specified. Proposed acceptance criteria regard the natural
variability of the modulus and simultaneously allow for a reasonable production. The effect of
the modulus on deflections of reinforced and prestressed concrete elements is analysed.
1. INTRODUCTION
Modulus of the elasticity is a parameter influencing not only deformations of concrete
structures, but also the distribution of internal forces in the structural system. Until recently the
modulus was a parameter which was significantly influenced almost only by the concrete
strength. The progress in concrete technology made it possible to achieve much larger variety of
the modulus of elasticity than it was usual earlier. The concrete strength is not any more a
guarantee of a certain range of the modulus of elasticity. Relatively large strength of concrete
can be achieved, while the modulus remains rather low. This situation is not regarded in design
codes, where the direct dependence of concrete strength and modulus of elasticity is still
accepted. No guidelines for specification of modulus of elasticity were published and also any
acceptance criteria of the modulus of elasticity do not exist on an international or European
level. If a specific value of the modulus is required, the control system checking if it was really
achieved is not available. Additionally the excessive deflections of reinforced concrete slabs
tend to be justified by low value of the elastic modulus. The example shown here should explain
the significance of elastic modulus in deflection analysis. The Czech concrete society analysed
this problem and developed a brief document (Vítek et al. 2016), where the scatter of the elastic
modulus was discussed and the rules for its specification and acceptance criteria were proposed.
In the paper the main ideas of this document are presented. The effect of the modulus on
deflection is shown on the example of reinforced and prestressed structure.
2. MODULUS OF ELASTICITY IN STRUCTURAL ANALYSIS
Modulus of elasticity (E-value) defines relation between stress and strain of concrete. In a
structural analysis, the assumption of linearity is generally accepted. In a great majority of
structures the distribution of internal forces in structural systems is a result of linear analysis
in both, ultimate (ULS) and serviceability (SLS) limit states. Later in verification of ULS
criteria, the assumption of plasticity is accepted and in verification of SLS cracking is taken
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into account. The modulus is therefore an essential value for specification of internal forces.
The design codes provide usually only one value of the modulus, which is a mean value. No
additional criteria are given for variability of the modulus, with exception of its dependence
on the aggregate type e.g. (fib, 2013). The modulus of elasticity is defined either as a secant
modulus or as a tangent modulus (in dependence on the design code), at a compressive
stress level approximately about 0.4 of the mean concrete strength.
At statically determinate structures, the deformations (deflections) are directly dependent on
the modulus of elasticity. The internal forces are determined from the conditions of
equilibrium and are independent on the modulus of elasticity. At statically indeterminate
structures, the both, internal forces and deformations are dependent on the modulus. If only
one value of the modulus is defined, it is assumed as a mean value (Ecm), e.g. in contrary to
the strength, where characteristic and design values are defined. The deviations are not
considered according to the existing codes, although they may become important for
internal forces and deformation distribution in structural systems. It is important to note,
that higher as well as lower value of the modulus may result in unfavourable behaviour of
structures. If the modulus is low, the deformations become higher, or the distribution of
internal forces may differ from the expected one at non-homogeneous structural systems. If
the modulus is high, then the internal forces in systems loaded by imposed deformation are
higher than those when the modulus would be lower. This may be a reason for cracking of
structures, where higher strength of concrete than originally assumed was used. The role of
the modulus is especially important at prestressed structures, where full section is active.
Prestressed structures are used for large spans and the value of the modulus of concrete is
extremely important for their deflections. Therefore at such important structures it is
necessary to specify the modulus of elasticity of concrete in advance so that its actual value
would be in accordance with the assumptions of the design calculations.
3. VARIABILITY OF THE MODULUS OF ELASTICITY
Concrete used several decades ago was a mix of aggregate, cement and water. No chemical
admixtures and other ingredients were used. The modulus of elasticity and concrete strength
were in some relation which is until now used in some design codes. However, during last
three decades the composition of concrete changed significantly. Due to application of
chemical admixtures (superplasticizers, stabilizers, admixtures for acceleration or delay of
hardening, etc.) and due to replacement of a part of aggregate by other constituents (silica
fume, flying ash, blast furnace slag, fine stone powder, etc.), the variability of concretes
available on the market increased extremely, a value of the modulus may vary more
significantly and a relation between strength and modulus of elasticity may be also very
different in comparison with a long term experience.
The modulus of elasticity is most often measured on laboratory specimens – cylinders or
prisms. There are codes which describe exactly the procedure of testing (ISO 1920-10 or
EN 12390-13). The principle of testing is similar, although there are some differences. The
specimen is subjected to the prescribed loading process and then the strain under different
stress is measured. From the strain and stress increment the elastic modulus is calculated
using a Hook’s law. The upper loading level is about 30% of the ultimate load which is
specified on the basis of the loading test of the specimen cast from the same batch of
concrete. There are also other methods, e.g. ultrasonic, which may be suitable for
determination of the modulus in existing structures.
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The variability of measured values of the modulus has many reasons. Some of them are listed here:
−
−
−
−
−
−
−
−

Method of testing (static, dynamic...)
Origin of the specimen (cast element, drilled core)
Shape and size of the specimen (prism, cylinder)
Arrangement of the ends of the specimen (at cylinders, the surface may be cut, smoothed
by a sulphur mortar or some softer elements are placed between the cylinder and the
testing machine)
Influence of the measuring device (measuring gauges)
Accuracy of the centric loading (avoidance of eccentricity)
Influence of the upper level of loading
Velocity of loading process

Some of the items listed above are strongly influenced by persons doing the tests. This is also
one of the reasons, why different results may be obtained if the identical specimens are tested
in different laboratories.
The variability of the modulus is determined by both, natural variability of material properties
and by testing procedures. It is important to take these phenomena into account when
designing the structure and decide on the necessity of specification of the modulus and also on
site measurements at structures sensitive to deflections, like e.g. cantilever casting of
prestressed concrete bridges.
4. MODULUS OF ELASTICITY IN DEPENDENCE ON THE STRENGTH CLASS
OF CONCRETE
Variability of the modulus mentioned in the previous section is important for determination of
the scatter of the modulus, when an actual production of concrete is considered. The measured
moduli at the tests carried out during the production of concrete in different mixing plants
were collected and evaluated. Only one diagram is possible to show here (Fig. 1).

Fig. 1: Measured values of the modulus of elasticity (actual production)
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From the diagram the conclusions may be drawn: The measured strength of concrete is higher
than that required by the concrete class. It is a natural protection of producers against possible
unfavourable test results. The variability of the modulus is extremely high, some values are
significantly lower and some higher than the assumption of the design code.
If the production only from one producer and tests from one laboratory were evaluated, the scatter
was lower, but still very significant. A long term production of one specific concrete is influenced
by variable properties of constituents (cement, aggregate, additional constituents) delivered to the
plant during a time period, which makes it impossible to reduce the scatter of the modulus
significantly. The variability of the modulus measured on small specimens, does not completely
correspond to the variability of the behaviour of a large structure. At important structures it is
necessary to check their deformability using measurements on the site and to calculate the
representative value of the modulus from the behaviour of the entire structural element.
5. SPECIFICATION AND ACCEPTANCE CRITERIA
At some structures – where the designer is convinced that the value of the modulus of elasticity
is important for the structural performance (e.g. prestressed structures) – he may specify the
modulus in the concrete specification. It is assumed that the specified value will be a mean
value of the modulus. If any value is required, it has to be also checked. According to the
document (Vítek et al. 2016), the checking procedure should guarantee that the modulus will
not be too low. It was also considered that the procedure which would require satisfying also an
upper limit would be too complex. The risk that the modulus will be too high is smaller and it is
also assumed that the technologists, who will design the concrete mix are experienced, and will
try to approach the specified value as closely as possible. It is also assumed that the designer
will specify a reasonable value of the modulus, which is realistic and can be achieved for the
designed concrete strength (strength class of concrete). It is recommended that the designer
should closely cooperate with the technologist when specifying the concrete properties.
The acceptance criteria were defined separately for initial tests (acceptance tests), before the
concrete is approved for application, and for checking tests executed during the concrete
production and delivering on site or used in production of precast elements. The acceptance
criteria were determined on the basis of evaluation of a large set of measured results collected
by the Association of concrete producers. It is expected that the acceptance criteria will help
to keep the modulus reasonably close to the assumed values, but contemporarily they will not
make the concrete production impossible.
5.1 Acceptance criteria for initial tests
The mean value of the elastic modulus obtained from initial tests (Ecap) has to be larger than
the specified value plus 1 GPa:

Ecap > Ecm + 1 [GPa ]
where Ecm is a specified mean value of the elastic modulus. The individual value of the
measured modulus (Eci) should not be lower than the specified value minus 3 GPa.
Eci > Ecm − 3 [GPa ]
If these criteria are satisfied, it may be expected that the concrete will be acceptable for
applications where the modulus plays an important role.
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5.2 Acceptance criteria for checking tests during production

Checking tests are executed during the production and they should guarantee the stability of a
production without any significant deviations. The frequency of checking tests is dependent
on the specific structure and should be prescribed in the site documents. Usually the tests are
executed after production of every 500 m3 of concrete or at least once in a month.
The acceptance criteria are defined in dependence on the total number of tests (n) which are at
the moment available. The average values for acceptance criteria are calculated as an average
value from last:
− 3 results of checking tests (Eca3), if the total number of tests (n) is n ≤ 6,
− 5 results of checking tests (Eca5), if the total number of tests (n) is in the interval
(6 < n < 20)
− 10 results of checking tests (Eca10), if the total number of tests (n) is n ≥ 20.
Regarding a relatively large scatter of the elastic modulus obtained from the checking tests
there is a criterion for an average value (Ecai) and a criterion for a minimum acceptable
individual value (Eci). The acceptance criteria are then following:
Ecai ≥ Ecm ,
Eci ≥ Ecm − 4 [GPa ]
where Ecai is an average value calculated from 3 to 10 last test results and Eci is the lowest
value measured during the last 3 to 10 tests.
The procedure is illustrated in Fig. 2. The blue line (empty squares) shows the measured
values. The black full horizontal line designates the specified value of the elastic modulus.
The dashed line designates the lower limit; no measured value should drop under this limit.
The yellow line (large squares), green line (triangles) and red line (circles) show the average
values when the number of tests is growing from 6 to 29.

Fig. 2: Results of the checking tests and acceptance criteria
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The damping effect of the averaging process may be clearly seen, which makes the acceptance
criteria reasonable, since the elastic modulus influences the overall behaviour of the structure in
contrary to the strength which may reduce the ultimate loading capacity locally.
6. EXAMPLE OF THE INFLUENCE OF THE MODULUS OF ELASTICITY ON
DEFLECTIONS
6.1 Reinforced concrete slab

There are sometimes opinions, that a low value of the elastic modulus may significantly
influence deflections of reinforced concrete structures. The following example should
illustrate an actual situation. Let’s assume a simply supported slab 200 mm thick, with the
span of 4.8 m. The slab is made of concrete C30/37. Concrete cover is 30 mm and the slab is
reinforced by bars of the profile 16 mm at the distance of 150 mm. The reinforcement ratio is
0.83 which corresponds to the small thickness of the slab. The applied load is 5 kN/m2.
First a deterministic analysis was carried out. Modulus of 32.8 GPa was assumed according to
the Eurocode. A simple analysis was carried out in two alternatives. a) Deflection analysis
under the assumption that no cracks develop. This is an unrealistic assumption; however this
analysis is a part of many commercial software products. b) Deflection analysis including
cracking and creep. The both analyses were executed twice, once using a modulus according
to the Eurocode (32.8 GPa) and second using a reduced modulus lower by 4 GPa (28.8 GPa).
This value was considered as a realistic reduction regarding the realistic statistical scatter of
the modulus. Results are summarized in the Tab. 1.
Tab. 1: Deterministic analysis of the slab with usual and reduced modulus of elasticity
(Full E = 32.8 GPa, Red. E = 28.8 GPa)
Short-term deflection
[mm]
Uncracked
slab
Cracked
slab

Long-term deflection
[mm]

Increase of deflection
due to the reduction of
the modulus [%]
Short-term Long-term

Full E

Red. E

Full E

Red. E

3.01

3.41

8.18

9.13

13.21

11.60

11.54

11.89

16.32

17.15

3.02

5.08

From the results, following conclusions may be drawn:
• Assumption of uncracked slab provides incorrect results, which is generally known. If
cracking is taken into account the short-term deflection increases approximately
4 times, while the long-term deflection increases approximately twice.
• Effect of the lower value of the elastic modulus (here reduction of 4 GPa) has a rather
small effect on the deflection. The short-term deflection increases by about 3%, the
long term deflection increases by about 5%.
• The deflection is preferably dependent on cracking; the size of the modulus of
elasticity has only a minor effect.
As a next step a statistical analysis taking into account variability of the modulus of elasticity
and variability of the tensile strength was carried out. The slab which was analysed
deterministically became now a subject of the statistical analysis. The slab was divided into 6
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elements in the longitudinal direction. In each element the elastic modulus and the tensile
strength of concrete were considered to be variable. The Latin Hypercube Sampling method
was used. The three alternatives of the analysis were carried out. 1. The elastic modulus was
variable, and the tensile strength was constant (fctm = 2.9 MPa). 2. The elastic modulus was
constant (Ec = 34.7 GPa – mean value taken from a set of measured data) and the tensile
strength was variable. 3. The elastic modulus and the tensile strength were variable. In the
Tab. 2, statistical data of input parameters (mean value and coefficient of variation) and mean
value and coefficient of variation of the calculated deflection are shown.
Tab. 2: Deflections and coefficients of variations (c.o.v.) calculated with variable and constant
elastic modulus and tensile strength of concrete.

Variable
Ec
Variable
fctm
Variable
Ec, fctm

Elastic modulus Ec
mean v. c.o.v.
[GPa]
[%]

Tensile strength fctm
mean v. c.o.v.
[MPa]
[%]

Short-term defl.
mean v. c.o.v.
[mm]
[%]

Long-term defl.
mean v. c.o.v.
[mm]
[%]

34.7

10.33

2.90

0

11.43

0.96

16.06

1.63

34.7

0

2.90

15.52

11.22

4.53

15.83

3.08

34.7

10.33

2.90

15.52

11.24

4.16

15.88

2.71

The mean value of the modulus of elasticity and its coefficient of variation were obtained
from a set of 70 measured values. The tensile strength and its coefficient of variation were
assumed according to the Eurocode 2. The results again clearly show that the effect of
variable elastic modulus is rather small. While the coefficient of variation of the modulus is
10%, the coefficient of variation of the short-term deflection is only 1% and coefficient of
variation of the long-term deflection is only 1.6% (line 1 in the Tab. 2). The effect of variable
tensile strength is more significant (line 2 in the Tab. 2).
The obtained results are also plotted in Fig. 3. The diagram shows the distribution of
probability of short-term and long-term deflection and also the distribution of probability of
variable input parameters – elastic modulus and tensile strength of concrete. It is clearly
shown that the deflection, as an integral value has a significantly lower scatter than that of
input parameters. It is also shown that the effect of variable modulus is rather low. However,
it is necessary to note that these results are valid for a reinforced concrete element with
cracks. The Fig. 3 also shows that the long term deflection has a very low scatter. It is a result
of the used analysis with a limited number of variable parameters. The creep coefficient is
assumed to be constant, which is not definitely the realistic case. If a variability of the creep
coefficient was taken into account, much larger scatter would be obtained. The example is
illustrative; a quantification of individual parameters is also dependent on the reinforcement
ratio and may vary in individual cases. However, the general principles which reduce the
variability of concrete properties (here variability of the E- value) due to the relatively strong
steel reinforcement will remain valid generally.
6.1 Prestressed concrete elements

At prestressed elements a realistic loading (e.g. frequent combination) does not induce crack
opening. It means that full section is under compression. If the bending stiffness is calculated,
the effective parameters of the cross-sections are used. The entire area of the cross-section and
n-multiple (n = Ep/Ec) of the cross-section of the prestressing (and reinforcing) steel are taken
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Fig. 3: Probability distribution of the short-term and long-term deflections in dependence on
the scatter of the elastic modulus and of the tensile strength of concrete
into account. The reinforcement ratio of prestressed elements is much smaller than that of
reinforced elements, since the strength of prestressing steel is much larger than the strength of
reinforcing steel. The effect of steel reinforcement of deflections is therefore rather low. Due
to the absence of cracking at prestressed structures, the deflection is calculated using the
assumption of elasticity. If a simply supported beam loaded by a uniformly distributed load,
the deflection may be calculated from a well-known simple formula
5 ql 4
v=
384 Ec I eff

(1)

It may be clearly seen that the deflection is linearly dependent on the elastic modulus of
concrete Ec. It means if there is a coefficient of variation of the elastic modulus about 10%,
the deflection will have a similar value of its coefficient of variation (the effect of steel
reinforcement, which is here hidden in Ieff), is rather small.
If a long-term deflection is calculated, then Ec in Eq. 1 is replaced in a simple analysis by
deformation modulus Edef = Ec/(1+ϕ), where ϕ is a creep coefficient. A linear dependence on
the Ec remains, which means that the long-term deflection suffers from approximately a
similar scatter as that, which is observed at the elastic modulus Ec, (if a scatter of the creep
coefficient is not taken into account). The deflections of prestressed structures are much more
sensitive to the scatter of the elastic modulus than reinforced structures. The damping effect of
strong reinforcement and cracking, which was observed at reinforced elements, is not
applicable at prestressed elements.
7. CONCLUSIONS

Modulus of elasticity is an important parameter for structural performance of concrete
structures. It has a significant statistical scatter. This scatter is a result: a) of the nature of
concrete and of the developing variability of composition, and b) of testing methods, which
are sensitive to many factors. The design codes provide only one (mean) value of the
modulus. A variety of advanced compositions of concrete, which are now available, requires a
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possibility to specify the value of the modulus for structures, if it is important for their correct
structural behaviour. The specified modulus has to be also checked. The described criteria for
initial and checking tests were proposed by the Czech concrete society. The examples shows
that the influence of the variable modulus of elasticity has only a limited effect to the
deflections of reinforced concrete structures, but its effect on deflections of prestressed
structures is much more significant.
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SUMMARY
The paper presents the structural solutions of the cable-stayed bridge along the Cracow Fast
Tram (KST). The bridge consists of two separate sections - main extradosed bridge and access
in the form of curved in plan cable-stayed structure. Due to its structural solutions, function,
size and geometry, these are undoubtedly unique bridges across Europe. The paper discusses
different construction technologies of both parts as well as range and results of static and
dynamic load tests.
1. CRACOW FAST TRAM
Cracow Fast Tram (Polish: Krakowski Szybki Tramwaj, KST) is one of the examples of the
so-called "premetro" or otherwise "light metro". Premetro is a tram line or light railway line
that includes high-speed, collision-free connections, especially in city centers. Vehicle gauges
and parameters of premetro's engineering structures fit to both tram and metro rolling stocks.
Most often, these are specially separated tracks, tunnels and flyovers. Thanks to this, it is
possible to turn this section into a real metro network in the future. Premetro is, therefore,
something between tram and metro. It is characterised by higher than trams speed (from 24
km/h), more frequent departures during peak hours (3-6 min.) and closer locations of stops
than metro languages can be recognized by its spatial, multidimensional objects with defined
relations.

Fig. 1: Geometry of KST flyovers in plan
There are many examples of medium-sized cities in the world that decided to build premetro.
These are: Volgograd in Russia, Porto in Portugal, Alicante in Spain, Rouen in France and
Antwerp in Netherlands. In Poland, this type of communication is being developed mainly in
Poznan and Cracow (Cracow Fast Tram). One line of this type is in Warsaw. There are plans
to build premetro in Wroclaw and Szczecin. As it turns out, it was rare to transform premetro
to a "real metro". So far, this has been the case in Stockholm, Frankfurt and Oslo while in
Amsterdam both systems began to function in parallel.
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The history of KST dates back to 1974 when the construction of the tunnel under the
platforms of Central Station started. Back then it was being constructed with the idea of the
first metro line in Cracow. However, only 180 m of this tunnel was built until 1989 and
further works were ceased. After the economic transformation, the plans changed and the idea
of expensive metro was abandoned in favour of the cheaper premetro. The tunnel was
completed and connected to the new tram route as a high-speed tram. In 2015, the longest
tram flyovers over Cracow's Plaszow railway station were put into operation. This allowed to
connect the previously inaccessible districts in the area of Wielicka and Lipska streets with
Rapid Agglomeration Rail: Wieliczka - Cracow Central Station - Cracow Airport.
2. GEOMETRICAL PARAMETERS OF KST BRIDGES
The entire new route connecting Wielicka and Lipska streets is almost 1.5 km long. The
bridge consists of two separate structures: 469 m extradosed main flyover and 156 m cablestayed access flyover. Retaining walls with a ramp for cycles and disabled people are between
these two structures (Fig. 1). In addition to the double tram track, the flyovers carry the
pedestrian and cycle traffic over the railway station. A wide cycle path with pedestrian
walkway runs along the structure.

Fig. 2: Side view of the main extradosed bridge
The main bridge (Fig. 2) is a seven-span continuous structure with spans 4÷7 being
prestressed with external cable stays (extradosed). The theoretical spans (in the axis of the
viaduct) are: 21+2×30+63+2×126+63 m. The total width of the bridge is 15.44 m and it
increases to 17.30 m on the sections where two tramway platforms are located. There are two
tram tracks running along the bridge and 2.5+2.0 m shared path for pedestrians and cyclists.
There are balustrades along the outer edges of the flyover and anti-shock guards over the
railway lines.

Fig. 3: Cross-section of the main bridge in span section and above the pylon
The pylons are columns with varying width (increasing with height), monolithically
connected with the deck over the pillars. Pylons are deviators for external cables. The bridge
is supported by pot bearings, two on each support. The bridge rests on reinforced concrete
abutments and reinforced pillars. The supports 1÷4 have direct foundations, while supports
5÷8 CFA piles.
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Fig. 4: Access flyover - top view and side view
The access flyover (Fig. 4) is a two-span, continuous, cable-stayed bridge made of prestressed
concrete C50/60. The theoretical spans are 2×70 m. The route on the bridge runs in a
horizontal arc with radius R=140 m. The supports of the bridge are perpendicular to the axis
of the route on the object. The total width of the flyover is 11.4 m. The tram line consists of
two tracks in axial spacing of 3.9 m. There are also 1.0 m sidewalks on both sides.

Fig. 5: Access flyover – cross-section
The deck is a concrete plate stiffened with transverse ribs, fixed in the lower part of external
main beams (Fig. 5). The deck is suspended to the pylon by 36 cables, 18 for each span. The
spans are supported on each of the abutments with two pot bearings. The pillar is a twolegged pylon on separate foundations. All supports are placed indirectly on 800 mm CFA
piles.
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3. TECHNOLOGY AND STAGES OF CONSTRUCTION
The major problem with the construction of the main flyover was to maintain rail traffic on 21
railway tracks (including 16 electrified) under the bridge being constructed. The same related
to the streets on both sides of the station, but the involved difficulties were much smaller than
the ones related to the railway. The proposed technology of cantilever concreting method with
four travellers helped to ensure uninterrupted rail traffic and complete construction on time. In
order to ensure the stability of the starting segments and pendulum, it was necessary to
construct temporary supports in the area of supports no. 6 and 7. Fig. 6 shows the main
construction stages of the main flyover. They included:
1.

Construction of spans from supports no. 1 to 5 (with half of the next span) on stationary
scaffolding. Concreting and prestressing of the key block in the area of support no. 4. At
the same time, consecutive segments of pendulum from support no. 6 and 7 were
concreted.
2. Deconstruction of scaffoldings under spans no. 4 and partly under span no. 5. Further
concreting of pendulums from support no. 6 and 7.
3. After completion of the pendulum at the support no. 7, dismantling of two travellers and
continuation of concreting of pendulum at the support no. 6.
4. Concreting of the key block in the span between supports no. 6 and 7.
5. Concreting of the key block in the span between supports no. 5 and 6.
6. Concreting of the end key block at the support no. 8.
7. Prestressing of internal (grip) continuity cables.
8. Disassembly of the remaining scaffolding and temporary supports.
9. Prestressing of external (non-grip) continuity cables.
10. Laying tram pavement and equipment elements. Cable tension adjustment.
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The asymmetrical cross-section of the bridge with a long cantilever under the pavement and
bicycle path was challenging to the contractor. It required a special transverse prestressing.
Also, the necessity to connect the flyover with ramps forced the use of an unusual solution in
the form of special continuity ramps. Large deformations of the bridge did not allow to use in
this place standard expansion joints.
Almost each construction stage of the flyover had many technically complex and
organisational aspects. At the construction site, the area was heavily urbanised and full of
collisions in the underground infrastructure network. In the field of foundation and support
works, the support no. 6 located between the tracks was particularly difficult. It was located in
the area of active heating piping, which supplies the southern part of Cracow. Piling was done
in winter from the ground level after the earlier protection of the heating piping and the
reconstruction of its supports (Koris, 2011). The entire realization was conducted under strict
control of the network owner, while the particularly dangerous works were conducted in the
presence of MPEC Cracow employees. Any unsealing of active and operating heating piping
due to temperature and water pressure could result in a catastrophe with serious
consequences.
The access flyover is a demonstration of engineering skills of carpenters from Mota-Engil CE.
The cable-stayed and curved flyover with a characteristic inclined pylon is certainly the only
bridge of this type in Poland. The complicated shape enriches the architectural form of the
bridge and fits into the surrounding industrial part of Cracow. Both flyovers are connected by
12 m high retaining wall. The retaining wall is closed with flyovers’ abutments with both ends.
This almost record high wall in the form of a "bath" also caused many construction problems.
4. BRIDGES LOAD TESTS
Load tests included static and dynamic parts (Fig. 7), which were conducted by accredited
laboratory from the Silesian University of Technology (Łaziński, 2015), (Salamak, 2016),
(Markocki, 2012). Due to work schedule and no connection to the track system outside the
bridge, static tests were carried out with eight trucks loaded to a total weight of 32 t each. In
exceptional cases, on both flyovers, vehicle traffic will be permitted for vehicles or buses, so
these tests were almost necessary. In dynamic tests NGT-6 Bombardier trams were used,
which mostly run on the tram line in the area.

Fig. 7: Static and dynamic tests
The computational models of both bridges (Fig. 8) were created using bar and panel elements
of class (e1+2; p3). They took into account the variable geometry of the bridge and pylon as
well as variable plate thickness and cables. Mechanical sensors and precise levelling were
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used to measure the displacements under static load test. Vertical span displacements were
measured with the use of traditional mechanical sensors and sensors with an electronic display
with a range of 50 mm and a reading accuracy of 0.01 mm. Support settlements were
observed using optical precise levelling instruments of Koni type with the reading accuracy of
0.1 mm. In addition to this, the deviation of the pylon was observed with the use of electronic
tachymeter. Also, non-contact measurement of span deflection was used with the IBIS
interferometer radar in places inaccessible due to train traffic (Owerko, 2012), (Kuras, 2012).
This scope was realised in cooperation with dr Tomasz Owerko from AGH (University of
Science and Technology, Cracow), which was possible thanks to joint comparative research
conducted on many other bridges (Salamak, 2016).

Fig. 8: Computational models consisting of both bridges
Results from dynamic tests were recorded electronically in the form of displacements and
vertical accelerations during the tram passages. The speeds were 10, 30, and 50 km/h in both
directions. The measuring set consisted of a notebook, LMS SCADAS recorder, measurement
card National Instruments, displacement induction sensors (P) and accelerometers (A).
4.1. Load test of the main bridge
On the main bridge, four span schemes were realised (S1, S2, S3, S4) in spans no. 4 ÷ 7,
which were selected based on the condition of the maximum span moment and support
scheme (P1), selected from the condition of the maximum support moment at the support no.
6. Moreover, asymmetric scheme (N1) was also conducted in span no. 5 (Fig. 9) in order to
verify the lateral work of the bridge.

Fig. 9: Selected static scheme on the main bridge
On the basis of results obtained from the settlement measurement, it can be stated that all
loaded supports are stable. Foundation settlements were uniform and did not exceed 0.3 mm.
The elastic deflections of the bridge were smaller than the deflections calculated theoretically
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and ranged from 73% to 87% of their theoretical values calculated for the standard modulus
of elasticity. After taking into account the verified concrete age and type of used aggregate,
the relationship was, on average, 90%. Such results prove a good stiffness of bridge spans and
proper computational model, which gave the results on the safe side (Poprawa, 2016). This
indicates also the correct theoretical load capacity. Permanent deflections ranged from 2% to
5% of total deflections and fulfilled the condition of not exceeding 10%. The analysis of
results from asymmetrical scheme showed very good agreement of the actual torsional
rigidity with the rigidity resulting from the assumed model.
Dynamic amplification factor (DAF) is defined here as the relationship of a maximum
deflection at the next passage to the maximum deflection at the same measurement point at
the quasi-static passage, i.e. speed of 10 km/h. DAF was determined each time for the entire
cross-section, averaging the deflections of both webs. In this way, impact of lateral
distribution was omitted (torsion of the box-girder bridge). In general, the flyover is
characterised by low susceptibility to dynamic influences. DAF at measured points reached
1.04 and was lower than the standard dynamic factor of 1.10. The lowest identified vertical
vibration frequency was 0.62 Hz and was slightly lower than the theoretical value (0.77 Hz).
The corresponding damping was 3.85% (Salamak, 2007). The biggest measured accelerations
were recorded during additional tests with the tram braking on the flyover. They were at a
very low level of 0.15 m/s2.
4.2 Load test of the access bridge
Two span schemes (S1, S2), support scheme (P1) and asymmetrical scheme (N1) were conducted
on the access bridge (Fig. 10). The largest support settlements were 0.35 mm, which indicates a
sufficient stability of the foundation. Compliance of the measured and theoretical deflections was
better than for the main flyover and ranged from 88% to 93%, while the permanent deflections
did not exceed 2%. After taking into account the verified type of aggregate and the effect of
concrete age on the modulus of elasticity, the relationship of theoretical to the measured
deflections was, in average, equal to 98%. The torsional rigidity of the bridge was also well
estimated, where the differences between the results from measurements and the model in
asymmetric scheme were equal to 1%. The measurement of the pylon deviation in the same
scheme gave the transverse displacement of the head of only 15 mm.

Fig. 10: The chosen scheme of static load of the access flyover
DAF was even lower than in the main flyover, however, due to the arc in plan and slope of the
track, it was not possible to achieve a speed higher than 30 km/h. The lowest vertical
vibration frequency was 1.05 Hz and was greater than the theoretical vibration (0.85 Hz).
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Similar differences were observed in subsequent forms of vibration, which suggests to update
the computational model and to correct dynamic parameters. The damping corresponding to
the first mode shape was equal to 1.51% and was within the range of values identified for
higher forms (from 1.25% to 2.58%). The acceleration was again the biggest in the braking
test (0.09 m/s2). In other cases, values were lower by more than half. It can be stated that the
access bridge is also resistant to dynamic influences.
8. CONCLUSIONS
The construction of both bridges from the very beginning was a challenge from an
engineering and organisational points of view. Due to the formula of the contract "optimize
and build", some changes in the design were possible with the Owner’s agreement. It mainly
regarded the modifications, which could significantly facilitate the realisation of this
extremely difficult investment. General contractor, Mota-Engil Central Europe, decided to
construct the spans over the railway tracks with the cantilevered concreting technology. The
other spans were constructed with the use of stationary scaffolding technology. Due to the
strictly defined contractual time, it was necessary to prepare additional technological
documentation, which took into account all modifications and planned exclusions of rail
traffic on selected tracks. Thanks to properly organized work among the contractor and design
office, the investment was successfully managed and without significant obstacles.
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SUMMARY
This paper presents some of the high–rise buildings designed in recent years in Zagreb,
Croatia. These building have been recognized and awarded as the best architectural solutions.
Specialties in the design, calculation and construction of concrete load–bearing structure will
be briefly presented for each building. Each building has a concrete load–bearing structure.
1. INTRODUCTION
The construction of high–rise buildings in Zagreb started in the 1950s. Oldest skyscraper in
Zagreb is Ibler's residential skyscraper (51.0 m) built in 1958 and based on the project of
architect D. Ibler. At the same time, the first business skyscraper Ilica 1 (66.5 m) was built on
the central square in Zagreb. Architects were S. Jovičić, J. Hitila and I. Žuljević.

Fig. 1: First residential (left) and business (right) skyscraper in Zagreb (1958)
Afterwards, construction of a number of high–rise buildings was followed in Zagreb. A total of
15 business and residential skyscrapers were built in the period from 1968 to 1989. Tallest
buildings in Zagreb built in the last century were business skyscrapers: Zagrepčanka (95 m) was
built in 1976 and the last skyscraper built in the last century Cibona Tower (92 m) built in 1987.
War and the crisis in the 1990s suspended construction in Croatia and Zagreb in general and
therefore also the construction of high–rise buildings. After emerging from a crisis following
the Croatian War of Independence and almost 20 years after the last high–rise building was
built, the construction of high–rise buildings was again actualized. As it is always with the
construction of high–rise buildings, certain companies wanted to show business success and
attract customers with attractiveness, hence only business towers were built. In the period
from 2004 – 2011 five new business skyscrapers were built: the Hoto Business Tower (2004),
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Zagrebtower (2006), Eurotower (2006), the Green Gold Tower (2011) and the Sky Office
Tower (2011). For five more high–rise buildings architectural design competitions were
conducted. With the coming of new crisis, none of the projects have been realized and in
some way construction of high–rise building has again stopped. For the last two buildings
construction time was extended due to the financing problems. Also, because of the financial
difficulties, Sky Office Tower (81 m) was constructed with several stories less than initially
designed. Three largest skyscrapers made from 2004 to 2011 are shown in Fig. 2.

Fig. 2: Sky Office (81 m), Zagrebtower (82.5 m) and Eurotower (96 m)
The reason why even in the period of golden age of construction in Croatia from 2004 to 2009
the height of 100 m was not exceeded and why almost all skyscrapers height is equal to or
less than Zagrepčanka skyscraper built in 1976 is the fact that in Zagreb, according to the
urban development conditions, the construction of buildings of height over 100 m is not
permitted. Also, all high–rise buildings in Croatia have a concrete load–bearing structure.
2. VMD CENTAR
However, in the crisis years with almost no activity in building construction in the period from
end–2012 to mid–2015 VMD Center complex has been designed and constructed. Author was
Davor Mateković from Proarh d.o.o. With the gross surface area of more than 60.000 m2 and
thanks to the height of one of its two towers (Tower B), the building represents the highest
office building in Croatia, with 97.0 m above ground level height. Due to the aforementioned
urban development conditions the height of the building does not exceed 100 m, although this
height was later exceeded by the subsequent construction of the antenna column.

Fig. 3: VMD Center in Zagreb
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The VMD Center is a business complex consisting of two towers (A and B) and 2 two-story
buildings (E and F). Tower A has 17 stories and Tower B has 27 stories above ground level.
Also, there are 4 basement stories underneath the entire complex. The VMD Center is
business center with office spaces in the upper stories, while the basement stories
accommodate garages and technical rooms.
Because of the crisis at that time, the investor requested that the buildings construction is
carried out in phases. First phase would include the construction of basement stories with the
two-story buildings. Second phase would include simultaneous construction of towers A and
B or just the construction of tower A, depending on the possibility of financing. Another
requirement was that the basement section, almost three stories in the ground water, is
constructed without particular waterproofing system as a "white box". The third requirement
was that each tower is built with only one core and one evacuation stairwell, with no fire
protection sprinkler system. The fourth requirement was that the facades have only columns
and beams of minimum height that fit into the lowered ceiling (hb ≤ 50 cm). Because of
already constructed construction pit protection depth, problem concerning the thickness of
foundation slab has subsequently arisen. The foundation slab could not be more than 200 cm
thick. Due to all abovementioned requirements, the load–bearing structure was constructed as
a concrete structure (Fig. 4).

Fig. 4: 3D structural model of concrete load–bearing structure (left) and tower B typical floor
plan (right)
Although because of the span itself it was not neccesary, but in order to reduce weight and load on
the foundation substructure, all floor slabs above ground level were constructed as in situ
prestressed slabs supported on the core walls and the prestressed beams of peripheral frames.
Slabs are 16 cm thick on the taller tower (tower B) and 18 cm thick on the lower tower (tower A).
Pretensioning was carried out with cables without direct contact with concrete. BBR VT CMM
0106 system was used. Cable pattern and the appearance during construction are shown in Fig. 5.
Ultimately, the cost of prestressed floor slabs was the same as it would be if they were constructed
as reinforced concrete slabs, but 6 cm thicker. The floor slabs of the basement stories were
constructed as reinforced concrete slabs directly supported on AB walls and columns. Thickness
of the basement floor slabs is 28 cm, except the -1 floor slab, which is 40 cm.
The vertical structure is made of central core and the peripheral frames (Fig. 4). All horizontal
forces (wind and seismic action) are transmitted by the core, which accounts for only 18% of
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the floor surface (Afloor ≈ 1000 m2). Peripheral frames transmit only the vertical load and
additionally are preventing the torsion of the building. Since it is a high–rise building with a
relatively small core, all the walls had to be connected with coupling beams to achieve the
required stiffness and core resistance to seismic action (ag = 0.25g, q = 3.0).

Fig. 5: Cable scheme and construction of above ground level prestressed floor slabs in tower B
Installation of diagonal reinforcement is required according to EN 1998-1 and as shown in
Fig. 6a. It has been shown that required diagonal reinforcement cages are impossible to
implement. Instead of closed transverse reinforcement around the diagonal reinforcement, an
option to enclose entire coupling beams cross-section with transverse reinforcement was
applied according to the ACI 318-08 solution as shown in Fig. 6b. In tower B, because of the
large amount of required diagonal reinforcement, a solution was applied where diagonal steel
plates with shear studs were fitted instead of a regular diagonal reinforcement bars. It proved
practical and easy to implement (Fig. 7).
a)

b)

Fig. 6: Coupling beam with diagonal reinforcements

Fig. 7: Coupling beam with diagonal steel plates
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Because of the groundwater risk, possible leakage due to differential settlements and the
requirement for a singular garage as well as the inability to construct suitable walls in the
basement stories, the both towers are designed to be fixed to the basement story. The result of
this fixity is the "backstay effect" (Fig. 8). Due to the bending of the tall core fixated in the
basement part, high shear forces are appearing in the basement stories. These forces are several
times larger than the shear forces in the ground story walls. In the lower buildings shear forces
in the ground story walls are usually the largest. Thus, basement stories core walls were
necessary to be constructed thicker in relation to the upper core walls and it was necessary to
reinforce them according to the capacity of upper part of the core. Also, the floor slabs behave
as elastic supports of the core where the ground floor slab is the main backstay diaphragm.
Further analysis also determined that by separating the core from the basement floor slabs
below the ground floor slab in order to increase the lever arm to the height from the foundation
to the ground floor slab, no significant reduction in transverse forces in the core walls nor the
reduction of the shear and tensile forces in the main backstay diaphragm is achieved.

Fig. 8: Backstay effect
Because of all that was mentioned above, tower core walls in the basement stories are thicker
than the ground story core walls and were almost twice more reinforced with a transverse
reinforcement that the ground story core walls. Besides that, it was also necessary to install
diagonal reinforcement in the walls where they are connected with the ground floor slab.
Also, due to the unfavorable position of tower B (Fig. 9), it was necessary to transmit large
"brake" seismic forces with the core. Original plan was to accept the forces with prestressing.
However, earthquake is an alternating action and a problem with the pressure stresses and
insufficient thickness of the slabs has appeared. Hence, the structure was designed in such
way that the forces are accepted by reinforced concrete.

Fig. 9: Tower B layout, diagonal reinforcement of the walls and ground floor slab
reinforcement
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Final problem with designing and construction of the building was the foundation work. The
foundation was designed as the slab foundation with variable foundation slab thickness
depending on the load. Because of the phased construction and high groundwater level, part
of the foundation slab had the problem with the uplifting and other part had a problem with
large soil settlements and stresses. Therefore, soil improvement with compression – pressure
CFA piles on a regular spacing was implemented (Fig 10).

Fig. 10: Soil settlements and piles scheme for soil improvement and uplifting prevention
Incorrectly constructed construction pit protection in one part of the tower A limited the
foundation slab thickness to no more than 200 cm, which is extremely small for a 31-story
(4+27) building. Also, because of the soil improvement method with small diameter CFA
piles (financial reason) and their depth, it was not possible to provide a direct input of the
force in the piles. The result was the need for a large transverse reinforcement in the
foundation slab and negative effect on peripheral columns. Flexibility of the slab caused
rotation of columns fixed ends at the connections with the foundation slab and the occurrence
of large bending moments and shear forces (Fig 11). To solve the problem, separation of the
towers columns from basement floor slabs was carried out in order to increase the columns
flexibility and reduce bending moments and shear forces in the columns.

Fig. 11: Large shear force in column and separation of basement floor slabs and columns
Series of request from the investor, mistakes in construction of foundation pit protection and
money saving on soil improvement piles have all resulted in a number of negative effects on
load–bearing structure. Ultimately, the cost of load–bearing structure was only about
8.700.000,00 €. When reduced to gross surface area, it amounts to only 145 €/m2. The load–
bearing structure is only 10% more expensive than it is usual for lower buildings with
waterproofing system and a number of other advantages. It is certainly interesting that the cost
of not so exclusive segment glass façade was the same as the cost of load–bearing structure.
One can conclude that the glass and aluminum are more “in” and therefore more profitable
than concrete structures.
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3. HVU “PETAR ZRINSKI”
In mid-2015 building for the accommodation of military officers HVU “Petar Zrinski” was
designed by Davor Mateković. It is located in Ilica Street – the main street in Zagreb. With
the gross surface area of 8.500 m2, it consists of ground story, 14 stories and technical story
on top – total of 16 stories. Building floor plan is rounded and maximum dimensions are
20×20 m (Fig. 12). The basic requirements for the building were high fire resistance (only one
evacuation stairwell and no sprinkler system). There are no basement stories and dimensions
of foundation substructure are restricted.

Fig. 12: 3D view of a future building, cross – section of the building and typical floor plan
Floor slab structures are reinforced concrete slabs 22 cm thick supported on the central core
walls and peripheral frames. All horizontal actions are accepted by the central core with plan
dimensions of only 6.0×8.3 m (Fig. 13). Maximum thickness of perimeter walls is 60 cm in
the ground story. Peripheral frames transmit only the vertical load and additionally are
preventing the torsion of the building. Peripheral walls membrane was designed as a masonry
filling and is not used as a load–bearing structure, because a concrete construction would
represent a problem due to the uneven and multidirectional curved geometry. In addition,
openings on the facades are in irregular arrangement. Also, in the ground story there was a
request for a glass façade for business purposes.

Fig. 13: 3D numerical model with main load–bearing structure elements
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Small core and large horizontal seismic forces demanded that the walls are connected with
coupling beams and installation of diagonal steel plates as in VMD Center building. In this
case, as there were no basement stories and as core was fixed in foundation slab, there was
no “backstay effect”. However, the fixation of the tall core in the foundation slab resulted in
the foundation slab thickness of 200 cm and the necessity to reinforce the slab in both zones
to accept the bending moment of the core (a problem similar to the fixation of wind turbine
columns in the foundation). Because of the great load, the 200 cm thick foundation slab is
reinforced with 250 kg/m3. Reinforcement in the foundation slab amounts to about 35% of
the total reinforcement in the building, which is considerably more than the usual 25%. In
addition, it was necessary to reinforce the foundation slab with transverse reinforcement.
Also, because of the bad ground the foundation substructure had to be piled foundation.
Restricted plan dimensions of foundation slab caused problems and tensile and large
pressure forces appeared in the edge piles because of the seismic forces. So, 115 cm
embankment was layed on the foundation slab in order to reduce the tensile forces. Also,
edge piles were designed to be deeper than the middle ones (Fig. 14). Apart from vertical
load, piles transmit a significant part of the horizontal forces to the soil so it was necessary
to construct and reinforce the piles according to the EN 1998 standard. In the fixation zone
of the core in the foundation slab the transverse reinforcement was compacted. Also,
transverse reinforcement and additional reinforcement was implemented at the places of
piles in the thickness of the foundation slab. Because of the frequent government changes in
Croatia in the last two years, the construction of the building began earlier this year and
currently only the ground story is constructed.

Fig. 14: Foundation slab with piles and the reinforcement in the foundation slab and piles
4. CRYSTAL CENTER
Project for business and residential building CRYSTAL CENTER, also located in the Ilica
Street, was developed by Goran Rako in early 2015. It is a building with gross surface area
of 22.300 m2. It consists of 4 basement stories and two towers with 20 above ground level
stories (Fig 15). Garages are located in basement stories, while the -1 story is public with
two swimming pools, fitness center and polyvalent hall. Shops are situated in the ground
story while offices, polyclinic, kindergarten and hotel are on the stories 1–7. Residential
areas are on the stories 8–19. Towers are only functionally connected for evacuation
purposes but they are two independent tower constructions that are connected in the single
unit at the level of 6th floor slab.
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Fig. 15: Crystal Center building
Floor slab structures are reinforced concrete slabs, 20 cm thick on the above ground level
stories and 30 cm on the basement stories. They are supported on the core walls, peripheral
stiffening walls and AB columns. Horizontal actions are transmitted by the main tower cores
together with additional partition walls and façade peripheral walls as can be seen on the floor
plan on Fig. 16. Advantage of this building is relatively small floor plan area of the towers
stories (500 m2) and additional walls that are continuous all the way to the foundation
substructure. In addition, the towers are centrally positioned in reference to the basement and
wider upper part of the structure so “backstay effect” is not present. Since the connection of
the towers was designed to be at the level of 6th floor slab and not at the ground floor slab, 13
tower stories are accepted with 10 floors of common structure.

Fig. 16: 3D numerical model with load–bearing structure elements and typical floor plan
The main problem with this building is the construction of the basement part of the building.
Since it is an embedded object in the old core of Zagreb, the only way to construct foundation
pit protection is the top – down method. However, the problem is that the basement floor
slabs are separated and deleveled and intersected with ramps and swimming pools. Also, the
tower walls are heavily reinforced and due to the seismic requirements it is imperative that the
reinforcement is continuous. Therefore, the solution where the peripheral diaphragm is braced
by floor slabs which would be constructed from top to down. The slabs would be supported
by the tube section steel columns constructed on the piles. The bracing and the transmitting of
the drift force from one slab to another on the deleveled part would be ensured by vertical
truss columns which would later be embedded in the wall elements. During construction truss
columns would be supported on pilasters. Construction method was based on the construction
of the garage in Ljubljana, Slovenia (designer V. Ačanski).
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For the later construction of core and stiffening walls, openings at the core position would be
left. Bracing slabs would be constructed without openings for the ramps which would be
made subsequently by cutting the slabs only after the complete basement construction was
constructed (Fig. 17).

Fig. 17: Scheme of load–bearing structure and implementation of the top – down method
5. POSLOVNO STAMBENA ZGRADA J12
By the end of 2016 a project for business and residential building J12 (Fig. 18) in Zagreb was
developed (author Igor Franić). It is a building with gross surface area of 50.000 m2 and it has
two separate dilatations. South dilatation is a business building and it consists of 2 basement
stories and 4 above ground level stories while the north dilation is a residential building and it
consist of two basement stories, 17 above ground level stories and technical story on the
building roof. The building is located in the attractive residential area Vrbani. North dilation
was designed as residential building with attractive apartments overlooking Zagreb and its
surroundings, while the south dilation was designed to accommodate shops and offices.

Fig. 18: Future look of the business and residential building J12
At the request of the investor, the entire load–bearing structure, and in particular the
residential tower, is fully optimized so that the contracted cost for construction of the load–
bearing structure is about 130 €/m2. All the issues described previously for other high–rise
buildings have been avoided in this project. Floor structure slabs are reinforced concrete slabs
20 cm thick in the above ground level stories and 24 cm thick in basement stories. The slabs
are supported on regularly arranged load–bearing walls. Since it is a residential building with
a floor area of about 1250 m2, it was possible to implement a great number of load–bearing
walls between apartments and the stairwell. Hence, it was possible to optimally distribute
load–bearing walls in both orthogonal directions (Fig. 19).
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Fig. 19: 3D numerical model and the main vertical structure elements
Because of a large number of load–bearing walls it was not necessary to connect the walls
with strong coupling beams, thus complicated reinforcement of coupling beams with diagonal
reinforcement was avoided. In addition, by designing the building without coupling beams,
positive softening of the structure and the increase in vibration periods was achieved and
seismic horizontal load was reduced. It is typically optimal for high–rise buildings that the
vibration period is about 2 sec. Since the basement part of the building has only two stories
and is not much stiffer than the upper part, “backstay effect” was also avoided. Maximum
bending moments and shear forces in the walls are achieved in the ground story, as it is
desirable. Ground floor slab is not burdened by large tensile and shear forces. Proper choice
of rigidity and load–bearing wall arrangement assured minimum seismic horizontal force and
sufficient rigidity without negative influence on critical elements of the building.
Building foundation substructure is a 180 cm foundation slab in the projection of upper part of
the building while the rest was designed with a thickness of 100 cm. In order to reduce soil
settlement, soil improvement underneath the foundation slab was performed with piles of
different depths and diameters of 80 and 50 cm. The goal was to reduce the soil settlement, so
the piles were positioned on a regular spacing 3.0×3.0 m with stronger and deeper piles
placed where the load is greater and no piles where the load is lower (Fig. 20). This way,
except the total soil settlements, differential settlements were also reduced to minimum.
Thanks to the underground stories long walls, significant bending of the foundation slab due
to the seismic force was also avoided.

Fig. 20: Piles position for soil improvement
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The only and main problem in designing the building was something least to be expected.
Even though it is a residential building, it was not possible to design the facades as load–
bearing walls with openings. The ground story was designed to be indented and to
accommodate offices with glass façades, while in the basement stories the entrances to the
garages are located. Therefore, façade walls of the upper walls could not be constructed all the
way to the foundation substructure. Although without the façade walls the building has a large
number of load–bearing walls properly arranged in two orthogonal directions, the first mode
of vibration was torsion. In the longitudinal direction the building walls were concentrated
along the longitudinal corridor and the transverse walls did not provide sufficient torsional
stiffness due to the small length of the building and transverse walls. The problem was solved
by designing wall segments on the façades ending on the 1st floor slab (Fig. 21). These
segments provided sufficient torsional rigidity and assured that the first two modes of
vibrations are predominantly translational. The construction of the entire façades as reinforced
concrete walls was not possible because they would increase the stiffness of the building and
therefore the seismic horizontal load would be also increased. Besides that, cantilever wall
brackets from transverse walls on which they would be supported could not accept the seismic
forces from façade walls.

Fig. 21: Display of the wall segments on the façade for ensuring torsional stiffness
The construction of the building began in December 2016 and it should last until mid–2018.
Basement stories are already constructed, as well as the south (business) dilatation ground
story (Fig. 22).

Fig. 22: J12 building under construction
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6. CONCLUSIONS
No matter how many have been designed and implemented, designing high–rise buildings
always results in new problems and findings related to their design, behavior and
construction. This paper briefly describes some problems in designing high–rise buildings as
well as their technical solutions. From the descriptions engineers designing high–rise
buildings in seismic areas can see on what they should pay attention to and what measures
and technical solutions should be taken to obtain optimal load–bearing structure. Also, from
the displayed and described high–rise buildings topics for future scientific research can be
obtained, primarily concerning calculation and design of high–rise buildings.
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TOPIC 1
TAILORED PROPERTIES OF CONCRETE
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AN ADVANCED APPROACH TO DERIVE THE CONSTITUTIVE LAW
OF UHPFRC
Tamás Mészöly, Norbert Randl
Carinthia University of Applied Sciences
Villacherstr. 1, 9800 Spittal an der Drau, Austria
SUMMARY
More than 200 specimens were tested in a comprehensive test series using ultra-high
performance concrete with a mean compressive strength between 150 and 210 MPa and with
different amounts of steel fibre reinforcement (0 %, 1 % and 2 % by volume) from the first
2 days to 1.5 years after casting. From the large sets of experimental tests related material
parameters were derived. Based on compression tests with strain transducers and laser
displacement transducers, the compression side of the constitutive law was derived, and based
on the splitting tensile tests and flexural bending tests, the tensile side of the constitutive law
was derived and the results are presented. For derivation of the tensile behaviour of ultra-high
performance fibre-reinforced concrete an advanced approach was applied by using a
photogrammetric camera system with digital image correlation (DIC).
1. INTRODUCTION
Good knowledge of the material parameters, the material behaviour, and an accurate
constitutive law for ultra-high performance fibre-reinforced concrete (UHPFRC) are
necessary to model or design structures using this composite material. Therefore a large set of
test specimens were produced without fibre and with 1 vol% and 2 vol% of fibres. The ultrahigh performance concrete (UHPC) concrete matrix was the same for the three mixtures with
a maximum grain size of 0.4 mm. The water to cement ratio was 0.23, the water (including
70 % of the superplasticizer) to binder ratio 0.21. For mixtures with fibres the same straight
fibre type was used with the length of 15 mm and diameter of 0.2 mm. The tensile strength of
the fibres was higher than 2000 N/mm2. Size and shape of the specimens, production, storage,
curing and testing of the specimens were according to ÖNORM EN 12390 (2012) and ONR
23303 (2010).
2. DENSITY
Fig. 1 shows the average density of the concrete with different fibre contents 28 days after
casting based on measurements on more than 100 specimens with different size and geometry
(cube and cylinders). The average density of concrete without fibre was 2339 kg/m3.
Measured values were between 2324 kg/m3 and 2353 kg/m3. Mean values measured on
different types (size or geometry) of specimens were between 2338 kg/m3 and 2342 kg/m3.
The average density measured on specimens with 1 vol% of steel fibres was 2403 kg/m3.
Measured values varied between 2375 kg/m3 and 2440 kg/m3. Mean values measured on
different types of specimens were between 2391 kg/m3 and 2407 kg/m3. The average density
measured on specimens with 2 vol% of fibres was 2466 kg/m3. Measured values were
between 2442 kg/m3 and 2485 kg/m3. Mean values measured on different types of specimens
were between 2453 kg/m3 and 2472 kg/m3. According to these measurements addition of steel
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fibres increased the density by 62-64 kg/m3 per % by volume, which is larger than the
55 kg/m3 per % by volume calculated from the density and ratio of the concrete and steel.

Fig. 1: Density with 0 %, 1 % and 2 % fibres

Fig. 2: Density development in time

Fig. 2 shows the development of the density in time between the age of the concrete of 7 days
and 1.5 years. Values decreased from 2429 kg/m3 to 2412 kg/m3 by 0.7 % in this time period.
Since the specimens spent the first 7 days (between casting and testing) under water, the value
related to 7 days age can be considered as fully saturated. Assuming that after 1.5 years the
specimens reached the state of equilibrium under laboratory conditions, the average pore ratio
of the specimens can be estimated as 1.7 %.
3. COMPRESSIVE STRENGTH
Specimens presented in this chapter did not receive any compacting during casting or any
after-treatment (heat or compression) later. Effect of compacting is discussed under chapter 6.
The mean value of the 28 days compressive strength on cubes with 100 mm side length was
154.3 N/mm2 without fibre, 167.8 N/mm2 with 1 % of fibres and 172.5 N/mm2 with 2 % of
fibres (see Fig. 3 and Fig. 5). 1 vol% of fibres increased the compressive strength of the
concrete by 13.5 N/mm2 (8.7 %), 2 vol% of fibres increased the compressive strength by
18.2 N/mm2 (11.8 %). The increase from 0 to 1 % was around three times higher, than from
1 % to 2 % (4.7 N/mm2, 2.8 %). The mean compressive strength values after 28 days on 200
by 100 mm cylinders were 144.2 N/mm2 for concrete without fibre, 161.5 N/mm2 with 1 % of
fibres and 166.0 N/mm2 with 2 % of fibres (see Fig. 3). 1 % of fibres increased the
compressive strength of the concrete on cylinders by 17.3 N/mm2 (12.0 %), 2 % of fibres
increased the compressive strength by 21.8 N/mm2 (15.1 %). Compared to the strength values
measured on cubes, the increase from 0 to 1 % of fibres was significantly higher at cylinders,
but the increase from 1 to 2% of fibres was around the same (at cylinders: 4.5 N/mm2, 2.8 %).

Fig. 3: Compressive strength of the mixtures

Fig. 4: Compressive strength development
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The ratio of the compressive strength measured on 200 by 100 mm cylinders to 100 mm
cubes was a slightly above 0.93 without fibres and was around 0.96 with 1 % and with 2 %
of fibres. Taking into account all other series (number of batches over the years) with the
same recipe and with 1 % or 2 % fibres, the ratios of cylinder to cube strength were between
0.91 and 0.97 with a mean value close to 0.94, and with a tendency that at higher fibre
contents the ratio is closer to 1.0. Fig. 5 also depicts the linear regression between
compressive strength and density after 28 days with a regression coefficient of 184 kNm/kg.
Fig. 4 shows the development of the mean compressive strength between concrete age of 2
days and 1.5 years. Increase of the compressive strength is especially fast in the first days
(80 N/mm2 after 2 days and 124 N/mm2 after 7 days), but still there is a slight increase after
1 year.
4. MODULUS OF ELASTICITY
The measured modulus of elasticity values on 300 mm by 150 mm cylinders and on a
100 mm base length were 44.7 GPa without fibre, 46.9 GPa with 1 % of fibres and 49.3 GPa
with 2 % of fibres. On 200 mm by 100 mm cylinders (with 100 mm base length) the
measurements showed slightly (1-3 GPa) smaller values. Measurements were also
performed on cubes with 100 mm side length on a base length of 50 mm, and they are
resulted in about 5 GPa higher modulus, than the values measured on the 300 mm high
cylinders, and in 6-8 GPa higher values than on the 200 mm high cylinders. Specimens
tested at the age of 43 days showed 1.0-1.5 GPa higher values than at an age of 28 days.
Fig. 6 shows the linear regression between the 28 days modulus of elasticity and density
measured on 300 mm by 150 mm cylinders with a regression coefficient of 35.5 MNm/kg.

Fig. 5: 28 days comp. strength vs. density

Fig. 6: Modulus of elasticity vs. density

5. SPLITTING TENSILE STRENGTH
The mean value of the 28 days splitting tensile strength on 200 by 100 mm cylinders was
7.9 N/mm2 without fibre, 14.1 N/mm2 with 1 % of fibres and 16.1 N/mm2 with 2 % of fibres
(see Fig. 7). At specimens with 1 % fibres, there was a clear sign of the first cracking at a
splitting tensile stress of 8.1 N/mm2. Fig. 8 shows the linear regression between the 28 days
splitting tensile strength and density with a regression coefficient of 63.1 kNm/kg.
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Fig. 7: 28 days splitting tensile strength

Fig. 8: Splitting tensile strength vs. density

6. EFFECT OF COMPACTING
While most of the specimens from self-compacting UHPC were produced without any
compacting treatment during the mixing and casting process of the fresh concrete, some of
them were prepared using a hand-compacting method. These specially handled specimens
(cubes with 100 mm side length) showed a clear and significant advantage on the measured
density and compressive strength (see dashed blue arrows in Fig. 9). According to the
measurement, every 10 kg/m3 density increase enhanced the compressive strength by
2.8 N/mm2 on average with a range of 1.9-3.9 N/mm2; or every 1 % increase of density
resulted in 3.8 % average increase of compressive strength with a range of 2.8 to 4.9 %. Fig. 9
also depicts the change of density and compressive strength between ages of 28 days and
1.5 years (continue green arrows). The increase of the compression strength was 2629 N/mm2 in this period, and reached the value of 213 N/mm2 (compacted specimens with
2 % of fibres). The decrease of the density was half (5 kg/m3) for the compacted specimens in
comparison to the non-compacted ones (10 kg/m3).

Fig. 9: Effect of the compacting
7. COMPRESSIVE STRESS VS. STRAIN CURVE
The compressive side of the constitutive law was derived from compression tests with
deformation measurements. Deformation of the specimens was measured in parallel with
strain transducers on the sides of the specimens and with laser (optical) displacement
transducers between the two opposition surfaces of the hydraulic press. Strain transducers
were used only until about 60 % of the expected maximal load because of high risk of their
damage during the failure process. Tests were performed on 100 mm cubes, on 200 by
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100 mm cylinders and on 300 by 150 mm cylinders. Measured base length of the strain
transducers was 50 mm in case of the cubes and 100 mm in case of the cylinders. Measured
length of the laser displacement transducers (base length for the strain calculation) was the
same as the height of the specimens (100 mm, 200 mm and 300 mm).

Fig. 10: Compressive stress-strain relation

Fig. 11: Post-peak behaviour

Fig. 10 shows the mean curves for the different types of specimens. For this figure the curves
from specimens without fibre and with 1 % of fibres were evaluated together in the first,
quasi-linear phase (higher number of measurements resulted in straighter and more trustable
trend-like curves). As it is described in chapter 3 and 4, curves measured on cubes were
steeper and reached a higher strength, than curves measured on cylinders. Curves measured
on 300 by 150 mm cylinders showed stiffer behaviour and would have probably reached
lower final compressive strength (could not be measured as the failure load exceeded the
3 MN capacity of the hydraulic press). Curves measured after 43 days were slightly steeper
and reached slightly higher strength values than curves measured after 28 days. Fig. 10 shows
the curves for specimens without fibre and with 1 % of fibres separately from the point where
their ratio of steepness started to change. This point was between 125 N/mm2 and 140 N/mm2,
which is around 90 % of the peak values of curves without fibre and around 80 % of the peak
values of the curves with 1 % of fibres. Curves from specimens without fibre reach the peak
value at 3.5 ‰ strain value on average (3.4-3.6 ‰), and with 1 % of fibres a value of 3.9 ‰
on average (3.7-4.1 ‰). Specimens without fibre failed in an explosion at the peak load, and
the post-peak part of the curve could not be measured. Cylinders with 1 % of fibres failed
quickly, but they did not explode and the post-peak branch of the curve could be measured.
Cubes with 1 % of fibres failed slower and the load response dropped gradually. Specimens
with 2 % fibres failed slowly and they did not fall apart even at high degradation levels.
Fig. 11 depicts the whole curves for specimens without fibre and with 1 % of fibres.
8. TENSILE STRESS VS. STRAIN CURVE
The tensile side of the constitutive law was derived indirectly using flexural bending tests on
prismatic specimens. The size of the specimens was 700x150x150 mm and specimens were
tested in a four-point bending setup with a span of 600 mm according to the German
guidelines (DBV, 2001; DAfStb, 2012). Specimens were measured in parallel using a
traditional measurements system (displacement transducers, strain gauges and strain
transducers) and a Digital Image Correlation (DIC) system, and the results from the two types
of system were compared. The DIC technique is a useful tool to measure and monitor
structural deformations. It is possible to directly measure the surface deformations or the
crack opening values of every single crack. Based on the DIC measurements it is very easy to
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visualise the crack pattern of the measured surface. Fig. 12 shows a typical crack pattern at
peak load with 1 % of fibres and with 2 % of fibres. Specimens with 1 % of fibres have fewer
cracks (4.2 on average) with sharper edges and with only a few branches. Specimens with 2 %
of fibres have more cracks (9.2 on average) with scratchy crack faces and more branching.

Fig. 12: Crack pattern from the DIC measurement (left: with 1 %, right: with 2 % of fibres)
The basic results from flexural tensile tests are the load vs. deflection curves, and then the
flexural tensile stress vs. deflection curves derived from them. The mean values of the
maximum load and the flexural strength were 32.6 kN and 5.8 N/mm2 for specimens with 1 %
of fibres, and 63.5 kN and 11.3 N/mm2 with 2 % of fibres (see Fig. 13). Deflection at the peak
load was 1.2 mm on average for specimens with 1 % of fibres and 0.9 mm with 2 %. Beside
the fibre content, other very important factors of the fibre-reinforced concrete are the fibre
distribution and fibre orientation. A well-designed and performed mixing process should
provide homogenous fibre distribution, but the casting process has a very big influence on the
fibre orientation (and distribution of the fibre orientation inside the specimen). Therefore in
this test series one of the specimens was cast differently: generally the fresh concrete was
poured into the formwork at several discrete points (later referred to as “unfavourable
oriented”), but at one specimen this happened without interruption in continuous longitudinal
movement (later referred as “favourable oriented”). The difference was very pronounced: the
specimen with favourable oriented fibres showed around double high values than specimens
with unfavourable oriented fibres, and the peak value was similar to specimens with 2 % of
fibres (see Fig. 13).

Fig. 13: Flexural stress-deflection curves

Fig. 14: Movement measurements

Using the DIC system it is possible to follow the movement of any surface point, therefore it
was interesting to compare it with the traditional measurement techniques. Fig 14 shows the
measured movements of one specimen: way of the cylinder was measured by a built-in sensor
of the testing machine; deflection was measured by a displacement transducer fixed on the
specimen; and mid-point movement was measured using the DIC system. Deformation from
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the DIC system was derived as the subtraction of the mid-point movement and the movement
of the fixing point (according to DAfStb, 2012) of the deflection transducers. This method
provided the same results as recorded by the displacement transducer (see Fig. 14). Using the
DIC system it is not required to fix any sensor on the specimen and it is possible to separate
the elastic deformations from the support or rigid body movements.

Fig. 15: Crack measurements

Fig. 16: Crack measurements

Comparison of the crack opening measurements was another field of research. Cracks were
measured by three strain transducers with 100 mm base length on the bottom surface of the
flexural specimens as well as with virtual extensometers using the DIC system. Fig. 15 shows
the crack measurements for one beam. While strain transducers usually measure more cracks
together with elongation from the elastic deformation under their base length (300 mm all
together), using the DIC system each crack can be measured and it can separate the crack
opening and the elastic deformation (base length of the virtual extensometers is 2-5 mm). To
check the measurements, the crack opening values under the same strain transducers were
summed up. Fig. 16 depicts the result for one beam: 2nd and 3rd crack was under the left strain
transducer, 4th, 5th and 6th under the middle transducer and the 7th under the right transducer
(1st crack was outside of the 300 mm range of the strain transducers); and the related curves
are very similar (small differences came from the asymmetrical failure of the specimen).
Other problems which can be avoided using optical measurements are: (a) strain transducers
have a tendency to slip on the smooth, sometimes glossy surface of the UHPC; and (b) cracks
can be outside of their base length are excluded from the measurement.

Fig. 17: Tensile stress-crack opening

Fig. 18: Tensile stress-strain relation
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The mean value of the largest crack opening at the peak load was 1.3 mm with 1 % of fibres
and 0.6 mm with 2 % of fibres. Most of the cracks stayed smaller than 0.1 mm and only a few
reached the range of 0.1 and 0.5 mm. Close to the peak load one of the largest cracks became
the decisive one, and from this point only the decisive crack increased and other cracks partly
closed. The tensile stress vs. crack opening and the tensile stress vs. strain curves were
derived from the measured load vs. crack opening curves according to AFGC (2013). Fig. 17
and Fig. 18 show the derived curves from the three different types of flexural specimens.
9. CONCLUSIONS
A comprehensive experimental test series with a large number of specimens was performed in
order to determine the material parameters, material behaviour and derive the constitutive law
on the compressive and on the tensile side of a UHPC mixture without fibre and with a fibre
content of 1 % and 2 % by volume, using a new measurement and calculation method:
• The mean density of UHPC after 28 days was 2339 kg/m3 and decreased by time.
Addition of steel fibres increased the density of the hardened concrete by 62-64 kg/m3 per
% of fibres.
• Increase of the compressive strength by addition of the first % of fibres is significantly
higher for cylinders (12.0 %) than for cubes (8.7 %), but around the same for the second
% of fibres (2.8 %).
• Ratios of cylinder to cube strength were between 0.91 and 0.97 with a mean value close to
0.94, and with a tendency that at higher fibre contents the ratio is closer to 1.0.
• The splitting tensile strength was 7.9 N/mm2 without fibre, 14.1 N/mm2 and 16.1 N/mm2
with 1 % and with 2 % of fibres, respectively.
• Effect of compacting: 1 % increase of density resulted in 3.8 % increase of compressive
strength on average, and decrease of the density by time was half for the compacted
specimens in comparison to the non-compacted ones.
• Fibre orientation has a very strong effect on the tensile properties of the concrete: 1 % of
“favourable oriented” fibres have a similar effect like 2 % of “unfavourable oriented”, and
the tensile properties are about twice that high if the casting process takes care of the final
fibre orientation.
• DIC technique allows a continuous optical measurement without interruption of the
testing process, and the points of interest in the measured spatial and time range can be
chosen later. Results from the traditional and the DIC systems were compared, and the
advantageous applicability of the optical system was verified.
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SUMMARY
Although different researches have already shown that the creation of concrete with partial
replacement of the coarse aggregates by recycled coarse concrete aggregates is feasible with
limited effect on the mechanical and durability properties of the concrete, still a lot of
questions remain. One of these questions is the influence of the quality of the recycled
aggregates. This study takes a closer look at the influence of the purity of the recycled
concrete aggregates and its influence on two different precast concrete mixtures: a fast
hardening dry mixture used for hollow-core slabs and a self-compacting mixture used for
beams and floors. Different parameters which are of importance for precast companies were
examined: early age compressive, bending and splitting strength, 28 day compressive and
splitting strength and concrete density.
1. INTRODUCTION
According to the Belgian Concrete Industry Federation FEBE, federation of concrete industry,
Belgium annually produces 12 million tons of precast concrete (Noterman et al., 2016) of which
5 percent or 600.000 tons are structural elements. To produce these structural elements 250.000
tons of natural coarse aggregates are used. Partially (up to 20%) replacing these natural coarse
aggregates by recycled concrete aggregates has different beneficial consequences:
• This replacement could significantly lower the ecological footprint of precast structural
elements, which leads to better “Building Research Establishment Environmental
Assessment Method” and “Leadership in Energy and Environmental Design” ratings;
(Noterman et al., 2016);
• Belgium and more specifically Flanders is depending on the import of aggregates for most of
the concrete production. By replacing natural aggregates with recycled aggregates, it could
release the pressure on the Belgian market of natural aggregates; (Boehme et al., 2012);
• Recycled aggregates (RA) have a lower market value than natural aggregates and concrete
made with recycled aggregates has a lower density (1-2%) than concrete made with natural
aggregates. (Boehme et al. 2012; Joseph et al. 2015) These two effects lead to a reduction
of the production and transportation costs of precast structural elements.
Although different Flemish researches have already shown that the creation of concrete with
partial replacement of the coarse aggregates by recycled coarse concrete aggregates is feasible
with limited effect on the mechanical and durability properties of the concrete, still a lot of
questions remain. (De Brabandere et al. 2013; Boehme et al., 2011; Noterman et al., 2016) One
of these questions is the influence of the quality of the recycled aggregates (Joseph et al., 2012).
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2. MATERIALS USED
2.1 Aggregate compositions
24 different recycled concrete aggregate compositions were artificially created in the laboratory.
The parameters that were varied are: the amount of recycled concrete particles ranging between
87 and 95 m%, the amount of red brick contamination between 8 and 0 m%, the amount of fines
varying between 0 and 3m% and the amount of floating particles between 0 and 2 cm³/kg. The
exact compositions and their density and water absorption can be found in Tab. 1.
Tab. 1: Composition of the different purities of recycled concrete aggregates tested
Code
Composition
Mixture
Fraction 4/14
Fraction 0/4
Rcu/Fl/f
CRCA
Rb
Fl
FRCA
F
ρrd
Wa24
[kg/m³]
2223
2223
2223

[kg/m³]
-

[kg/m³]
0.31

[kg/m³]
113
45
113

[kg/m³]
0
70
0

[kg/m³]
2336
2339
2336

[%]
4.80
4.66
4.80

99.5/0/1.5
99.5/0/3
99.5/1/1.5
99.5/1/3
99.5/2/1.5
99.5/2/3

2212
2212
2212
2212
2212
2212

9
9
9
9
9
9

0.16
0.16
0.31
0.31

80
45
80
45
80
45

35
71
35
71
35
71

2335
2336
2335
2337
2335
2337

4.83
4.73
4.83
4.73
4.83
4.73

98/0/1.5
98/0/3
98/1/1.5
98/1/3
98/2/1.5
98/2/3

2179
2179
2179
2179
2179
2179

35
35
35
35
35
35

0.16
0.16
0.31
0.31

80
45
80
45
80
45

35
71
35
71
35
71

2328
2329
2328
2330
2328
2330

4.96
4.87
4.96
4.87
4.96
4.87

95/0/1.5
95/0/3
95/1/1.5
95/1/3
95/2/1.5
95/2/3

2112
2112
2112
2112
2112
2112

88
88
88
88
88
88

0.16
0.16
0.31
0.31

80
45
80
45
80
45

35
71
35
71
35
71

2314
2315
2314
2316
2314
2316

5.23
5.13
5.23
5.13
5.23
5.13

90/0/1.5
90/0/3
90/1/1.5
90/1/3
90/2/1.5
90/2/3

2001
2001
2001
2001
2001
2001

176
176
176
176
176
176

0.16
0.16
0.31
0.31

80
45
80
45
80
45

35
71
35
71
35
71

2291
2292
2291
2292
2291
2292

5.68
5.58
5.68
5.58
5.68
5.58

100/0/0
100/0/3
100/2/0

Recycled Concrete (Rcu) are aggregates with attached mortar originating from the demolition
of concrete products like pavement, stones, slabs, walls, and mortar products like sand-cement
and screed. According to the Flemish standard PTV 406, which is based on the European
standard EN 933-11, CRCA needs to contain at least 70% Rcu in the coarse fraction 4/14. But
the combination of Rcu and natural aggregates (Rn) needs to be at least 90% in this fraction.
This research focusses on CRCA containing at least 90% Rcu in the coarse fraction and no Rn.
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The Rcu used originates 100% from production waste of precast floor slabs, three step crushed
with a jaw, percussion and cone crusher. These aggregates have an oven dry density (rrd) of
2340 kg/m³ and a water absorption (Wa24) of 4.8%.
Floating particles (FL) are aggregates with a size above 4 mm and a density below 1000 kg/m³.
While the standard allows up to 5 cm³/kg contamination by floating particles, this is not
representative for high quality aggregates found on the Flemish market. This research uses three
different rates of contamination: 0, 1 and 2 cm³/kg. The floating particles are a proportional
combination of light wood (188 kg/m³), EPS (29,4 kg/m³), PUR (31.1 kg/m³) and PE
(23.6 kg/m³). This combination has a density of 70 kg/m³ and their water absorption is negligible.
Red brick (Rb) is besides hydrocarbon (Ra), glass (Rg) and non-stony aggregates (X) one of the
other types of coarse aggregates that can be found in CRCA and its presence is limited to 10
m% in the standard PTV 406. Since this research does not use Ra, Rg and X, Rb is the only
coarse aggregate used besides Rc. These red brick aggregates are artificially created in the
laboratory with a laboratory jaw crusher and have a rrd of 1850 kg/m³ and a Wa24 of 14.2%.
Two types of small aggregate (0/4) impurities are added in this research: fine recycled concrete
aggregates and filler. The total amount of 0/4 that can be present in a 4/14 aggregate depends on
the standard used. This research uses a constant 5m% contamination by small fraction to create
aggregates fulfilling the requirement of a GC 90/15 according to the NBN EN 12620 -2002.
Fine recycled concrete aggregates (FRCA) are aggregates with an aggregate size below 4 mm.
This sand is a by-product of crushing concrete to create coarse aggregates and is often seen as
inferior. The FRCA used in this research is a by-product of the production of the Rc and has a
rrd of 2260 kg/m³ and Wa24 of 6.4%.
Fines (F) are particles with a size less than 63µm. Due to their high specific surface area, these
particles demand a high amount of water in concrete mixtures. On the other side, due to their
small size, they can easily fill pores and lead to better concrete properties. The fines used in this
research were a combination of powdered old concrete and limed clay particles. The exact
properties of these fines are not measured.
2.2 Concrete Recipes
Two different types of concrete are tested:
• Self-compacting concrete (SCC), used for columns and beams, with a minimum strength C20/25;
• Fast hardening dry concrete (FHDC), used in pre-stressed hollow-core slab applications,
with a minimum strength of C50/60.
The cement used for SCC was CEM I 52,5 R and the one used for FHDC was CEM I 52,5 N.
The natural aggregates (NA) used in both mixtures were a combination of different types of
sea sand and limestone. Only the SCC-mixture uses a superplasticizer to reach the required
workability. The recipes of these concretes can be found in Tab. 2.
Type

SCC
FHDC

Powders
Cement
Filler
[kg/m³]
280
340

[kg/m³]
290
-

Tab. 2: Concrete mixtures
Aggregates
Limestone 2/14 Sand 0/4
[kg/m³]
760
1250

[kg/m³]
760
712

Liquids
Water
Super Pl.
[kg/m³]
200
110

[kg/m³]
3.4
-
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The Recycled Aggregate Concrete (RAC) was made by replacing 20 vol% of the Coarse
Natural Aggregates (CNA) by the difference qualities of CRCA found in Tab. 1.
All mixtures were produced in a two-step mixing process. This is often used in combination
with high absorbing aggregates like CRCA, to give the aggregates the time to absorb the
additional water. The procedures can be found in Tab 3.
Type

SCC
FHDC

Tab. 3: Mixing procedures
Step 1
Step 2
Ingredients Time
Ingredients Time
[-]
[s]
[-]
[s]
Water 20%
Cement
30
60
Aggregates
Filler
Aggregates

40

Cement

40

Step 3
Ingredients Time
[-]
[s]
Water 80%
60
Super Pl.
Water

60

3. RESEARCH PROGRAM
All tests were done on beams 100 mm - 100 mm - 600 mm. 29 beams of SCC (27 different
purities and 2 reference mixtures) and 27 beams of FHDC (24 difference purities and 3
reference mixtures). Every beam was used for multiple tests. These can be found in Tab. 4.
Part beam
Complete
beam

Test

Tab. 4: Tests
Parameter

Standard

Mass and dimensions

Dry Density

NBN B15-221 1989

Complete
beam

Three point flexural
test

Flexural strength
(24h)

NBN B15-214 1984*

Right half

Splitting tensile test

Splitting tensile
strength (24h)

NBN B15-218 1986

Right half

2x Compressive test

Compressive strength
10x10x10cm (24h)

NBN B15-220 1990**

Left half

Splitting tensile test

Splitting tensile
strength (28d)

NBN B15-218 1986

Compressive strength
NBN B15-220 1990**
10x10x10cm (28d)
* a deviation from the standard is used: beams 100x100x500mm and span 300mm
** a deviation from the standard is used: cubes 100x100x100mm
Left half

2x Compressive test

Some small changed to the standard were used in this test series. These can be found in
Tab. 4. The main purpose of these tests was to compare different purities of CRCA and their
effect on RAC and not to compare the results to the minimal requirement for concrete
elements used in precast elements.
All data results are ordered in minimum-average-maximum graphs. The Y-axis shows the
amount of Rcu in the CRCA, while the X-axis is different for every parameter. The top-bar is
the minimum-average-maximum of all recycled materials combined, while the bottom-bar is
the reference concrete containing no CRCA. These graphs can be used to compare the
different purities of CRCA and their influence.
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4. TEST RESULTS
4.1 Dry Density
The dry density of NA SCC is 75 kg/m³ higher than the density of RAC SCC with 20 vol%
replacement. This can be explained by the lower density of the CRCA. This does not count for
FHDC. The exact reason behind this strange effect cannot be explained by the density of the
aggregates. One possible explanation could be the difference in aggregate size distribution,
which could lead to an increase in density by the presence of additional fine material, while the
SCC already contains a lot of fines. The results show an increase in spread of the data results for
FHDC. Compaction of these dry mixtures on laboratory scale is a lot harder, than compaction of
ordinary concrete. It can be concluded that in case SCC, the use of CRCA leads to a decrease in
dry density, while in case of FHDC other parameters play a more important role. The purity of
the CRCA does not play any role. Different impurities do increase the scattering of the data in
case of FHDC. The data results can be found in Fig. 1 and Fig. 2.

Fig. 1: Dry Density SCC

Fig. 2: Dry Density FHDC

4.2 Flexural strength (24h)
The flexural strength of SCC after 24 hours is 0.7 N/mm² lower after replacing 20 vol%
CRCA. The influence of the purity of the CRCA does not have any influence. In case of
FHDC, the replacement of 20 vol% CNA by CRCA leads to a small increase of 0.3 N/mm²
flexural strength. While the purity of the CRCA does not seem to have any influence here
either. Impurities do increase the scattering of the data. The data results can be found in
Fig. 3 and Fig. 4.

Fig. 3: Flexural strength 24h SCC

Fig. 4: Flexural strength 24h FHDC
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4.1.3 Splitting tensile strength (24h)
The results of the 24h splitting tensile strength are comparable to those of 24h flexural
strength. The addition of 20 vol% CRCA to SCC leads to a decrease of 0.4 N/mm², while in
case of FHDC a small increase (+0.1 N/mm²) occurs. Impurities also lead to an increase of
data scattering. The data results can be found in Fig. 5 and Fig. 6.

Fig. 5: Splitting tensile strength 24h SCC

Fig. 6: Splitting tensile strength 24h FHDC

4.1.4 Compressive strength (24h)
Just like in case of the 24h flexural strength and 24h splitting strength, the 24h compressing
strength of SCC drops by adding CRCA (-3 N/mm²), while that of FHDC
increases(+2 N/mm²). In contrary to the previous tested parameters, the scattering of the
data results by adding different types of impurity does not increase. The data results can be
found in Fig. 7 and Fig. 8.

Fig. 7: Compressive strength 24h SCC

Fig. 8: Compressive strength 24h FHDC

4.1.5 Splitting tensile strength (28d)
The 28h splitting tensile test was the first measured parameter after 28 days of hardening in
a climate room (20 °C and 90% humidity). The 0.4 N/mm² decrease in case of SCC
enlarged to a difference of 2 N/mm². In case of FHDC, the small increase (+0.1 N/mm²) by
the addition of CRCA noticed after 24h, became a small decrease of 0.2 N/mm². The
different impurities do again lead to an increase of scattering of the data results found in
Fig. 9 and Fig. 10.
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Fig. 9: Splitting tensile strength 28d SCC

Fig. 10: Splitting tensile strength 28d FHDC

4.1.5 Compressive strength 28d
The addition of CRCA to SCC leads to a small decrease (-3 N/mm²) of the 28h compressive
strength. This decrease is neglectible compared to the scattering of the data. The addition of
CRCA to FHDC has no influence at all on the 28h compressive strength. It can be noted that
the addition of CRCA to SCC leads to an increase in data scattering, this is less noticeable in
case of FHDC, because even the reference shows a rather large scattering. The data results
can be found in Fig. 11 and Fig.12.

Fig. 11: Compressive strength 28d SCC

Fig. 12: Compressive strength 28d FHDC

5. CONCLUSIONS
It can be concluded that the amount of impurities in CRCA has no influence on the average
mechanical properties of RA SCC and RA FHDC. They do lead to an increase in scattering of
data results of most of the measured parameters which is equal to a drop in reliability.
Parameter
Dry Density

Tab. 5: Average results
Unit
SCC
NA
CRCA
kg/m³
2425
2380

FHDC
NA CRCA
2450 2490

24h Flexural strength
24h Splitting tensile strength
24h Compressive strength

N/mm²
N/mm²
N/mm²

1,75
0,85
11,5

1,05
0,45
6,0

2,20
1,20
12,0

2,50
1,30
14,0

28d Splitting tensile strength
28d Compressive strength

N/mm²
N/mm²

7,20
72,0

5,80
68,0

5,80
64,0

5,70
64,0
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The influence of replacing 20 vol% of NA by CRCA is most noticeable in the early age
mechanical properties of SCC. In case of FHDC and at 28 days compressive strength in case
of SCC, the influence of CRCA is neglectable.
The exact reason for slower strength development in the first 24h cannot be concluded by this
research. Although literature suggests this is mainly due to the presence of other impurities
besides Rcu, this data shows that the decrease is independent of the amount of Rcu present.
6. LIST OF NOTATIONS
CNA
CRCA
EPS
F
FEBE
FHDC
FL
FRCA
PE
PTV
PUR
Ra
RA
RAC
Rb
RC
Rcu
Rn
rrd
SCC
Wa24
X

Coarse Natural Aggregatds
Coarse Recycled Concrete Aggregates
Expanded polystyrene
Fines fraction in CRCA
Belgian Concrete Industry Federation
Fast Hardening Dry Concrete
Floating particles fraction in CRCA
Fine Recycled Concrete Aggregates
Polyethylene
Technical Regulations
Polyurethaan
Hydrocarbon fraction in CRCA
Recycled Aggregates
Recycled Aggregate Concrete
Red Brick fraction in CRCA
Recycled Concrete
Recycled Concrete fraction in CRCA
Natural Aggregates fraction in CRCA
Oven Dry Density of an aggregate
Self-Compacting Concrete
Water Absorption of an aggregate after 24h submersion
Non-stony Aggregates fraction in CRCA
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SUMMARY
The mechanical properties of fibre reinforced concrete (FRC) depend on the material
properties of fibres, fibre geometry and surface, amount of fibres, matrix properties, interface
properties and loading condition. Main purpose of our experimental study was to determine
the effect of mixing time (from 5 to 30 min) on the properties of steel fibres and steel fibre
reinforced concrete (SFRC), respectively. Separated fibres after mixing were analysed with
optical microscope. Pull out tests of hooked end steel fibres with different anchorage length
and of steel fibre with shape deformation were carried out. Three-point bending tests were
carried out in crack mouth opening displacement (CMOD) control on notched SFRC beams.
Results indicated improved properties of FRC in flexure if fibre deform during mixing.
1. INTRODUCTION
Residual flexural strength of FRC is one of the most important parameter both for design and
for practice. The bond of fibres mainly depends on material, shape, surface of fibres and the
mechanical properties of the matrix, the amount of fibres as well as the loading rate (Balázs,
Kovács, 1999; Kovács, Balázs, 2003). Consequently, almost all properties of FRC changes
with the changing of the surface and the shape of fibres. Only little information exists on the
influence of the mixing procedure on the properties of steel fibres.
The appropriate mixing, preparation and manufacturing of FRC are of high importance.
According to Naaman at al. (1996) fibres may even negatively influence the properties of
concrete if mixing and casting of concrete are not appropriate. It is of particular importance to
reach homogeneous dispersion of fibres. Based on the guidance of European Ready Mixed
Concrete Organization (ERMCO, 2012) 100 turns of the mixer are required to ensure good
fibre distribution, but in practice it is difficult to monitor. Therefore, a minimum mixing time
of 5 minutes (or 1 minute/m³) at the maximum speed of the drum is required. Fibres are often
added to the concrete in the concrete plant during mixing or immediately when the concrete
was added into the mixer so the concrete can homogenously disperse in concrete. As a result,
the fibres can be mixed for 0.5 to 1.5 hours in concrete with different speed before the casting
of FRC.
Testing and modelling of bond behaviour of steel fibres are important to realize the
favourable uses of FRC (Kovács, Balázs, 2003, 2004; Zhao, Verstrynge, di Prisco,
Vandewalle, 2012; Balázs, 2012; Halvax, Lublóy, 2013; Zile, Zile, 2013; Breitenbücher,
Meschke, Song, Zhan, 2014).
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Application of steel fibres can be effective in hardened concrete until the fibres fail or are
pulled out. Typically steel fibres are pulled out in cross-section of failure. Therefore, pull out
tests of steel fibres with different mixing times and fibre shapes were also carried out.
Important question is whether the properties of steel fibres are significantly influenced by the
longer mixing time than the minimum? On the other hand, can it significantly influence the
final properties of SFRC?
2. EXPERIMENTAL PROGRAMME
Our mix compositions are presented in (Tab. 1). In our experimental programme one type of
hooked end steel fibre was tested. The length of the steel fibres was 50 mm and the equivalent
diameter 1 mm. The tensile strength of the steel fibres was 1000-1200 N/mm2.
Tab. 1: Concrete compositions
Amount
Material
Type
[kg/m3]
sand (45%):
824
(0/4 mm fraction)
Aggregate
coarse aggregate
1008
(55%):
(4/16 mm fraction)
Cement
CEM I 42.5 N
380
steel
fibre
amount:
Fibres
0.3, 0.5 V%
Water
mw/mc=0.43
163
Glenium
C300
max
2.66
Admixture
(max 0.7 mc%)
Before adding fibres, the mixing process of concrete was 5 minutes with pan type mixer. (The
pan type mixer was used every time with activator). The consistence of fresh concrete was
checked every 5 minutes and if necessary Glenium C300 type plasticizer admixture was
added to the concrete to keep the flow class F4 (to EN 206:2013). Fibres were isolated from
the fresh concrete with a magnet. Separated fibres were analysed with optical microscope.
Pull out tests of hooked end steel fibres were carried out (Fig. 1). Effects of mixing time and
shape deformation were examined. Concrete with natural sand and gravel aggregate concretes
with 0.5 V% steel fibres were used in the pull out test specimens. The pull out tests were
carried out on steel fibres with “initial shape”, with “deformed shape” or with “U shape”
(Fig. 2). The specimens with different mixing times were prepared at the same time, using the
same mixture. The sizes of the specimens were 120×120×360 mm. With this dimensions the
possibility of uneven fibre orientation was minimized. Samples with approximately
50×50×360 mm dimensions were cut out from the specimens for the pull out tests. The fibres
were placed into the longitudinal axis of the FRC samples. A special loading frame was
developed. for these pull out tests with 40×40 mm free surfaces around the tested fibres.
3 pieces of concrete cubes (150 mm) were prepared from each mixture after 5 or 30 minutes
mixing for compressive tests and for bulk density tests.
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Fig. 1: Pull out tests of steel fibres

Fig. 2: Steel fibres prepared to pull out test,
a) initial shape, b) deformed shape, c) “U” shape
The possible effect on the post-cracking residual flexural strength of SFRC were tested
(Fig. 3). Three-point bending tests of notched SFRC beams (with dimensions of
150×150×600 mm) were carried out in crack mouth opening displacement (CMOD) control
according to EN 14651:2005+A1:2007 standard. The number of the fibres and the
experienced inhomogeneous fibre dispersions were determined in the failed cross-section.

Fig. 3: Three-point bending tests on notched FRC beam
The tested beams were also subjected to compression tests. Compression tests of 90 days old
cubes (150x150x150 mm) were carried out according to MSZ EN 12390-3:2009 standard.
The concrete cubes were cut from the undamaged parts of the beams. A part of the tested
specimens was pulverized and the fibres were separated. The density of the concrete material
(without fibres) were determined with pycnometer according to MSZ EN 1097-7:2008
standard. The porosity of the specimens was calculated from the density and the bulk density
of the concrete and fibres for each fibre content.
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3. TEST RESULTS
3.1. Type of deterioration of fibres
Shape deformations were observed for hooked end steel fibres during mixing in concrete
(Fig. 4). Our tests indicated that the deformation of steel fibres could be observed after
5 minutes long mixing in concrete and the number of deformed fibres and the degree of
deformation slightly increased as mixing time increased.

Fig. 4: Deformed steel fibre during mixing in concrete
3.2. Changes of pull out behaviour of steel fibres during mixing in concrete
Probably the shape deformation could slightly improve the anchorage capacity of steel
fibres. Therefore, pull out tests were carried out on steel fibres after shape deformation.
According to the tests results the maximum pull out force was higher in case of fibres with
shape deformation than in case of fibres with initial shape (Fig. 5-a). Some tested fibres
with shape deformation were broken during the test. (The pull out force was higher than the
load bearing capacity of the steel fibre.) Break of the steel fibres with initial shape and with
similar anchorage length was not observed.
We observed a steel fibre with significantly deformed shape in the failed cross-section of a
30 minutes mixed SFRC beam by three-point bending test. In this case both ends of the
fibre were bonded in the same side of the concrete beam (Fig. 6). The fibre could not be
pulled out so the concrete crashed around the fibre. In order to analyse such behaviour, pull
out tests were carried out on steel fibres with U shape.
According to the tests results the pull out behaviour of fibres with U shape was significantly
different from the pull out behaviour of fibres with initial shape (Fig. 5-b). Failure
(crashing) of concrete was observed in case of pull out tests of U shape fibres.
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Fig. 5: Pull out force vs. displacement curves of steel fibres used in concrete with natural sand
and gravel aggregates (mixing time: 5 minutes after addition of fibre), for better
comparison average pull out force vs. displacement curves of intact fibres with 15 or
25 mm anchorage length are also represented,
a) - - - deformed shape fibre,
b) - - - U shape fibre

Fig. 6: Deformed shape of steel fibre in cross-section of beam by the 30 min mixed SFRC
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3.3. Effect of mixing time on post-cracking residual flexural strength of FRC
Present part of our research was directed to study the possible influence of the mixing time on
the post-cracking residual flexural strength of SFRC. The SFRC beams were prepared with
two different mixing times (an additional 5 or 30 minutes mixing of concrete after adding the
fibres into the concrete).
In the legends of Fig. 7 the applied fibre type (0 → without fibre, S1 → hooked end steel
fibre), the mixing time after adding of fibre (5 or 30 min), the planed fibre content in volume
fraction (0.3 or 0.5 V%) and the number of fibres counted in the failed cross-section (… pcs)
are represented, respectively.
We experimentally verified that the increase of mixing time of steel fibres in concrete from 5
minutes to 30 minutes slightly increases (by maximum 10%, in case of 0.3-0.5 V% fibre
content) the post-cracking residual flexural strength of steel fibre reinforced concrete beams
(Fig. 7), if the other parameters are constant. According to the test results this positive effect
increased as the amount of fibres (0.3 V% to 0.5 V%) increased.
The main reason for this was the increased compressive strength and advantageous behaviour
of deformed steel fibres as the mixing time increased (Fig. 8).

Fig. 7: Flexural stress-CMOD curves of three-point bending tests of SFRC beams mixed in
pan type mixer, with 0.3 and 0.5 V% fibre content
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a)

b)

Fig. 8: Properties of SFRC specimens, a) Compressive strength, b) Porosity
4. CONCLUSIONS
Main purpose of our experimental study was to determine the effect of mixing time (from 5 to
30 min) on the properties of steel fibres and SFRC, respectively. We tested two types of steel
fibres (without coating or with brass-coating). Results of our experimental study indicated the
following:
1. Shape deformations were observed for hooked end steel fibres during mixing in
concrete. Our tests indicated that the deformation of steel fibres could be observed after
5 minutes long mixing in concrete and the number of deformed fibres and the degree of
deformation slightly increased as mixing time increased.
2. Pull out tests were carried out on hooked end steel fibres with initial shape and with
shape deformation. According to our tests the maximum pull out force was higher in
case of fibres with shape deformation than in case of fibres with initial shape.
3. Longer mixing times resulted in a slight increase of the post-cracking residual flexural
strength of SFRC. The main reason for this was the increased compressive strength and
increased number of the deformed steel fibres as the mixing time increased.
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SUMMARY
Use of supplementary cementitious materials (SCM), ageing and carbonation significantly
impact mortar properties and corrosion of embedded steel. To study the influence of SCMs on
mortar properties, specimens from pure Portland cement and three different types of blended
cement were prepared. Compressive strength, open porosity and resistance of capillary
absorption have been investigated. Further, the impact of SCMs and carbonation on chloride
induced corrosion of steel in mortars was monitored with Electrochemical Impedance
Spectroscopy (EIS) technique and after the measurements, the specimens were demolished
and a visual inspection of the reinforcement surfaces was performed.
1. INTRODUCTION
SCMs are used in concrete for ecological reasons and to improve properties. They generate
noticeable changes in hydration process of binder and consequently in properties of cement
matrix which determine its durability. The experience of recent decades shows that reinforced
concrete structures are not immune to the effects of the environment, but are subject to
deterioration processes, where corrosion of concrete reinforcement is the most common cause
of reduced service life and reparations (Cox et al., 1996). Carbonation and ingression of
aggressive ions are two main causes for corrosion of steel in concrete (Cigna et al., 2003)
significantly affected by individual environmental parameters and properties of the cement
matrix, thus the nature and intensity of the corrosion processes of embedded steel are highly
variable by using various kinds of cements (Mehta and Montero, 2006; Bertolini et al., 2013).
Since the intended service life of the new complex concrete buildings can be hundreds of
years (Legat et al., 2009), an accurate and reliable investigations in the effects of specific
SCM on the properties of the cement matrix are extremely important and challenging.
2. MATERIALS AND SAMPLES
2.1 Materials
Cements used in this study were produced in laboratory by grinding and blending raw
materials (Portland cement clinker (K), granulated blast furnace slag (S), siliceous (V) and
calcareous (W) fly ash, natural pozzolana ((P) - tuff) provided from local cement plant where
are used in regular production. Designation, composition and physical properties of cements
are listed in Tab. 1 and are in accordance with SIST EN 197-1:2011.
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Constituents

Tab. 1: Composition, specific gravity and specific surface area of used cements
Clinker [m. %]
Granulated blast furnace slag [m. %]
Flay ash (siliceous) [m. %]
Flay ash (calcareous) [m. %]
Natural pozzolana (tuff) [m. %]
Specific gravity [g/cm3]
Fineness (Blaine) [cm2/g]

CEM I
100

3.13
3870

Cement type
CEM III/A
CEM IV/A (W-P) CEM V/A (S-V-P)
50
72
55
50
25
15
20
8
5
3.02
2.93
2.94
3593
4950
5510

The tests were performed on four different mortars, each prepared of different cement and in
accordance with standard SIST EN 196-1:2005. They were composed of three parts of sand, one
part of cement and a half part of water. Consistency of each was determined by flow table
according to SIST EN 1015-3:2001. Results are presented in
Tab. 2.
Tab. 2: Consistency of fresh mortar determined by flow table
Consistency of fresh mortar [mm]

CEM I
171

Cement type
CEM III/A
CEM IV/A (W-P) CEM V/A (S-V-P)
176
174
157

2.2 Samples for determination of physical properties of mortars
Mortar prisms 40×40×160 mm3 to determine physical properties were
prepared according to SIST EN 196-1:2005. They were stored in
humid chamber at 20 ± 1 °C with RH > 90 % for first 24 h after
casting and then demoulded and additionally cured at 20 ± 2 °C with
RH > 95 % until the age of 28 days.
2.3 Samples for investigations in corrosion of steel in mortars
Mortar prisms of 30×30×100 mm3 with embedded drawn steel rod
(Φ6 mm) as working electrode and carbon fibre yarn as counter and
reference electrode were cast for EIS measurements (Fig. 1). The Fig. 1: Specimen for
investigations
working electrode was properly cleaned before installation by
in corrosion of
grinding (SiC paper 500) and degreasing with acetone. Perpendicular
steel in mortar
distance between the axis of the reinforcement and the upper exposed
surface was of 10 mm and the thickness of the mortar protective layer
was of 7 mm. Specimens were poured in wooden moulds and stored in laboratory conditions
at 20 ± 2 °C with RH 20 ± 5 % for first 24 h and then demoulded and cured as those for
physical tests.
3. METHODS
3.1 Environments
Investigations were performed in two simulated environments where in the first one the
specimens were aged in humid chamber for another 10 months after curing period (28 days)
while in the second one they were placed in carbonation chamber till the last mortar was fully
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carbonated (10 months). After that period the physical characteristics of mortars were
determined and exposure to cyclic wetting and drying began.
3.2 Physical properties of mortar
The following physical properties of the cement mortars were investigated: compressive
strength according to standard SIST EN 196-1:2005, open porosity according to standard
SIST EN 1936:2007 and resistance of capillary absorption according to standard SIST
EN 13057:2002.
3.3 Corrosion resistance
EIS method was used on cyclically wetted and dried mortar prisms to determine the corrosion
resistance of mortars. The cycle lasted for a week and began with wetting period when 3.5 %
NaCl solution was poured on the specimen surface for 2 days. Then it was removed, the
specimen surface dried and EIS (Gamry Reference 600) performed (frequency: 100 kHz - 5
mHz, perturbation: ± 10 mV at 10 points per decade). In order to assess corrosion resistance
of the samples the absolute values of the total impedance |Z|tot at lowest frequency were taken
into account. The cycle ended by 5 days of drying. At the end of 22 weeks of testing period
specimens were demolished and rods visually examined for the forms of corrosion attack.
4. RESULTS AND DISCUSSION
4.1 Physical properties of mortars
4.1.1 Compressive strength
The compressive strength of 28 days old, 10 months aged and fully carbonated mortars are
graphically presented in Fig. 2.

Fig. 2: Comparison of compressive strengths of mortars
Test results show that 28 days compressive strength of mortar from blast furnace cement
(CEM III) was 21 % lower, from pozzolanic cement (CEM IV) was approximately the same
while from composite cement (CEM V) was 9 % higher than that from Portland cement
(CEM I). According to the theoretical background of cement hydration (Mehta and Montero,
2006) and available results in the literature, the highest 28 days compressive strength for
mortar from CEM I was expected and a moderately lower for mortars from CEM IV and
CEM V. This discrepancy is mostly consequence of differences in specific surface areas of
the investigated cements. The lowest compressive strength for mortar from CEM III was
expected because of the high content of slag with low reactivity.
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10 months of aging has increased the compressive strength of all inspected mortars because
prolonged curing raised the rate of hydration and provided additional products of pozzolana
reaction to fill the pore structure. The highest increment of compressive strength was expected
at CEM III and CEM V because of lower clinker content and higher content of slag and/or
pozzolanic material slowing down the hydration and delaying the strength development,
followed by CEM IV and CEM I. The results has confirmed expectations for all mortars except
for CEM V, where the lowest increment of compressive strength could be related with a lack of
lime which is a product of hydration of clinker and is essential for pozzolana reaction.
Carbonation gained the highest compressive strength at all tested mortars. Fully carbonated
CEM I mortar yielded a 117 % higher compressive strength in comparison with the 28 days
old specimen followed by CEM IV, CEM III and CEM V. It is assumed that the increase in
compressive strength is mostly related to the amount of clinker in cement, as portlandite
emerging from clinker hydration is primarily carbonated and thus forming compounds that fill
the pore structure in cement matrix (Mehta and Montero, 2006). Relatively big difference in
compressive strength between CEM III and CEM V, despite almost the same clinker content,
can be explained by low reactivity of CEM III delaying the strength development and possible
lack of lime for pozzolana reaction at CEM V.
The open porosity and resistance of capillary absorption of cements at 28 days, 10 months
aged and fully carbonated are graphically presented on Fig. 3.

Fig. 3: Graphical comparison of open porosity and water sorption coefficient after 24 hours
According to the theoretical background (Bertolini et al., 2013) lower open porosity on 28
days old specimens was expected for all cements with SCMs as products of pozzolana
reaction fill the pore structure but from the results it can be seen that the porosity detected on
CEM III was almost the same as on CEM I and was the highest. It seem that before
mentioned simultaneous milling of all the components of CEM III and a high content of slag
has slowed down the effect of pozzolana reaction which couldn’t be detected at this age. A
higher open porosity of CEM V in comparison with CEM IV despite the higher content of
pozzolanic material can be explained by the lack of lime which is formed by hydration of
clinker and is necessary for pozzolana reaction.
10 months of aging has reduced the open porosity of all inspected cements except for
CEM IV where a slight rise was detected and we couldn’t find the explanation for this
phenomenon. A prolonged curing period increased the rate of hydration of cement paste and
provided additional products of pozzolana reaction filling the pore structure what reduces
open porosity of hydrated cement paste. Relatively high drop in open porosity at CEM I can
be explained with low reactivity due to low specific surface of this cement which needs more
time to fill the pore structure in cement paste.
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As expected, carbonation caused a significant drop in open porosity in comparison with 28
days old samples for all types of cements as its products precipitate on pore surface.
Relatively high drop in open porosity for CEM I compared to CEM IV and CEM V can be
explained by mutual complementation of effects of lower hydration rate due to low specific
surface and high portlandite content which reacts during carbonation. High drop in open
porosity for CEM III compared to CEM IV and CEM V is probably the consequence of low
reactivity of CEM III and a high content of slag leading to prolonged formation of cement
matrix in sense of filing the pore structure.
In theory, capillary action is stronger as the pore dimensions decrease (Bertolini et al., 2013).
Therefore, in case of the investigations into the capillary water uptake a higher values of
sorption coefficient after 24 hours was expected for all cements with SCMs in comparison
with CEM I but from the results it can be seen that the highest sorption coefficient on 28 days
old specimens was detected on CEM III followed by CEM I, CEM IV and CEM V. The lower
values of sorption coefficient at CEM IV and CEM V could be explained by two phenomena:
the pores become so small that friction significantly slowed down the transport of water, the
products of pozzolana reaction have reduced interconnections of capillary pores.
10 months of aging has reduced the sorption coefficient after 24 h of all inspected cements.
Prolonged curing period has increased the rate of hydration and provided additional products
of pozzolana reaction reducing the pore dimensions. That should lead in higher sorption
coefficients, but as it seems, aging has also significantly influenced the interconnections of
capillary pores. A bit surprising is an extremely high drop in sorption coefficient at CEM I.
We can assume that low reactivity due to low specific surface of this cement has slowed down
hydration process what has reduced interconnections of capillary pores.
Carbonation has reduced sorption coefficient of CEM I and raised those of blended cements
in comparison with 28 days old samples. The reason for reduction of sorption coefficient of
CEM I could be the same as in case of ageing. The expected raise of sorption coefficient of
specimens with SCMs is related to carbonation products which reduces the pore diameter. A
very high increase of sorption coefficient for CEM V could be in relation to occurrence of
microcracks as a result of carbonation of Calcium-silicate-hydrate (C-S-H) (Šavija and
Luković, 2016).
Generally, by comparing the results of investigations into the capillary water uptake and open
porosity it can be noticed that they differs and can’t be correlated. This may be attributed to
the fact that capillary water uptake is not only related with the total capillary porosity (i. e. the
percentage of volume occupied by capillaries) but also with the size and interconnection of
capillary pores and that the influence of carbonation on pore structure is very complex (Šavija
and Luković, 2016). It is also important to emphasise that investigations in porosity and
transport processes can give misleading results in sense of corrosion resistance, because they
cannot consider a chloride binding capacity and alkalinity of mortars.
4.2 Corrosion resistance of mortars in different environments
EIS measurements were conducted weekly on cyclically wetted and dried mortar prisms. The
total duration was of 22 weeks. Absolute values of total impedance |Z|tot can be related to
polarisation resistance which is in correlation with corrosion resistance. The higher is the |Z|tot
the lower the corrosion rate. In order to assess the corrosion resistance of the samples the |Z|tot
at smallest measured frequency were taken into account.
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4.2.1 Cyclically exposed aged mortars
The results of EIS measurements on aged mortars are presented on Fig. 4. Constant values of
|Z|tot at lowest frequency during first 19 weeks can be noted for all samples except CEM IV
where two significant drops at 9th and 15th week were measured. According to values on the
chart the mortar samples exhibit increasing resistance to corrosion in following order:
CEM III < CEM IV < CEM V < CEM I.
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Fig. 4: Total impedance chart for different types of 10 months aged mortars, measured at
lowest frequency and photos of the reinforcements after 22-week exposure
Visual inspection of the surfaces of the exposed portion of the reinforcement showed that the
intensity of the corrosion damage varied. The most pronounced, general corrosion was
observed in the case of CEM III followed by CEM IV. In the case of the CEM V, localized
surface corrosion with some pits was observed while on the rod embedded in CEM I only
some traces of corrosion products in the form of dots were detected. From a comparison of the
estimates of the resistance to corrosion on the basis of the EIS measurements and the visual
inspection of the damage to the samples can be seen, that the results are comparable and show
the lowest corrosion resistance of CEM III followed by CEM IV and CEM V, while CEM I
experienced only slight general corrosion.
4.2.2 Cyclically exposed fully carbonated mortars
The results of EIS measurements on fully carbonated mortars are presented on Fig. 5.
Constant values of |Z|tot at lowest frequency during first 11 weeks can be noted for all samples
except CEM V where a significant rise at 3rd week was measured. According to values on the
chart the mortar samples exhibit increasing resistance to corrosion in following order:
CEM III ≤ CEM V < CEM IV < CEM I.
Visual inspection of the exposed surfaces of the reinforcement showed that the most
pronounced, general corrosion was observed in the case of CEM III mortar followed by
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CEM V. Also on the top surface of CEM IV sample general corrosion was observed whilst on
the bottom surface only localized surface corrosion was observed. At CEM I only localized
general corrosion with some small pits was noticed. From a comparison of the estimates of
the resistance to corrosion on the basis of the EIS measurements and the visual inspection of
the damage to the samples can be seen, that the results are comparable and show the lowest
corrosion resistance of CEM III followed by CEM V and CEM IV, while CEM I experienced
only slight general corrosion.
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Fig. 5: Total impedance chart for different types of carbonated mortars, measured at lowest
frequency and pictures of the reinforcements after the exposure
From a comparison of the results of EIS measurements in different environments it can be
seen that carbonation generally reduces values of |Z|tot and shortens the period of constant
values. This means that the resistance to chloride induced corrosion of carbonated mortars is
lower than that of aged, what is confirmed also by results of visual inspection.
From a comparison between the results of sorption coefficient after 24 hours and resistance to
chloride induced corrosion a very good correlation can be found (except for aged CEM IV).
The higher is the sorption coefficient the lower the resistance to chloride induced corrosion.
5. CONCLUSIONS
In the 10 months of ageing and fully carbonation and 22 week exposure to cyclic wetting and
drying the effect of SCMs on the physical properties of mortar and corrosion of embedded
steel was studied. CEM III, CEM IV and CEM V were investigated next to CEM I. The
following major conclusions can be drawn:
1. Ageing (prolonged curing) moderately increases compressive strengths of mortars,
severely reduces open porosity, except for CEM IV where a slight rise is noticed and
extremely decreases sorption coefficient after 24 hours.
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2. Carbonation moderately to severely raises compressive strengths of mortars, extremely
reduces sorption coefficient after 24 hours for CEM I, slightly rises it for CEM III and
CEM IV and extremely increases for CEM V.
3. Testing results on open porosity of carbonated mortars are misleading in sense of
corrosion resistance and durability.
4. EIS technique on specimens exposed to cyclic wetting and drying can distinguish between
corrosion resistance of mortars prepared from different cements and exposed to different
environments, giving results consistent with the visual appearance of corroded steel.
5. Investigation in chloride induced corrosion on specimens prepared from different cement
types and aged has shown increasing resistance to corrosion in following order:
CEM III < CEM IV < CEM V < CEM I.
6. Investigation in chloride induced corrosion on carbonated specimens prepared from
different cement types has shown increasing resistance to corrosion in following order:
CEM III ≤ CEM V < CEM IV < CEM I.
7. Carbonation reduces resistance to chloride induced corrosion.
8. A very good correlation between sorption coefficient after 24 hours and resistance to
chloride induced corrosion is noticed.
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ARCH FOOTBRIDGE MADE OF UHPFRC
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SUMMARY
Article presents design and production of thin-walled double curved footbridge made from
UHPFRC. Parameters of this relatively new cementitious material enables design very thin
structures. Article presents complex theoretic-experimental program solving design and real
preparation of very specific pedestrian bridge. Single-span bridge with span of 10 m and the
clear width of 1.50 m with the total thickness of shell structure 30 - 45 mm was cast as a
prefabricated element in one piece. Extensive research was needed to be done before
production of arch double curve footbridge. Large scale mock-ups were casted and tested.
Casting technology and production of formwork were tested and optimized several times.
Results of experiments were compared with numerical analysis.
1. INTRODUCTION
UHPC is very promising material and its very favourable material properties allow to design
very thin structures. Experiences with the real UHPFRC applications and results of many
experimental research programs in Czech Republic lead to design modern footbridge using
new principles and knowledge (AFGC, 2013; Wang, 2015; Vitek, 2013). This article is
focused on experimental research in field of material optimization, testing of material
properties and preparation of the preliminary mock-up of the part of the construction,
testing of load bearing capacity of thin walls and on final mock-up 1:1 of the whole
footbridge. Each part of this extensive experimental research is presented in more detail in
this article.
The span of the footbridge is 10 m. The bridge is designed with double curvature –
horizontal and vertical. In the vertical and transverse direction it is a circular arc with a
camber of 0.4 m. The cross section of the bridge has a width of 1.5 m. The bridge load
bearing structure consists of a bottom deck with only 45 mm thickness and 30 mm thick
side walls. The side walls serve as handrails. Handrails height is 1.1 m in the middle of the
bridge span and 1.5 m at the support area. In place of the support area a bridge deck is a
little bit thicker because of anchors zones. These zones are reinforced by ordinary
reinforcement for reliable transfer of the shear and anchors forces at the end supports. The
rest of the bridge has no conventional reinforcement and it is reinforced only by the steel
fibre reinforcement.
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Fig. 1: Visualization of the bridge
The main shape of the footbridge (“U” shape) was taken partly from steel construction and
partly from shell construction. Optimized UHPFRC mixture should be able to be cast in such
a thin and difficult shape. The main outstanding features of this material are the high
compressive strength, high tensile (direct and flexural) strength and very high durability also
(JSCE, Kabele, 2013; Kolisko, 2015; Vitek 2013). Favourable durability is caused by a very
high density of the cement matrix and by very low level of porosity with unconnected pores.
This fact is provided by very fine particles (slag, silica fume) and very low water-cement
coefficient. High levels especially of flexural strength are provided by using of the steel
fibres. These perfect material properties should be supplemented by high workability (Abbas,
2016; Blank 2016; Shi, 2015).
Production of “U” shaped UHPFRC footbridge is very complex problem. Whole construction
need to be cast in one part, one time and design of the structure need be optimized with
respect to all factors during casting, demoulding, transporting and using.
2. DESIGN - FIRST STEP
Bridge model was created in a computer program ATENA 3D. Which is materially and
geometrically nonlinear simulation program mainly for concrete structures. These macro
elements have specified material item 3D Nonlinear Cementitious2. We used parameters of
UHPC concrete class C110/130 blended with scattered reinforcement in first static
approximation. First calculation were performed on a basis of the experimental data gained in
the past research in field of UHPC. Material properties are not yet reduced by material
coefficients. The resulting structure is considered using one or two class better concrete.
The bottom plate of the bridge was loaded with whole surface load of 4.2 kN/m2, and
subsequently up to structural failure, further part with the greatest eccentricity to cause torque
to structural failure. Railing was loaded with a force corresponding to 1 kN/m at the top edge
and vertical force until failure of the whole structure. The whole bridge was also loaded
temperature change of + 40 ° C and -35 °C.
The bearing capacity of the construction achieves satisfactory values (12.6 kN/m2), which is
well above the required load capacity (4.2 kN/m2). Gained value of bearing capacity is valid
for construction in ideal condition. Which means a footbridge in a state where there are no
shrinkage cracks. Due to the shape of the construction, it is a very difficult task and the
occurrence of these cracks is expected, which will probably lead to a lower load bearing
capacity.
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A static loading test is planed to be performed to verify design assumption. Deflection in the
middle of span on both sides of footbridge and crack development on construction will be
observed during loading.
3. “U” PROFILE MOCK-UP
Because of very complex design of the footbridge a preliminary mock-up need to be prepared.
The footbridge was casted in the upside-down position because of double curvature and more
several reasons that will be describe in more details in this article. The support part of the
construction was chosen as a highest part with high of 1.5 m. The wooden formwork of
preliminary mock-up was prepared and everything was managed at the same way as for final
footbridge was designed. The main reasons of preparing of the mock-up were: verification of
the casting process, surface conditions of the element, verification of right consistency of the
fresh UHPFRC mixture and ability of the mould to be completely filled. The crucial factor for
the element was the time of demoulding, respectively the time of releasing of the formwork.
UHPFRC has very high shrinkage that was developed at a very early age of concrete.
Developing of the shrinkage cracks is than caused by fixed formwork which is relatively stiff
and does not allowed any movement of the casted element. All of these factors need to be
considered. Casting of the mock-up was in September 2016.
3.1 Preparation of the mock-up
The wooden formwork was designed and prepared to withstand pressure of the fresh concrete
which is the main load during casting (Fig. 2). The technology of the casting was the main
issue during whole process of design. Because of double curvature of the bridge and very thin
deck and side walls the bridge had to be casted in upside-down position. There was also
problem with the surface of the construction which is not in the mould during casting. The
formwork was closed from all sides and also the bridge deck (in this position the top deck)
was closed. Only three openings were made on the top desk used for pouring of the concrete.
Smooth surface of the concrete was achieved in all visible surfaces of the bridge. Only upper
side of the casted element in closed formwork has always many pores because of air coming
from the UHPC matrix upward from the walls and deck. In this case the position is
advantageous because the surface with pores is on the nonvisible bottom part of the bridge in
final position. Total volume of used UHPFRC for this element was 0.4 m3.

Fig. 2: Formwork of the preliminary mockup

Fig. 3: Preliminary mock-up after the
demolding
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3.2 Optimization of UHPFRC mixture
UHPFRC mixture, used in this construction, need to fulfil very high requirements. Extensive
research in the field of material optimization was carried out in Klokner Institute. The key
parameter for UHPFRC mixture was high flowability. Because of the upside – down pouring
of the footbridge, concrete need to flow inside by the 30 mm thin area and fill both thin walls
and upper deck. Usually consistency of the mixture can be adjusted by volume of added water
and superplasticizer. In this case (especially for UHPFRC) added water means lower
mechanical properties and higher shrinkage. Because of these problems a new UHPFRC
mixture were designed and tested. Black pigment was added to the mixture according to
requirement of the architect. Many mixtures were tested with a different volume of pigment in
dependence to flowability and mechanical properties. The final colour shade was discussed
regarding to the material parameters. Final mixture consists of the cement CEM II 52,5 N,
fine aggregate with maximum size of 2 mm, slag, silica fume and steel fibres (0.2 mm thick,
13 mm long). Volume fraction of the fibres was 1.5%. The volume of water and
superplasticizer depended on the temperature conditions with regard to the workability.
3.3 Material properties of UHPFRC
During casting of the preliminary mock-up the specimens (prisms with dimensions
169x40x40 mm and cubes with 100 mm edge) were prepared. Because of early demoulding
age, many specimens were tested for compressive and flexural strength. Flexural strength was
tested by 3-points bending test. First tests were carried out 5 hours after casting. Next set of
the specimens was tested after 2 hours and the tests continued until the demoulding of the
element. The development of material properties at early age is shown in Fig. 4. The crucial
value of the compressive strength was set to 30 MPa. At this point the formwork should be
released and removed. Preliminary mock-up was demoulded after 11-12 hours after casting.
Formwork was completely removed and surfaces of the element were cured by special fluid
wax. The surface quality was checked. Element is shown in Fig. 3. No shrinkage cracks and
no empty areas without UHPFRC were observed. Only the top surface under top wooden desk
was covered by the layer with many pores. Development of material properties at first 10 days
after casting shows in Fig. 5.

Fig. 4: Development of compressive and flexural strength at first 40 hours after casting
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Fig. 5: Development of compressive and flexural strength at first 10 days after casting
3.4 Loading tests of the thin walls
Load bearing capacity of the thin wall was tested by horizontal force at a height 1.3 m. The
applied axial force was distributed by steel profile to entire width of the wall. Tests were
performed after 35 days after casting.
At first the load bearing capacity of the right thin wall in inward direction were evaluated
(Fig. 6). Maximum horizontal force 3.1 kN was reached. It means that force divided by width
of the tested wall (1.5 m) was 2.1 kN/m. The second test was performed in opposite direction
(a way out direction – Fig. 7) and the maximum force was 3.5 kN (2.3 kN/m). It was
concluded that load bearing capacity of the walls (handrails) is sufficient.

Fig. 6: Test of load bearing capacity of the
right thin wall – an inward direction

Fig. 7: Test of load bearing capacity of the
left thin wall – a way out direction

4. “U” PROFILE FULL SIZE FOOTBRIDGE MOCK-UP
The final formwork was prepared after optimization of many details from preliminary mockup. Double curvature of the bridge was applied on the top deck and side walls. Two openings
for pouring UHPFRC were placed on the edges of the top deck on the ends of the bridge.
Development of the material properties and knowledge from casting of the preliminary tests
were used for the optimization of formwork and whole construction process.

12th Central European Congress on Concrete Engineering 2017 Tokaj • TAILORED PROPERTIES OF CONCRETE
– 99 –

4.1 Preparation of the final formwork
The formwork was prepared in Klokner Institute. Because of length of the bridge it had to be
divided into four parts (Fig. 8). Very complex design of the formwork needed to be optimized
in case of fast and easy releasing and demoulding. UHPFRC has early shrinkage so the fast
releasing of the screws and desks is needed to enable some movement of construction and
prevent cracks development. All formwork beams were reinforced by additional wooden
beams (Fig. 9) for safety reasons and to withstand the pressure of the fresh concrete.

Fig. 8: Transport of the ¼ of the formwork

Fig. 9: Formwork prepared for the casting

4.2 Casting, demoulding and transport of the footbridge
The final volume of the UHPFRC was 1.4 m3. The mould was poured from the top of two
edges of the bridge, where the final bearing will be installed. No additional vibrations were
applied because of the self-compacting character of the mixture. Casting of the whole element
took approximately one hour. Consistency of the fresh concrete was measured in several
times after mixing. Cold temperature had a positive effect on consistency so there was not a
problem with cold joint between different 3 batches. Development of the compressive and
flexural strength was tested at the same way as during preliminary mock-up. The time of
releasing of the formwork was set to 11-12 hours after casting. Additional heating was
provided for the next 5 days. After 4 days a temperature inside concrete was settled to the
same temperature as on wooden desk surfaces, so the formwork should be removed with no
additional temperature shock. All sides of the thin walls and especially top deck had very
smooth surface with good quality.
Construction was removed from the hall to the storage place outside the hall, after 7 days
from casting. Element was transported by two cranes (Fig. 10) and placed on polystyrene
desks to allow volumetric changes caused by shrinkage, creep and changes caused by
temperature. Temperature measurement was kept during storage.
The final material properties (measured at the age of 28 days) of the UHPFRC were:
compressive strength 149.6 MPa (cubes 100 mm), 152 MPa (small prisms), flexural strength
22.6 MPa (small prisms), modulus of elasticity 51 GPa.
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Fig. 10: Transport of final 1:1 mock-up of the footbridge in upside-down position
The next step of the program was to turn the footbridge to the final position (see Fig. 11) and
prepare static load test. Turning was provided by two cranes. Footbridge was anchored on the
edges, to transfer load caused by horizontal curvature in opposite sides of load bearings.

Fig. 11: Storing of the footbridge in correct position
Static load test is in preparation now in the precast plant. Results of the test will be presented
in following publications.
5. CONCLUSIONS
Actual paper presents very complex theoretical and experimental program of the design, casting
and testing of the “U” shaped thin walled double curvature arche footbridge made from
UHPFRC. Single-span bridge with span of 10 m and the clear width 1.50 m with the total
thickness of shell structure 30 - 45 mm was cast as a prefabricated element in one piece. Selfcompacting character of UHPFRC with high flow ability allowed the production of the final
structure. Reinforcement of material of this structure is by randomly distributed steel fibres only
without any reinforcement bars. Steel mesh was applied at bearing edges of footbridge, only.
An extensive research was carried out in Klokner institute before final foot bridge casting.
Based on the requirements of architect and designer a new UHPFRC mixture was developed.
Material properties were tested especially at early age of concrete because of releasing of the
formwork and demoulding of the mould after 11-12 hours after casting. An extensive numerical
analysis was done, too. Preliminary mock-up was produced and technology of casting and many
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details of formwork and mould were optimized based on experiences gained. Casting of the full
scale foot bridge model was performed with very satisfactory result. Complete shape of
complicated shell structure was filled with UHPFRC without any cavern or significant
entrapped air bubbles. After demoulding the surface of structure was very smooth with very
small amount of entrapped air. Hardened footbridge was easily transported to storage place and
turned to final position. No static problems occurred during transport and rotation. Now is this
unique double arch foot bridge prepared for load bearing test procedure to prove designers
assumptions. According results of tests, possible modification of design will be done to prepare
final structure which is planned to install in small town nearby Prague.
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SUMMARY
When determining the characteristic compressive strength of any concrete with given
composition from its mean compressive strength according to the European product standards
(EN 206:2013) compressive strength conformity criteria, there is a big likelihood of that the
compressive strength class will come out to be at least one class higher. That is, apparently a
better quality will be obtained then in the case if the same concrete composition would be
evaluated according to the Eurocode design standards (2006 EN 1990: 2002, EN 1992-1-1:
2004, EN 1992-2: 2005, EN 1992-3).
In order to avoid this risky practice, the new Hungarian standard MSZ 4798:2016 Annex P
offers a possibility to use concrete with the same compressive strength class, but having a
higher mean strength. The differentiated sign of such concrete is AC50(H), having higher
strength – closer to that which was before 2014 –, incorporating bigger safety and from
durabilityvise also performing better. The properties of the Hungarian AC50(H) concretes –
strength, safety and durability – is close to the expectations of the engineers, when designing
reinforced concrete structures according to Eurocode.
However this is also dependent on the conditions of the compressive strength testing methods
which is to be in harmony with the threshold compressive strength values. Due to this reason
the Hungarian MSZ 4798:2016 standard also regulates the usability of compressive strength
results which are obtained on polished samples, stating their unacceptability if the values are
not corrected. The Hungarian prestandard regarding concrete gutter manhole elements (MSZE
15612:2014) prohibits the polishing of the cylindrical samples.
1. DETERMINATION OF CHARACTERISTIC STRENGTH
The safety of concrete, reinforced concrete and prestressed concrete structures is endangered by:
•

•

according to the EN 206:2013 product standard and – and the national application
document – the MSZ 4798:2016, in general the probability of acceptance of the
strength wise not acceptable concrete may be up to 70%. Meanwhile Eurocode 2 (EN
1990:2002, EN 1992-1-1:2004 etc.) design standards state that the acceptance of the
strength wise not acceptable concrete may have a probability of 50% as a maximum.
The difference of concrete production standards and design standards from the point
of critical acceptance probability is expressed in the Operatin Characteristic Curves
(OC-curves) which are demonstrated on Fig. 1,
during the evaluation of concretes compressive strength, due to the different OCcurves (Fig. 1) the characteristic strength of the same concrete is to be determined with
different relationships, having different underspending.
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The underspending according to the MSZ 4798:2016 national application document – which
incorporates with standing letters EN 206:2013 product standard also – is a function of either
the Taerwe’s underspending factor (λn) (Taerwe, 1986) or a constant 4 N/mm2 according to
Eurocode 2 design standard, the function of the Student’s underspending factor (tn) or a
constant 8 N/mm2 (Tab. 1).

Fig. 1: Acceptance characteristic curve (Operating characteristic curve ) for acceptance
verification according to EN 206, the DIN 1084 and the MSZ EN 1992-1-1 standards.
Tab. 1: Acceptance factors
Specimen number
n

Student’s-factor, tn

Taerwe’s-factor, λn

(Stange et al., 1966)

(Taerwe, 1986)

2
3
4
5
6
7
8
9
10
11
12
13
14
15
20
30
∞

6,314
2,920
2,353
2,132
2,015
1,943
1,895
1,860
1,833
1,812
1,796
1,782
1,771
1,761
1,729
1,699
1,645

2,67
2,20
1,99
1,87
1,77
1,72
1,67
1,62
1,58
1,55
1,52
1,50
1,48

The result of the above is that if evaluating the mean strength of a concrete of a given
composition by the product standards, the compressive strength class with big probability will
be higher by one. That is a better quality will be obtained (it will be classified higher) then if
the evaluation would have been done according to Eurocode 2 design standard. The accepted
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compressive strength of concretes according to the product standards are lower then what is
expected in the model of Eurocode 2 design standard (Fig. 2).

Fig. 2: Comparing the design, characteristic and mean values of concrete compressive
strength by taking into consideration the long lasting strength, where: γc is the partial factor of
the compressive strength of σcu3, while αcc is the divider of σcu3 compressive strength concrete,
which is corresponding to structures of 100 years design life.
In contrary to present, before 2004 there was harmony between the concept of the Hungarian
product standard (MSZ 4798:1982 and its predecessors), the design standards of structures
(MSZ 15022:1986), the design standard of water management structures (MSZ 15227:1980),
the design standard for pavements (MSZ-07-3212-3:1981) etc. At that time both by the
product standard and the design standard the characteristic compressive strength of concrete
was to be evaluated by using Student’s factor as we are doing it today according to the
Eurocode 2 design standards (Fig. 3).
The meaning of this is that, all of the structures, which are today constructed according to the
main standing characters of the concrete standards EN 206:2013 or MSZ 4798:2016 have
most probably a lower mean compressive strength, having a weaker composition, with lower
expected lifetime, then the structures constructed out of same compressive strength class
concrete before 2004, or the expected compressive strength and durability, what is desired by
the Eurocode 2 design standard (Fig. 4 and 5).
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Fig. 3: The changes of concretes compressive strength characterisation in Hungary, during the
last 65 years.

Fig. 4: Comparing the evaluation of concrete compressive strength classes according to
concrete standards and Eurocode 2 design standards during the handing over of the material,
originating from an unknown standard deviation and mean compressive strength.
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Fig. 5: Comparing the evaluation of concrete compressive strength classes according to
concrete standards and Eurocode 2 design standards during the handing over of the material,
originating from an unknown standard deviation and characteristic compressive strength.
The danger in the safety and durability of our concrete, reinforced concrete and prestressed
concrete may be decreased according to Annex P of MSZ 4798:2016, if during the handing
over procedure the mean compressive strength (fcm,cube,test, fcm,cube,test,H) of the 150 mm cubes
would satisfy the following criteria:
• if the concretes compressive strength class is ≤ C50/60 and after stripping the cubes were
throughout kept under water, then:
fcm,cube,test ≥ fck,cube + 6.0 [N/mm2],
• if the concretes compressive strength class is ≤ C50/60 and after stripping the cubes were
mix cured (7 days under water, then ambient circumstances), then:
fcm,cube,test,H ≥ fck,cube/0.92 + 6.5 [N/mm2],
• if the concretes compressive strength class is ≥ C55/67 (high strength concrete) and after
stripping the cubes were throughout kept under water, then:
fcm,cube,test ≥ fck,cube + 8.0 [N/mm2],
• if the concretes compressive strength class is ≥ C55/67 (high strength concrete) and after
stripping the cubes were mix cured (7 days under water, then ambient circumstances), then:
fcm,cube,test,H ≥ fck,cube/0.95 + 8.5 [N/mm2].
If the standard deviations scube,test, and scube,test,H are known, then it is correct to check the
compliance of the mean compressive strength by the tn Student’s factor as follows:
• if after stripping the cubes were throughout kept under water, then:
fcm,cube,test ≥ fck,cube + tn×scube,test [N/mm2],
• if the concretes compressive strength class is ≤ C50/60 and after stripping the cubes were
mix cured (7 days under water, then ambient circumstances), then:
fcm,cube,test,H ≥ fck,cube/0.92 + tn×scube,test,H [N/mm2],
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• if the concretes compressive strength class is ≥ C55/67 (high strength concrete) and after
stripping the cubes were mix cured (7 days under water, then ambient circumstances), then:
fcm,cube,test,H ≥ fck,cube/0.95 + tn×scube,test,H [N/mm2].
Annex P of MSZ 4798:2016 standard is near to EHE-08:2008 (Spanish national document of
Eurocode 2 design standard) No. 14167/2008 Prime Minister’s Decree for structural concrete
Annex 19, point 5.1, according to which “through statistical criteria must be ensured that the
risk of the customer regarding the compressive strength of concrete, that is accepting a faulty
delivery, must be lower than 45%” (this is what annex J of EN 206:2013 is referring to).
2. COMPRESSIVE STRENGTH OF SURFACE POLISHED CYLINDERS
The above relationships are only valid, if the tested surfaces of the samples (cubes or
cylinders) are not polished. Standards since long are referring to that, the surface of badly
shaped specimens are to be corrected by polishing. But the present standards do not take into
consideration the development of polishing technology in the last two decades. From
sandpaper, slow polishing to the technology of diamond particled high speed polishing
brought a huge difference into the quality of the polished surfaces. Those, who are applying
the standard are capable to misunderstand the text of the standard.
The recommendations regarding polishing in EN 12390-3:2009, EN 12504-1:2009,
EN 13791:2007 és EN 13369:2013 is only for such cases if the specimen is faulty in shape or
size. As an example, according to the annexes of EN 12390-3:2009 standard:
• Annex A: „When it is necessary to reduce the size of a specimen, it shall be ground or
sawn. The intended load-bearing surfaces shall be prepared by grinding or by capping.”,
• Annex B: „If any dimension is greater, or less than, 3% from the designated size, then the
specimen is rejected or adjusted.”,
• And the following regulation of Annex A can not be interpreted: „In cases of dispute,
grinding shall be the reference method. Note: Other methods of adjustment may be used if
they are validated against grinding.”
A serious imperfection is that, these standards do not talk about the increasing effect of
polishing on the measurable compressive strength, and the necessity of conversion. By
polishing the compressive strength will increase only virtually, since the structure of concrete
does not change by it, only the test circumstances are changed.
According to our experiences the polishing of the compressive planes of the drilled test
specimens if compared to the not polished, sawn but not polished, or to those which are
prepared in formworks and uncapped or cupped with mortar, will increase the measurable
compressive strength even if the compressed planes were perfectly parallel prior to polishing
(Tab. 2). The more perfect the polishing of the compressed planes is, it gets closer to the
pressing plate during the test, from between the plates the air is totally disclosed, and adhesion
between the particles of the planes have bigger and bigger effect. The adhesion frictional
force increases in case of polished and clean surface, due to what the measured compressive
strength will be bigger. If the compressed plane of a polished specimen is wet, then friction
and the measured compressive strength may be less, because the thin film of water may
compose a slipping layer.
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Tab. 2: Measurable compressive strength of concrete Ø150×300 mm specimens which were
prepared in formwork, kept under water for 28 days and the compressed surfaces were
differently prepared
Preparation of compressed surface

Specimens of Ø150×300 mm sizes kept
under water till the age of 28 days

Top plane is cupped
Top plane is
with cement mortar, polished, while
while the bottom
the bottom plane
plane is “as stripped” is “as stripped”

Both planes are
polished

When crushing, did
not explode

When crushing,
exploded

When crushing,
exploded

Mean compressive strength, N/mm2

42.8

51.4

52.7

Compressive strength, %

100.0

120.0

123.1

Standard deviation, N/mm

1.68

0.67

1.64

Hrom the spread of standard deviation (Tn=3)
calculating, s = T3/3,31N/mm2
(Harter,1960)

1.95

0.71

1.89

Effective standard deviation, N/mm2

3.00

3.00

3.00

Student’s factor for n = 3

2.92

2.92

2.92

34.06

42.63

43.94

C30/37

C40/50

C40/50

2

2

Characteristic value, N/mm
Strength class:

Fig. 6: Sample cylinders, which have the size of Ø150×300 mm, until the age of 28 days kept
under water, cupped with cement mortar or polished on their compressed surface
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According to Tab. 2 the cylinders having sizes of Ø150×300 mm:
• have a mean compressive strength with polished compressed surface (52.7 N/mm2) even
by 20% higher than that of the mortar surfaced Ø150×300 mm ones (42.8 N/mm2),
• the compressive strength class (C40/50) might even be higher by two classes (C30/37),
• and the characteristic threshold value (40 N/mm2) may reach the characteristic value of the
150 mm cubes, which have the surface of which is prepared by the formwork (37 N/mm2).
Due to the above reasons as an example in case of according to MSZE 15612:2014 standard
regarding Precast concrete manhole elements, the polishing of drilled cores is prohibited,
while determining the compressive strength. In MSZ 4798:2016 Hungarian standard it is
stated: “The correction of sample cylinders by polishing is not advised, since presently there
is no accepted correction value for such procedure.
3. CONCLUSIONS
• Technical safety is the guarantee of the durability of structures, which means capital in an
economy.
• The level of technical safety is a basic requirement of the design model of structures, what
may only be ensured, if the material model can be ensured by the assumed quality of the
materials.
• Due to the above reasons it is incorrect to build into reinforced concrete structures such
concretes, of which compressive strength class was not evaluated according to the
EN 1992-1-1 standard with a maximum of 50% critical acceptance probability, or if the
compliance is proved by using polished test specimens. We do not want to talk about the
effect of using the two, improper procedures in combination.
4. REFERRED STANDARDS
EN 206:2013 Concrete. Specification, performance, production and conformity
EN 1990:2002 Eurocode: Basis of structural design
EN 1992-1-1:2004/A1:2014 Eurocode 2: Design of concrete structures. Part 1-1: General
rules and rules for buildings
EN 1992-2:2005/AC:2008 Eurocode 2: Design of concrete structures. Part 2: Concrete
bridges. Design and detailing rules
EN 1992-3:2006 Eurocode 2: Design of concrete structures. Part 3: Liquid retaining and
containment structures
EN 13369:2013 Common rules for precast concrete products
EN 12390-3:2009/AC:2011 Testing harded concrete. Part 3: Compressive strength of test
specimens
EN 12504-1:2009 Testing concrete in structures. Part 1: Cored specimens. Taking, examining
and testing in compression
EN 13791:2007 Assessment of in-situ compressive strength in structures and precast concrete
components
EN 13877-2:2013 Concrete pavements. Part 2: Functional requirements for concrete
pavements
MSZ 4719:1982 Betonok (Concretes in Hungarian)
MSZ 4798:2016 Beton. Műszaki követelmények, tulajdonságok, készítés és megfelelőség,
valamint az EN 206 alkalmazási feltételei Magyarországon (Concrete. Technical
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specification, properties and acceptability, and the conditions of usage of EN 206 in
Hungary in Hungarian)
MSZ 15022-1:1986/2M:2001 Építmények teherhordó szerkezeteinek erőtani tervezése.
Vasbeton szerkezetek (Design of structures, Reinforced concrete structures, in Hungarian)
MSZ 15022-2:1986/1M:1990 Építmények teherhordó szerkezeteinek erőtani tervezése.
Feszített vasbeton szerkezetek (Design of structures, Prestressed concrete structures, in
Hungarian)
MSZ 15227:1980/1M:1988 Vízépítési műtárgyak vasbeton szerkezeteinek erőtani
tervezése(Design of reinforced concrete water management structures, in Hungarian)
MSZ-07-3212-3:1981 Beton pályaburkolatok. Követelmények (Concrete pavements,
requirements, in Hungarian)
MSZE 15612:2014 Előregyártott beton csatornázási aknaelemek (Prefabricated concrete
gutter elements, in Hungarian)
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SUMMARY
In the article the possibility of using a surface blast-cleaning waste as a replacement of fine
aggregate in concrete manufacturing was presented. Concretes with w/c ratio 0.6 and 300
kg/m3 dosage of cements: CEM I 32.5R and CEM II/B-V 32,5N were tested. The quite high
value of the w/c ratio resulted in good compactibility of the mixtures without use of
plasticizer. The replacement rate of the fine aggregate (0 – 2 mm) with copper slag (CS) was
33%, 66% and 100% respectively. Concretes of the same composition served for reference
except for with river sand as fine aggregate instead of slag. The performed tests focused on:
compressive and tensile strength (both after 28 days), sorptivity, free water absorption
capacity and abrasion resistance. The obtained results showed that the strength and some
other tested properties of concretes with copper slag as sand replacement were similar or even
better than that of the control mixtures.
1. INTRODUCTION
Recycling of waste materials, reducing greenhouse gas emission and frugal natural resources
management became necessary. This is caused by both climate changes and necessity of the
transition to an energy-efficient, low-carbon economy (Holden, Linnerud & Banister, 2016;
Broman & Rob, 2015). Copper slag is a by-product, produced besides mill tailing, during the
process of copper extraction by smelting. It is an inert material and its physical properties are
similar to natural sand (Meenakshi Sudarvizhi, S and Ilangovan, 2011). It is used, among
others, as an abradant in the surface blast-cleaning process but after this usage it is considered
to be a waste. Despite increasing the rate of reusing copper slag, the huge amount of its annual
production is still disposed in landfills or stockpiles. Potential applications were described
already (Gorai, Jana & Premchand, 2003; Dhir, de Brito, Mangabhai & Lye, 2017). One of
the most promising potential application for reusing copper slag is concrete production
(Ayano & Sakata, 2000; Al-Jabri, Al-Saidy & Taha, 2011; Alp, Deveci & Süngün, 2008). It is
possible to use copper slag for the production of high-quality concrete, improving its
properties compared to concrete, which is mixed with sand (Al-jabri, Hisada, Al-saidy & Aloraimi, 2009; Ambily et al., 2015). The usage of copper slag in concrete production provides
potential benefits both environmentally and economically for all related industries,
particularly in such areas where considerable amount of copper slag is produced. Using
copper slag with gravel improves the consistency of the mixture (Wu, Zhang & Ma, 2010; AlJabri et al., 2011). It has been found that the usage of copper slag instead of sand, without
changing the amount of tap water, significantly improves consistency and compressive
strength (Al-jabri et al., 2009). However it is possible to reduce the amount of water by 22%
and obtain the same consistency. In this case the compressive strength increases up to 20%.
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No negative impact of copper slag on concrete contraction was found (Ayano & Sakata,
2000). Copper slag is also used as an abrasive in blast-cleaning processes during corrosion
protection. The copper slag particle size after this process is smoother. The content of 0 –
0.125 mm and 0.125 – 0.25 mm fractions is significantly increased. The waste also contains a
small amount of corrosion products and corrosion protection coatings [(Rzechuła, 1994)]. The
use of blast-cleaning waste as a substitute for sand was tested and described in the article.
Since the tested concrete can be used in the production of prefabricated elements, part of the
research and evaluation of the results were carried out according to the PN-EN 1340:2004
“Concrete kerb units - Requirements and test methods” standard.
2. MATERIALS AND METHODS
Portland cement CEM I 32.5R and Portland-composite cement CEM II/B-V 32.5N from
Ożarów Cement Plant as per PN-EN 197 were used. All concrete mixes contained 300 kg/m3
of cement by 0.6 w/c ratio. Fractions of River sand 0 – 2 mm and natural gravel of 0.5 – 16
mm were used. Aggregates were at laboratory air-dry condition. Copper slag waste from blast
cleaning was used as a partial replacement of sand. The ratio of substitution was 33%, 66%
and 100% of sand amount by volume. Regular tap water was used as mixing water.
Grading curves of the used aggregates and the waste is shown in Figure 1. Boundary grading
curves were adopted according to PN-B-06250:1988. Grading of all mixes of the aggregates
were similar. They differed mainly in the amount of finest fractions 0 – 0.125 mm. If only
sand and natural gravel were used, the portion of this fraction was about 0.5% while after
replacing 100% of the sand with CS it increased to about 5.0%.
Eight concrete mixtures were prepared. Mix IDs and proportions are presented in Tab. 1. The
consistency of fresh concrete was measured by slump test, in accordance with PN-EN 123502. In the case of mixes CI100 and CII100 also test mixes were prepared with using
superplasticizer for concrete with an extended workability Ha-Be PANTARHIT® RC540
(FM) according to PN-EN 934-2. For these mixtures only the consistency of the mixture was
determined to find the right amount of the necessary amount of plasticizer to provide such a
consistency as that of the reference concrete.

Fig. 1: Grading curves of aggregate fractions and mixtures.
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Eight concrete mixtures were prepared. Mix IDs and proportions are presented in Tab. 1. The
consistency of fresh concrete was measured by slump test, in accordance with PN-EN 123502. In the case of mixes CI100 and CII100 also test mixes were prepared with using
superplasticizer for concrete with an extended workability Ha-Be PANTARHIT® RC540
(FM) according to PN-EN 934-2. For these mixtures only the consistency of the mixture was
determined to find the right amount of the necessary amount of plasticizer to provide such a
consistency as that of the reference concrete.
Tab. 1: Proportions of concrete mixtures [kg/m3]
Mixture ID
Material
CEM I 32,5
CEM II/B-V 32,5
natural sand 0-2
natural gravel 0-16
copper slag
water
W/C

CI0

CI33

CI66

CI100

CII0

CII33

CII66

CII100

300
0
519
1375
0
180
0.60

300
0
346
1375
195
180
0.60

300
0
173
1375
390
180
0.60

300
0
0
1375
586
180
0.60

0
300
524
1388
0
180
0.60

0
300
349
1388
197
180
0.60

0
300
175
1388
394
180
0.60

0
300
0
1388
591
180
0.60

Specimens were prepared and cured as per PN-EN 12390-2. They were cast in plastic moulds
and compacted by double vibration (half and full) on a vibrating table. After 2 days they were
stripped and then water cured in the laboratory for 28 days.
2.1 Compressive and tensile strength test
The compressive strength test was conducted on 100 mm cube specimens on the 28 day of
hardening. The test was carried out in accordance with PN-EN 12390-3. The splitting tensile
strength test was conducted on the same type of specimens in accordance with PN-EN
12390-6. The strength tests were performed by using a Matest instrument, having 3000 kN
compression force capacity. The rate of loading was maintained at 0.5 MPa/s for compressive
strength test and 0.05 MPa/s for splitting tensile strength test.
2.2 Free water absorption and sorptivity test
The free water absorption test was conducted on the halves of cubic specimens of 100 mm
edge by means of mass method. Specimens after splitting were stored 12 hours in water. Then
the surface-dry mass of the specimens ms were determined. Prior to the sorptivity test, the
specimens had been oven-dried to the stable mass at a temperature of 105 °C. The
measurements were conducted at the temperature of approximately 20 °C. The specimens
were weighed (to determine mass md for calculation of free water absorption) and then
arranged in a water containing vessel. The specimens were immersed up to the height of 3
mm. In the specific time intervals from the beginning of the test the specimens were weighed
again to define their weight gain resulting from water sorption. Subsequent weight
measurements were conducted for 6 hours. Sorptivity S in g/(cm2·h0.5) was defined as a slope
of the linear function expressing the dependence of the mass of the water absorbed ∆m by the
area F on the time root t0.5 (Kubissa & Jaskulski, 2013):

Δm
= S ⋅ t 0.5
F

(1)
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Free water absorption has been calculated using formula (2):

n=

m s − md
md

(2)

where: n - free water absorption [%];
ms - mass of the fully soaked specimen [g];
md - mass of the specimen dried to stable mass [g].
Mass of a specimen dried to stable mass has been the same value as the starting mass in
sorptivity test.
2.3 Bohme abrasion test
The abrasion resistance is important to evaluate the durability of concrete produced with
waste used as aggregates, especially in cases of such structural elements as pavement slabs or
kerb units, which are subjected to abrasion degradation. The test was performed according to
PN-EN 1340. For each concrete mix, four 70×70×70 mm specimens were tested. Specimens
were obtained by sawing the 150 mm cubes, and the tests were carried out between 40 and 45
days after concreting. Just before the test the specimens were dried in an oven at 105 °C to
stable mass. The specimens were then weighed with 0.1 g accuracy and the thickness in four
points was measured.
3. RESEARCH RESULTS
Research results are presented in the Tab. 2. Each value in the table is an average of six
measurements expect abrasion test result which is an average of four measurements and fresh
concrete slump which is an average of three measurements. Due to paper content limitations we
can only represent some of the obtained data in figures.
Tab. 2: Test results
Test

ID of mixture

Flow [mm]
Compressive strength 28d [MPa]
Compressive strength 90d [MPa]
Tensile strength 28d [MPa]
Water absorption [%]
Sorptivity [cm3/(cm2*h0.5)]
Bohme abrasion [cm3/50 cm2]

CI0

CI33

CI66

CI100

CII0

CII33

CII66

CII100

140
34.82
38.12
3.11
5.88
0.133
17.08

80
37.60
41.77
3.27
5.81
0.129
17.49

40
38.08
48.83
3.46
5.87
0.123
15.86

20
40.20
50.01
3.41
5.89
0.107
17.52

130
28.04
35.21
2.72
6.53
0.136
18.05

50
31.58
41.17
3.16
6.74
0.121
19.10

20
34.40
43.95
3.20
6.60
0.122
19.26

20
35.24
45.59
3.16
6.21
0.121
18.32

3.1 Consistency of concrete
Particle size, finer than in the copper slag is not used for sandblasting and high dust content
results in increased water demand of aggregate and lowers the consistency of the mixture.
There was a change in the consistency class from S3 to S1 for both cements used when
replacing 100% of sand with the waste. There were no problems with compaction and
specimen preparation. Obtaining the same consistency like of reference concrete, the ones
mixed with the waste required the usage of plasticizer. For concrete with a 100% replacement
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ratio it was necessary to add up to 1% of plasticizer on cement base to achieve a consistency
such as of the reference concrete.
3.2 Compressive and tensile strength
The compressive strength after 28 days increased as the replacement ratio increased. The
difference for 100% replacement rate was 25.7% for CEM I cement and 15.4% for CEM II/BV one. The compressive strength after 90 days also increased with the increase replacement
ratio (Fig. 2). The maximum increase was 31.2% and 29.5% respectively for CEMI100 and
CEMII100 concrete. The difference in compressive strength after 28 and 90 days was 9.5%
and 11.1% in the CEMI0 and CEMI33 series respectively. In the remaining series, the
increase was higher and ranged from 24.4% for CEMI66 to 30.4% for CEMII33. The tensile
strength after 28 days for CEM I cement concrete increased with increasing replacement ratio.
The difference in comparison with reference concrete was, respectively 5.1%, 11.3% and
9.6% in case of concrete CEMI33, CEMI66 and CEMI100. For concrete with CEM II/B-V all
mixes with the waste added had the tensile strength higher by approximately 16.5% compared
to the result of the reference mix. The increase in compressive strength and tensile strength
was probably due to the higher content of fine particles that could fill the space between the
larger aggregate grains.

Fig. 2: Presentation of compressive strength test results
3.3 Free water absorption and sorptivity
The water absorption of concrete with a given type of cement was similar regardless of the
degree of substitution of sand with the waste. The average water absorption of concrete with
cement CEM II/B-V was 11.2% higher than that of CEM I. Concrete with CEM I cement
fulfilled the water absorption requirements of class 2 according to EN 1340:2004, whereas
concrete with CEM II/B-V had water absorption > 6% and did not meet the requirements for
prefabricated elements.
The addition of waste reduced the sorptivity of concrete. In the case of concrete with CEM I
cement a gradual decline of sorptivity with increasing replacement ratio was found. Sorptivity
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of concrete CEMI100 is 19.5% lower if compared to the reference concrete. The concrete
with CEM II/B-V cement, independently of the replacement ratio, had a similar sorptivity of
approximately 11% lower than the sorptivity of the reference concrete.
3.4 Bohme abrasion
In the case of concrete with CEM I cement, no significant impact of sand substitution on
abrasion was found. The abrasion of concrete with CEM II/B-V cement and replacement
ratios 33% and 66% of sand was 5.8% and 6.7% higher than the reference concrete. At 100%
replacement the abrasion was 1.5% higher than the abrasion of CII0. The abrasion resistance
of all CEM II/B-V concrete meets the requirements of EN 1340: 2004 for abrasion resistance
class H. Concrete with CEM I have met the requirements of wear class I.

Fig. 3: Presentation of abrasion test results
4. CONCLUSIONS
•

Replacing a part or all of the sand with blast-cleaning waste does not aggravate any of
the tested properties of concrete.

•

The compressive of the concrete with the waste is higher than that of the reference
concrete and the higher the slag content is, the higher is the increase in the strength.
The reference value for compressive strength is 34.8 MPa for CIn series and 28.4 for
CIIn series and for the concrete with the slag the values are 37.6 – 40.2 MPa and
31.6 – 35.2 MPa respectively.

•

The tensile splitting strength of the concrete with the slag is higher than that of the
reference concrete. The reference tensile strength is 3.11 MPa for CIn series and 2.72
for CIIn series. Concrete with the waste achieved values 3.27 – 3.46 MPa and 3.16 –
3.20 MPa respectively.
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•

Greater content of fine particles in the waste if compared to sand changes the
consistency. In the case of 100% sand replacement it changed from S3 to S1.

•

Achieving for the concrete with 100% replacement the consistency class such as of the
reference concrete requires superplasticizer in an amount of about 1% of cement mass.

•

Concrete with 100% of sand replaced with the waste can be used for the production of
precast elements. It is possible to properly compact the mixture without the addition of
plasticizer. Concrete meets the requirements of abrasion and water absorption.
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SUMMARY
Chloride ions, a major component of agents for road deicing, are currently the main cause of
reinforcement corrosion in bridges due to their depassivating action. As established in codes
of recommendations for materials and designs, 100 years is an expected period of bridge
durability. After that period, reinforcement corrosion can occur. The required durability of
reinforced concrete bridge structures should be achieved by applying concrete cover. Such
concrete cover should be made of concrete of adequate waterproofing degree and correct
thickness, which impedes the diffusion of very small chloride ions through the pore system of
concrete filled with moisture. The required durability can be achieved by increasing the
thickness of concrete cover. This has an impact on weight and strength of the structure. Also
other solutions can be applied. They involve the use of other types of cement to increase
durability. For a bridge made of ordinary concrete with ordinary Portland cement CEM I 42,5
R, and Portland cement with low-alkali content CEM I 42,5 N-SR3/NA, the corrosion risks
for reinforced concrete structures was determined on the basis of diffusion coefficient values
calibrated with diffusion values. Diffusion values were determined on the basis of a
thermodynamic model of ion flow in the concrete pore solution under the influence of electric
field. The obtained results show that the selection of a suitable cement type for concrete mix
should be the fundamental method for obtaining the required durability of the structures. This
method allows reducing thickness of concrete cover.
1. INTRODUCTION
Nowadays, corrosion of reinforcement in bridges is mainly caused by aggressive
(depassivating) impact of chloride ions. The applied material and design solutions should
guarantee the required durability of bridge structures, which can be defined as the period,
after which the risk of chloride corrosion in the reinforcement may occur under typical
operating conditions (Zybura, 2003). According to the Polish Regulation, the structure
durability is understood as its functional capability within the limit states (Dz.U. Nr 63/2000).
Durability of the whole structure is determined as the average durability of its main structural
elements. Their service life ranges from 30 to 200 years; for a typical girder or box spans – 80
years, and for supports – depending on their location and construction, from 60 to 200 years.
The service life of 100 years is assumed to be guaranteed for the whole structure. The
Regulation, in addition to the material and design solutions, allows the additional anticorrosion, e.g. coating when some difficulties are experienced in achieving the required
durability. Due to costs and difficulties in using additional protective treatments, using
concrete of adequate waterproofing degree and correct thickness is acceptable to obtain the
required durability of reinforced concrete structures in bridges. This may interfere with
diffusion of chloride ions, which seem to be very small (181·10-12 m) in comparison to pores,
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through the concrete pore system (the smallest gel pores having a diameter of 1.5÷2.0·10-9 m)
filled with water. According to the binding Polish Regulation (Dz.U. Nr 63/2000), only lowalkali Portland cement CEM I (Bieńkowski and Wróblewski 2008; Aleksiun and Bieńkowski.
2008; Giergiczny, 2014; Giergiczny, 2015; Batog, Giergiczny and Wąsik 2014) can be used
for bridge structures. If this criterion is to be met, the use of concrete cover with minimum
thickness required by standard PN-91/S-10042 as recommended in the Regulation, will be
insufficient to achieve the minimum durability. The minimum durability requires greater
thickness of concrete cover which, accordingly, affects the weight and loading capabilities.
Other solutions, for example coating, are also acceptable. Alternatively, another type of
cement with minimum or slightly increased cover thickness, can be used to guarantee the
necessary durability.
The determined values for concrete with Portland cement were in the range from 1.6 to 3.26
10-12 m2/s depending on w/c ratio from 0.35 up to 0.6 and cement content from 375 to 280
kg/m3 (Castellote and Andrade 2006). The aim of this paper is to predict the corrosion risk of
a bridge with reinforced concrete structures made of ordinary concrete with ordinary Portland
cement CEM I 42,5 R and low-alkali Portland cement CEM I 42,5 N-SR3/NA. Concrete
without superplasticizers, with w/c = 0.5 (the upper limit value for concrete used in bridges)
was used to prevent any possible impact of chemical admixtures on the rate of chloride ion
diffusion. The predicted durability of reinforced concrete structures containing the above
cement types was used to compare the impact of cement type on diffusion rate of chloride
ions. The rate of chloride ion ingress in wet concrete is determined by diffusion coefficients
for a given type of concrete. Different test methods produced different values of diffusion
coefficients for the same type of concrete. A migration test, that is exposure of chloride ions
to electric field accelerating their migration, is used in many methods to measure quicker the
migration coefficient (NT BUILD 492; NT BUILD 443; Kurdowski, 2010).
Since the Regulation (Dz.U. Nr 63/2000) does not specify the method of predicting the service
life, this paper refers to the values of diffusion coefficients obtained from the thermodynamic
model of ion flow in the concrete pore solution exposed to the electric field. The calibration of
those values was based on diffusion tests. The distribution of chloride concentration in the
concrete cover was determined by means of values of diffusion coefficients for those types of
concrete. The corrosion risk – durability of reinforced concrete structures in a bridge was
defined as the length of time, after which chloride ion concentration reached the critical value
ccrit = 0.4% related to cement weight in concrete at the reinforcement interface. Moreover, the
threshold chloride content in the pore solution was found from the Hausman criterion. He
suggested that pitting corrosion of steel in pure Ca(OH)2 and NaOH solutions in the presence of
NaCl, is initiated when Cl/OH ions activity ratio exceeds 0.6. The critical content of Cl- ions is
inversely proportional to the concentration of H+ ions. A change in pH = lg[H+] from 12 to 11
cause a ten-fold drop in critical chloride content. Thus, decreased concrete pH has a significant
impact on corrosion risk of reinforced steel exposed to chlorides. Simultaneous carbonation of
concrete raises corrosion risk of reinforcement (Kurdowski, 2010; Alonso et al. 2000). Hobbs
found that pH in pores depended on alkali content in cement. For high-alkali cement, pH value
is within the range of 13.5-13.9, whereas pH of low-alkali cement is within the range of 12.713.1. The pH of fresh grout from Portland cement is 12.5 or higher (Neville, 2012).
2. DETERMINATION OF THE DIFFUSION COEFFICIENT IN MIGRATION TESTS
Diffusion coefficients were determined from the thermodynamic model of chloride
penetration into concrete (Szweda and Zybura, 2012; Szweda and Zybura, 2013). On the basis
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of experimentally determined distribution of Cl− ion concentration in concrete samples
exposed to the electric field, numerical values of the diffusion coefficient of chloride ions D1
were calculated from the following expression:
j

D1 =

1

(a ) aΔt

[

z 1 FUg 1
ρ 1 + ρ 12 + ... + ρ
RTh

1
n

]Δt − B

a

B =  Qx ρ1 (x ,t + Δt ) − ρ1 (x ,t ) dx.

,

(1)

0

where j 1 (a ) means time-averaged Δt mass flux of chloride ions passing through the surface at
a distance x = a; ρ 11 , ρ 12 , and ρ 1n are time-averaged averaged Δt mass densities of Cl− ions at
midpoints of the following intervals [0, g], [g, 2g], …, [(n-1)g, a]. In this equation z means ion
valence, F = 96 487 C/mol − Faraday constant, U − voltage between electrodes,R = 8.317
J/molK − universal gas constant, T − absolute temperature, h − sample height. The first
component of denominator defines the steady state of chloride ion diffusion, whereas the
second component B defines the non-steady state.
Diffusion coefficients of Portland cement-based concrete were determined in (Szweda, 2016).
The tests were performed on cylindrical test elements with a diameter of 100 mm and a height
of 50 mm, made of two types of concrete mix. Their content just differed in a type of the
cement. C1 concrete contained CEM I 42,5 R Portland cement having high strength at early
ages and high heat of hydration. C2 concrete contained cement CEM I 42,5 N-SR3/NA with
low content of alkali Na2O, tricalcium aluminate C3A and aluminum oxide Al2O3. That
cement type is recommended (Dz.U. Nr 63/2000) for bridge structures of high chemical
resistance, particularly to sulfate corrosion Chemical composition of cement types is shown in
Table 1. Characteristics of concrete mixes used in the test elements are presented in Table 2.
Concrete strength was higher when compared to class B35 (Szweda, 2016), which can be used
in all structural elements of bridges in accordance with the Regulation (Dz.U. Nr 63/2000).
Tab. 1: Content of oxides and minerals in tested type of cement (%), (Szweda, 2016)

Concrete
C1
C2

Cement
CEM I 42.5 R
CEM I 42.5
N/SR3/NA

CaO
63.78

SiO2
19.38

Al2O3
4.57

Fe2O3
3.59

SO3
3.26

K2O
0.58

Na2O
0.21

MgO
1.38

C3A *
6.04

C4AF*
14.35

63.34

21.15

3.93

5.14

2.61

0.39

0.21

1.28

1.73

15.63

* – acc. to Bogue

Tab. 2: Basic composition of concrete and its compressive strength (%), (Szweda, 2016)
Concrete

C1
C2

Cement

324.1

Aggregate

Water

w/c

Compressive
strength, fcm
MPa

1931

166.7

0.5

54.2
58.4

Bulk density,
Błąd! Nie
można tworzyć
obiektów przez
edycję kodów
pól. kg/m3
2271
2258

The papers (Szweda and Zybura. 2013, Szweda and Zybura 2012) describe the test method
for diffusion coefficients. The migration of chlorides in individual sets of three samples was
tested over time t1 = 24 h and t2 = 48 h. Also diffusion of chlorides was tested in other sets of
three samples for t3 = 90 days and t4 = 180 days.
The determined results for migration tests were grouped by computational zones within range
a = (n-1)g – where g = 2 mm is the layer thickness. Those zones were defined according to n
layers of collected material weight content of chloride in the concrete volume – Fig. 1.
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The averaged mass density values in particular zones and the averaged mass fluxes of
chloride ions ρCl exceeding limit values of individual computational zones, values of diffusion
coefficients were determined assuming in the expression (1) the proportional ratio of
component B in the non-steady state to the component expressing the steady state:

Fig. 1: Computational scheme - concrete C1: a) chloride density in separated layers, b) computational areas

B≅ω

(

z 1 FUg 1
ρ 1 + ρ 12 + ... + ρ
RTh

1
n

)Δt

(2)

where ω is proportionality factor (0.1÷0.5) under conditions similar to the steady state (B=0).
Then, arithmetic mean value of diffusion coefficients was calculated from all computational
zones at two migration times (Szweda et al., 2013; Szweda et al., 2012), Tab. 3.
Such factors as the content of C3A and C4AF in cement determine the amount of bound
chlorides (Kurdowski, 2010; Kopecskó and Balázs 2007). They affect diffusion rate of
chloride ions in concrete. For C2 concrete, diffusion coefficient D1=4.73·10-12 m2/s was
nearly four times greater than for C1 concrete (D1=1.36·10-12 m2/s). This result could indicate
that Portland cement CEM I has greater chloride binding capacity than low-alkali Portland
cement CEM I/NA with reduced C3A and C4AF content (Szweda 2016). The distribution of
Friedel's salt described in the paper (Słomka-Słupik and Zybura, 2012) on tests performed on
grouts containing those cements, confirmed the obtained result.
Tab. 3: Diffusion coefficient of chloride ions in testing resistance of C1 and C2 concrete
against their penetration
Computational
area

Diffusion coefficient of chloride ions in testing resistance of concrete against their penetration
2
D1ns ⋅1012 m /s
Impact of non-steady-state process
hours

D

1

0%
24

10%
48

24

20%
48

30%

40%

50%

24

48

24

48

24

48

24

48

I

0.02

0.17

0.02

0.19

0.02

0.22

0.02

0.24

0.03

0.29

0.03

0.34

II

0.03

0.31

0.03

0.34

0.04

0.40

0.04

0.43

0.05

0.53

0.06

0.62

III

0.37

0.48

0.40

0.52

0.48

0.62

0.51

0.67

0.62

0.81

0.73

0.95

IV

0.72

0.87

0.79

0.96

0.93

1.14

1.01

1.22

1.22

1.49

1.44

1.75

V

1.05

1.14

1.16

1.25

1.37

1.48

1.47

1.59

1.79

1.93

2.11

2.28

VI

1.68

1.51

1.85

1.66

2.18

1.96

2.35

2.12

2.85

2.57

3.36

3.02

VII

2.09

2.37

2.30

2.61

2.71

3.08

2.92

3.32

3.55

4.03

4.17

4.74

VIII

2.46

3.15

2.71

3.47

3.20

4.10

3.45

4.41

4.19

5.36

4.93

6.31

IX

2.84

3.15

3.12

3.46

3.69

4.09

3.97

4.41

4.82

5.35

5.67

6.30

1.36

1.49

1.76

1.90

2.03

2.71
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D

I

0.42

0.45

0.46

0.49

0.54

0.58

0.59

0.62

0.71

0.76

0.84

0.89

II

0.75

1.10

0.83

1.20

0.98

1.42

1.06

1.53

1.28

1.86

1.51

2.19

III

1.90

1.98

2.09

2.17

2.47

2.57

2.66

2.77

3.23

3.36

3.80

3.95

IV

2.70

2.72

2.97

3.00

3.51

3.54

3.78

3.81

4.59

4.63

5.39

5.45

V

3.97

4.03

4.37

4.43

5.16

5.23

5.56

5.64

6.75

6.84

7.94

8.05

VI

5.93

5.29

6.52

5.82

7.71

6.88

8.30

7.41

10.08

9.00

11.86

10.51

VII

8.48

6.44

9.33

7.09

11.02

8.37

11.87

9.02

14.42

10.95

16.96

12.88

VIII

11.24

7.41

12.36

8.15

14.61

9.64

15.73

10.38

19.11

12.60

22.48

14.82

IX

12.82

7.51

14.10

8.26

16.67

9.76

17.95

10.51

21.80

12.76

25.64

15.02

6.15

6.62

10.45

13.24

4.73

5.20

6.15

6.62

1

4.73

5.20

3. PREDICTING THE PROGRESS OF CORROSION RISK
The method of predicting chloride corrosion was described on the example of a bridge
structure. The prediction included concrete with strength values corresponding to the average
strength of concrete used in typical bridge structures, and to usual cover thickness. Thus, such
prediction can be used to profile the rate of chloride corrosion and the effect of cement type in
concrete on its diffusion properties, and to determine whether monitoring the boundary
condition of durability at the stage of designing and performing bridge structures is necessary.
Diffusion properties of concrete depend on many factors. They should be defined for each
specific concrete mix. This paper describes how to accelerate the process of their defining.
Development of corrosion risk was predicted for those elements of the bridge structure, whose
exposure to chlorides was the greatest, that is for the load-carrying structure and lightweight
pillars. First symptoms of chloride corrosion could be observed just in those elements. For
lightweight pillars, the standard (PN-91/S-10042) specifies the minimal thickness of concrete
cover of 40 mm for stirrups, and 50 mm for the main reinforcement. For the load-carrying
structure, it is 25 mm and 30 mm, respectively. Changes in protective properties of the
concrete cover were determined by calculating an increase in chloride ion concentration on
the basis of the diffusion coefficients from (Szweda, 2016) and presented in Tab. 3.
Calculations included diffusion coefficients of chlorides in the steady state (ω = 0), shown in
Tab. 3, as the tests (Szweda, 2016) have indicated that reliable results for both types of tested
cement are obtained after a six-month diffusion, without taking into account the impact of
non-steady state (ω = 0) of the process. Critical value of chloride ion concentration at the level
value of 0.4% related to cement weight was assumed to pose the risk of reinforcement
corrosion.
The changes in chloride concentration at the interface between reinforcement and concrete
cover x = c were calculated according to the following relation (Szweda, Ponikiewski and
Katzer 2017):
ρ 1cal

( x ,t ) =




ρ 10  1 − erf






2 D 1t 
x

(3)

Chloride penetration into concrete is a more complex phenomenon for several reasons Firstly,
the diffusion coefficient is not a constant, but it varies with age, temperature and relative
humidity. Secondly, chloride binding has a significant influence on chloride penetration because
only free chloride can diffuse into bulk concrete. Thirdly, not only chloride diffusion but also
convection flow of chloride ions plays an important role in chloride ion migration in concrete,
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especially when exposed to drying–wetting condition. (Castellote and Andrade 2006). The
boundary conditions are also more complicated to simulate the real exposure conditions.
Mass density of chloride ions referred to constant mass density of cement ρcem in concrete to
determine the relative concentration of chlorides (Szweda, Ponikiewski and Katzer 2017):

C (t ) =
1

ρ 1 ( x = 40 ,t )cal
ρ cem

100%

(4)

Chloride concentration by cement weight was assumed for concrete boundary value. In real
conditions, concentration of chloride ions at the boundary of concrete element may vary over
time, e.g. increase as the result of washing out chloride ions by atmospheric precipitation or
quite the opposite, decrease due to convection process in alternating dry and wet concrete.
The value of boundary concentration was determined experimentally assuming extremely
aggressive environmental impact on concrete. However, long-term testing in real conditions is
recommended to determine values corresponding to conditions in real structures and verifying
the determined value. Such results would be used to determine boundary values for verifying
boundary states of the concrete structure durability. Also the coefficient diffusion in real
conditions varies over time. It increases at higher moisture content in concrete, temperature
increase, and decreases in curing concrete over time (Słomka-Słupik and Zybura 2012). We
used the common and simplified method of modelling chloride ion penetration as the purpose
of this paper is to compare the effect of used types of cement in concrete on the penetration
rate of chloride ions, and not to precisely model the real conditions. Correlation of
experimentally determined diffusion coefficients with the real ones requires long-term tests in
real conditions.
Changes in chloride concentrations over time at the interface between reinforcing inserts and
concrete cover are shown in Fig. 2. By comparing concentration with the critical value, we
determined time, after which the risk of reinforcement corrosion could occur. It is equivalent
to the expected durability of reinforced concrete structures. For C2 series concrete with
cement CEM I 42.5 N/SR3/NA, very fast transport of chlorides was observed. Boundary
concentration of chlorides on the stirrup surface in the load-carrying structure was already
achieved after five years of its exposure to chlorides. After another two years, chloride
concentration reached the limit value on the surface of the main reinforcement. Thus, the real
durability was much shorter than specified 80 years (Dz.U. Nr 63/2000). For C1 series
concrete, with cement CEM I 42.5 R, the obtained durability was much longer, nearly 3.5
times, but did not exceed ¼ of the required durability. The achieved durability of lightweight
pillars was much longer due to the increased minimum thickness of the cover. For C2 series
concrete, durability was 12 and 19 years respectively. However, the required 60-year
durability for that element was not achieved. C1 series concrete was much more durable, that
is its service life was 42 and 66 years respectively. It means that the required durability of the
main reinforcement can be ensured without any additional treatments, and the stirrups achieve
2/3 of the defined service life.
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Fig. 2: Increase in ion concentration at the surface of reinforcement protected with concrete
cover having thickness of 25, 30, 40 and 50 mm in the following concrete series: (a) C1, (b) C2
The minimum thickness of cover was also determined to achieve required durability (Dz.U.
Nr 63/2000) (Fig. 3). For C2 concrete in lightweight pillars and load-carrying structures, the
minimum cover thickness should be 90 mm and 105 mm respectively. C1 concrete required
the cover thickness of 50 mm and 55 mm respectively. They were nearly half as low as the
above values. Thickness required for the specific durability can be reduced by more than 44%
just by changing the type of cement for concrete mix. It has a direct impact on material
consumption and load-bearing capacity of the structure.
4. CONCLUSIONS
The selection of suitable cement type for the concrete mix should be the basic method of
obtaining the required structure durability. It can significantly increase the durability
without any change in the concrete cover. Consequently, additional treatments increasing
the durability, such as impregnation, cathodic or sacrificial anode protection, can be limited.
They increase costs of the construction, and sometimes are ineffective. In the analyzed
example, only the change of cement type increased durability over 3.4 times. Currently,
there is a tendency to limit additional solutions for increasing durability. Concrete is
assumed to ensure the proper protection of reinforcing steel against corrosion. Hence,
additional treatments increasing durability should be used only in special cases. Then, the
appropriate thickness of concrete cover is important as it prevents aggressive agents and
protects reinforcing steel. If the increased thickness of concrete cover is necessary for
durability, it increases material costs and affects the load-bearing capacity of the structure.
In this case, suitable cement type in concrete can reduce the concrete cover thickness – in
the analysed situation, thickness could be reduced by more than 44%. If the critical chloride
content acc. to the Hausman criterion:

[ Cl − ]
−

[ OH ]

≤ 0 ,6 where [ OH − ] = 10 pH −14

(5)

The measured concrete pH, and pH = 11.8 typical for possible carbonation of each tested
concrete type are considered for durability tests, a substantial drop in critical chloride
content can be found in both series of carbonated concrete (Ccr = 0.05 for C1, Ccr = 0.24 for
C2) (Tab. 4). The prediction, which includes the Hausman criterion, indicates significantly
longer durability of C1 concrete with CEM I cement over C2 with CEM I NA cement.
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Tab. 4: Calculated critical concentration of chlorides acc. to Hausman criterion - the equation (5)
Concrete
[Cl–] pH [Cl–]/[OH–]
C1
0.4 13.0
0.338
C2
0.4 12.5
1.07
C1 and C2
0.4 11.8
5.36
C2
0.24 12.5
0.6
C1 and C2
0.05 11.8
0.6

Fig. 3: Decrease in ion concentration at the reinforcement surface protected with variable
thickness of concrete cover in concrete of C1 and C2 series
The impact of only two types of cement: CEM I 42.5 R and CEM I 42.5 N/SR3/NA on the
protective properties of concrete cover was analysed in the paper. It turned out to be
significant. Nowadays, a very broad range of cement types is available. If present in concrete,
they can further improve protective properties of concrete for reinforcing steel with reference
to chlorides (Giergiczny, 2014; Giergiczny, 2015; Batog et al. 2014 Słomka-Słupik et. al.,
2012). Both the cement properties and the adequate composition of concrete mix can result in
achieving the required durability of a bridge structure without the increased minimum
thickness of the concrete cover and additional protective treatments. That, in turn, will have a
direct impact on cost and load-bearing capacity of the structure.
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SUMMARY
This paper is focused on the problem of the forecasting of damage in the reinforced concrete
specimens as the consequence of chlorides corrosion. The performed numerical calculations
take into consideration as well the time that is necessary for filing the empty pores space in
the interface transition zone (ITZ) as the time necessary for tightening the products of
corrosion. The approach that assumes creation of distortional strains in the ITZ layer that is
the result of the mass production of corrosion products and can be described as the function of
corrosion current intensity was used.
1. INTRODUCTION
The corrosion phenomenon and the damage of reinforced concrete elements caused by the
reinforcement corrosion represent one of the most fundamental problems of the durability of
structures. The existing code PN-EN impose the thickness of the concrete cover which should
be ensured in the structures subjected to chlorides attack (class XD and XS). These conditions
are rather general and do not take into consideration many of complex situation’s that can
occur in the life time of structures. The evaluation of the overall cost of the exploitation of
structures and the forecast of the durability of structures e.g. for the needs of the BIM
(building information modeling) or the evaluation of the durability of structures subject to the
complex physicochemical attack can be awkward. The degradation of the reinforced concrete
elements as the result of reinforcement corrosion can be divided in to several stages. In the
first stage there is a transport of aggressive substances, oxygen, moisture and heat through the
cover of concrete in to the rebar’s surface. This issue is widely discussed and described in the
scientific literature (Ožbolt, at al., 2017; Saetta, at al., 1998; Koniorczyk, at al.; 2008). In the
successive stage the initiation of electrochemical corrosion processes take place (Dao, at al.,
2010). During the process of corrosion the embedding of created products of electrochemical
corrosion on the rebar surface and in the structure of pores of the cement paste also known as
interface transition zone (ITZ) takes place. The structure of this layer which is characterized
by increased porosity is of a fundamental significance for the description of physicochemical
processes occurring in the concrete cover (Bentur, at al., 2000; Horne, at al., 2007; Ollivier, at
al., 1995; Bentur, at al., 1985). The mechanical interactions of corrosion products on the
concrete cover are initiated after filling up the pores in the interface transition zone by the
products of corrosion. The time that is necessary to fill tight the structure of pores was
analyzed among other things in (Liu, 1996; Chen, at al., 2008; Bhargava, at al., 2005). In (Liu,
1996; Bhargava, at al., 2005; Pantazopoulou, at al., 2001) the problems of damage evolution
in the concrete cover caused by the volumetric increase of corrosion products was analyzed.
In (Krykowski, 2012; Molina, at al., 1993) the description of effects of the theory of damage
that takes into consideration distortional strains that are the result of the volumetric increase
of corrosion products was used. It was assumed in (Ožbolt, at al., 2017; Suwito, at al., 2008)
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that the process of embedding of corrosion products in the structure of pores can be described
by the equations of diffusion. It was also accepted in (Suwito, at al., 2008) that the corrosion
products can be transferred from the interface transition layer deep into the cement paste that
is surrounding the rebar.
This paper concentrates on the forecasting of damage evolution in the concrete specimen which
are the result of carried on experimental analysis. The experimental research presume adding
the chlorides into the concrete mix in the phase of formation of concrete specimens. The results
that can be obtained in the laboratory was analyzed (constant relative humidity of the air in the
concrete pores, constant temperature and chloride ions concentration on the rebar’s surface).
The mechanism of damage of concrete cover was analyzed as well with taking into account the
time of filling of the transition zone as the time that is necessary to tighten the corrosion
products in the interface transition zone. This issue was described with taking into account the
approach based on the concept similar to the well-known idea from the damage mechanics
namely the degradation parameter (Krykowski, at al., 2017). The purpose of the paper is the
answer to the question what will look like the time evolution of damage in concrete specimens
in the case of the uniform corrosion of reinforcement and the excluded impact of the rheology.
2. THE EVOLUTION OF EQUIVALENT CHANGE OF CORROSION PRODUCTS
VOLUME
The structure of the steel-concrete interface transition zone has a crucial impact on the way of
evaluation and description of the fracturing of concrete cover. The concrete in the vicinity of
reinforcing bars by the reason of impact of solid phase in the cement hydration process has
slightly different structure. This layer that is called the interface transition zone has the
thickness of about 50-100 μm. Into the composition of this layer come electric double layer of
thickness about 1-2 μm, the layer of the cement paste of increased porosity and the layer of
large crystals (Bentur, at al. 2000; Zybura, at al. 2011). In the moment of activation of the
process of corrosion the accumulation of the products of corrosion in the interface transition
zone has place. This products after filling the structure of pores start to impact mechanically
on the concrete cover. The very important is here to define what part of the products of
corrosion directly contribute to forming of damage in the concrete cover. In the initial stage
the process of creation of the corrosion products was not accompanied by the increase of
stress in the concrete cover. The corrosion products are located on the corrosion pit surface
and fill the empty spaces of pores in the interface transition layer. Along with the increase of
pressure exerted through the products of corrosion to the concrete cover the transport of the
part of corrosion products from the high porosity ITZ layer can be done. The products are
transferred into the characterized by smaller porosity deeper layers of concrete. Analyzing the
mechanisms of transfer and production of the products of corrosion in the ITZ layer one can
accept that four variables have influence on a function of the rate of change of effective
volume Veff . This variables are the rate of production of corrosion products VR , the rate of
corrosion cavity creation VFe , the rate of loss of corrosion products as the result of transfer
into ITZ layer Vpor and the rate of change of corrosion products volume Vtran as the result of
transfer from high porosity ITZ layer deeper into the layer of concrete cover. The transport of
the corrosion products from the ITZ layer deep into concrete cover is the result of the pressure
increase which this products exert on the pores structure of concrete. The aforementioned
dependence can be formally written (Suwito, at al., 2008) by the use of the equation:
2+

Veff = VR − VFe 2+ − Vpor − Vtran = Vekw − Vpor − Vtran ,

(1)

12th Central European Congress on Concrete Engineering 2017 Tokaj • TAILORED PROPERTIES OF CONCRETE
– 129 –

The first two values in the equation (1) the rate of changes VR and VFe2+ can be defined as
functions of corrosion current intensity I , (Krykowski, 2012). The determination of next two
values Vpor and Vtran is complex and complicated in the theoretical description. One can
however assume (Krykowski, at al. 2017) that this values can be defined as functions of the
rate of changes VR and VFe and a certain additional variable which was called the parameter
of damage of the equivalent volume β = β (τ )∈ 0,1 by the analogy to the mechanics of
2+

damage:
Vpor + Vtran = β (VR − VFe 2+ ) = βVekw ,

(2)

The value Vekw that exist in equations (1) and (2) can be determined according to the
Faraday’s law and linear relationship between the amount of ferrous ions transferred to the
pore solution and the volume of the products of corrosion. Taking into account the equation
(2) in (1) allows for formulation of the relationship between the rate of change of effective
volume and the rate of change of equivalent volume in the way that is close to the approach
used in the continuum damage mechanics (Krykowski, at al. 2017):

(α −1ϑ − 1)k I ,
Veff = (1 − β )(VR − VFe 2 + ) = (1 − β )Vekw , Vekw =
ρ Fe

(3)

2+

where ρ Fe2+ is the density of ferrous ions, α and ϑ - parameters, which in the literature are
accepted in dependence of composition of corrosion products (Pantazopoulou, at al. 2001;
Krykowski, 2012). The β parameter determines the intensity of the interaction with which the
developing process of corrosion influence to the structure of the concrete cover. These parameter
describe three phases of the interaction of corrosion products on the structure of the concrete
cover. In the initial phase that precede the feeling of the empty pores spaces in the ITZ layer
which takes place in the time τ < τ 0 , where τ 0 is the assumed time that is necessary to fill the
space of pores in the way that is not producing the mechanical effects in the concrete cover β = 1 .
The second phase takes place in the imaginary range of time τ 0 < τ < τ u , 0 ≤ β = β (τ ) ≤ 1 . In this
stage we can observe the progressive increase of the pressure exerted by corrosion products on the
walls of pores. The time τ u that correspond to reaching the tightness by the corrosion products
that block the diffusion of these products from the ITZ layer into surrounding concrete is treated
as the imaginary time of the second phase of the process of degradation. The creation of the tight
layer of the corrosion products is equivalent with accepting the evolution of the volume change in
the concrete cover in accordance with the equation (3) Veff = Vekw . These phase of degradation of
the concrete cover is the third and the last stage of the process of concrete cover degradation. This
stage takes place when τ > τ u and the value of β parameter is equals to zero. The exemplary
linear function of degradation β that is applied in this paper can be expressed in the form of the
expression (Krykowski, at al. 2017)

β =1
τ ≤τ0


β (τ ) = β = β (τ ) = τ u − τ / τ u − τ 0 τ 0 < τ < τ u .

β =0
τ ≥τu


(4)

The value τ 0 can be estimated from the Faraday’s laws as the time that is necessary to fill the
pores in the ITZ layer. The time τ u is the parameter that must be determined experimentally.
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3. THE COMPUTATIONAL MODEL
The analysis of fracture was made using system ATENA. The elastic-plastic-brittle model of
concrete implemented in this system uses the Rankine surface for the description of fracturing:
Fi f = σ iit − f ti ≤ 0 ,

(5)

where f ti is tensile strength in the material direction i . In the remaining situations the fracture
of concrete is defined by the use of the Menetrey - Williams failure surface:
2

 ρ

ρ
ξ 
F =  1 .5  + m 
r (θ , e ) +
 −c = 0,
fc 
3 fc 

 6 fc

(6)

p
3P

m=3

f c2 − f t 2
,
fc ft

r (θ , e ) =

4(1 − e 2 ) cos 2 θ + (2e − 1)
,
0.5
2(1 − e 2 ) cos θ + (2e − 1)[4(1 − e 2 ) cos 2 θ + 5e 2 − 4e]
2

(7)

where ξ , ρ , θ - are Heigh-Vestergard coordinates, f c - material resistance for compression,
f t - material resistance for tension, e – the parameter defining the shape of the failure
surface. The kinetics of the electrode process was described by the use of the function of
corrosion current density obtained on the basis of a few years empirical research (Liu, 1996):
3034


icorr = 0.9259  8.37 + 0.618 ln (1.69C fc ) −
− 0.000105 Rc , res + 2.25t − 0.215  ,
T



(8)

where icorr is the density of corrosion current (μA / cm2 ) , C fc - the concentration of the free
chlorides on the surface of the rebar (kg / m3 ) , T – the temperature on the surface of the rebar
(K ) , Rc , res - the electrical resistance of concrete (Ω ) , however t - the time of exposition

( year ) . The electrical resistance of concrete in the form of empirical relationship of relative

humidity ϕ (1), (López, at al., 1993) was included as well into this equation:
Rc,res = 90.537ϕ −7.2548[1 + exp(5 − 50 (1 − ϕ ))] .

(9)

According to the concept of the increase of the transition layer the tensor of corrosion strain rate
ε kor can be formulated in the form of relationship (Krykowski, 2012; Krykowski, at al. 2013):
ε kor =

(1 − β )AI 1,
1 Veff
1=
2 Vini
2Vini

A=

(α −1ϑ − 1)k ,
ρ Fe

1 = δ ij e i ⊗ e j .

(10)

2+

where Vini is the initial volume of the analyzed region. It was assumed in (10) that the nonzero
strains appear only in the plane perpendicular to the rebar’s axis. The FEM algorithm requires
formulation of (3), (10) in the incremental form. Applying the Euler backward algorithm this
equations will have the form:
kor
ε kor
n +1 = ε n +

(1 − β n+1 )An+1 I n+1 1Δt ,
3Vini

Veff ,n+1 = Veff ,n + (1 − β n +1 )An +1 I n+1Δt ,

Δt = t n +1 − t n .

(11)

The time after which the empty pores space in the ITZ layer will be filled can be determined
by the use of Faraday’s law. We will have the following incremental form of these equations:
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mn+1 − mn
V −V
= ρ R n+1 n = kI n+1 ,
Δt
Δt

tn+1 = tn + Δt , Vn+1 ≤ V por ,

(12)

where ρ R is the mass density of corrosion products, V por - the volume of the pores space in
the ITZ layer.
4. COMPUTER ANALYSIS OF THE PROBLEM
The test specimen with dimensions 100x100x100 mm3 with unsymmetrically located steel bar
with diameter φ = 22 mm subjected to the uniform corrosion on the entire surface was
analysed. Three dimensional space FEM model of the test specimen discretized by threelinear solid elements was made using the system ATENA. The FEM model was supported on
three mutually perpendicular walls and presented in Fig. 1.
a)

b)

Fig. 1: The model of the reinforced concrete test specimen: a) statical scheme, b) FEM model
The mean values of material parameters ware assumed according to the ATENA database.
For the purpose of the analysis was assumed that the steel rebar as well as the ITZ layer
(containing the corrosion products) which is assumed to be 1 mm thick are described by the
linear-elastic materials (it is assumed that the concrete cover crack depends only on the
increment of the mass of corrosion products). The increments of distortional strains caused by
the corrosion products in the ITZ layer in the discrete instants of time was the loadings for this
model. The material parameters of the model were compiled in Tab. 1. In Tab. 2 the constants
that are required to determine the parameters of corrosion was compiled. It was assumed that
the corrosion products are entirely composed of ferrous hydroxide Fe(OH)2. Two
computational experiments were made. In the first one the assumption was made that the
density of corrosion electric current is a constant value. This value was accepted as
ikor=3 μA/cm2 what correspond to the value of corrosion electric current intensity I kor ≅ 207
μA . The numerical values obtained as the result of computations was compiled in Fig 2,
depending on the constant I = I / I max that express the ratio of the corrosion current intensity
I to the maximum value of the corrosion current intensity I max , the parameter of degradation
of the equivalent volume β and the time. In Fig. 2a the diagram of changes of effective
volume Veff of corrosion products and the diagram of changes of maximum distortional strain
in radial directions ε r is presented, instead on 2b the evolution of the width of the cracks wc
is presented. In the subsequent stage of research the function of corrosion electric current
density that is changing in time according to (8) was accepted. The calculations was made
under the assumption of constant hygro-thermal conditions (constant temperature TRf = 22 °C
and the constant concentration of chlorides on the rebar surface Cfc=1.8 kg/m3). For the needs
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of the theoretical analysis the relative humidity of the air in the pores of concrete was
assumed as 60%, ϕ = 0.6 .
Tab. 1: The material parameters of
concrete, steel and ITZ layer
Material mean parameters of
concrete C20/25
30
Young’s moduli, Ec [ GPa ]
0.2
Poisson coefficient, ν [1]
2.2
Tensile strength, f ctm [MPa]
Compressive strength,
28
f cm [MPa]
5.5e-5
Fracture energy, G F [ MN / m]
Material parameters of steel

Young’s moduli, E [ GPa ]

200

Poisson coefficient, ν [1]

0.3

Material parameters of
transition layer (ITZ)
Young’s moduli, E [ GPa ]

200

Poisson coefficient, ν [1]

0.3

Tab. 2: Material parameters of the
products of corrosion
Assumed thickness of the ITZ
100
layer, wwp [ μm ]
0.5
Porosity, ε [ m 3 / m 3 ]
Effective thickness of the ITZ
50
layer, w p = ε ⋅ wwp [μm]
Length of corrosion active
0.1
reinforcement, La [m]
Density of corrosion products, ρ r 3600
[ kg / m 3 ]
Electrochemical equivalent of
iron, k ⋅ 10 3 [ g /( μA ⋅ year )]
Parameter, α = mFe2+ / mR [1]

0.622

Parameter, ϑ = ρ Fe2+ / ρ R [1]

2.24

ITZ layer tigtening time,
Δτ = τ u − τ 0 [ [month.]

4

9.12

Fig. 2: The diagram of changes of the constant in time function of corrosion current intensity:
a) the effective volume of corrosion products Veff and distortional radial strains ε r , b) the
width of cracks wc
The electrical resistance of concrete was determined by the use of (9). The numerical values
obtained as the result of computations are compiled in Fig. 3 according to the constant
I = I / I max , the parameter of degradation β and the time (the value I max = 300.92 μA ). In
these figure the process of changes of the following functions is presented: the effective
volume of corrosion products Veff and the diagram of change of maximum distortional strain
in radial direction ε r in Fig. 3a instead in Fig. 3b the evolution of the width of the cracks wc .
The crack pattern in the concrete specimen in the case of constant value of the corrosion
current density and the case when the corrosion current density is a time dependent function
are presented in Fig. 4a and 4b.
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Fig. 3: The diagram of changes of the time dependent function of corrosion current intensity:
a) the effective volume of corrosion products Veff and distortional radial strains ε r , b) the
width of cracks wc

Fig. 4: The crack pattern: a) after 12 month (constant value of corrosion I = const ), b) after
24 month (variable in time corrosion current intensity function I = I (t ) ).
5. CONCLUSIONS

The purpose of the research that was presented in this paper was to show the application of
the approach presented in (Krykowski, at al. 2017) to evaluate the effects of corrosion
products influence on the concrete cover. The presented approach takes into consideration the
effect of corrosion products tightening. The performed calculations can be used as the support
in the proper design of the experiment. The very important information that results from
carried out calculations is the expected length of the time of research. Assuming the width of
cracks wc = 0.1 mm as the durability limit one can notice that this criterion in the first case
(Fig. 2) will be fulfilled approximately after one year. In the model that takes into
consideration the variable in time function of corrosion current intensity (Fig. 3) this criterion
will be not fulfilled even after two years.
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SUMMARY
Ultra-high performance concrete (UHPC) was produced using materials local to New
Mexico, USA to investigate the effects of elevated temperature curing (greater than 90°C) on
compressive and flexural strength. The purpose of this investigation was to develop a mixture
and curing regimen that could be used to produce small, high quality modular UHPC
elements. Several curing regimens were tested using temperatures of 95°C, 150°C, 200°C,
250°C , and 300°C. Effects of cement type, fine aggregate gradation, and fiber content and
type on the strength properties were also investigated. A curing regimen including wet curing
at 95°C followed by dry curing at 250°C was selected as the optimal curing regimen. This
curing regimen, along with careful material selection, improved compressive and flexural
strengths of locally produced UHPC by 38.5% and 54.9%, respectively.
1. INTRODUCTION
Ultra-high performance concrete (UHPC) is concrete exhibiting compressive strength greater
than 150 MPa, high ductility, and excellent durability and resistance to chemical and physical
attacks (Magureanu et al., 2012). These properties are attained through careful selection of
UHPC’s constituent materials, the method by which it is prepared, and its curing regimen.
Typical UHPC mixtures consist of cement, fine aggregates, supplementary cementitious
materials (SCMs), low water-cementitious materials ratios (w/cm), high-range water reducing
admixture (HRWRA), and fibers. Optimal gradation of the dry constituents improves packing
density and contributes to the improved workability and densification of UHPC (Droll, 2004).
Additionally, applying pressure and heat curing have been used as pre- and post-setting
treatments, respectively, to improve UHPC properties (Richard et al., 1994; Shaheen et al.,
2006). In the case of heat treatment, it has been shown to accelerate hydration and the
reactivity of SCMs such as silica fume and fly ash (Heinz et al., 2012). Heat treatment also
helps densify the microstructure of UHPC and encourages the production of more and longer
chains of calcium-silicate-hydrate, further improving mechanical and durability properties
(Cwirzen et al., 2008).
Previous research at New Mexico State University (NMSU) has demonstrated that UHPC
produced with local materials and SCMs that include both silica fume and fly ash has
excellent mechanical and durability properties (Lyell, 2012; Villanueva, 2015). Use of local
aggregates and fly ash in UHPC produced at NMSU has decreased cost by nearly 70%
compared to prepackaged proprietary UHPC mixtures (Lyell, 2012; Montoya, 2010).
Additionally, prepackaged proprietary UHPC mixtures are often shipped long distances
making them less attractive from a sustainability perspective.
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This project used materials local to New Mexico, USA and high curing temperatures to
develop a cost effective UHPC for production of small, high quality modular elements. Initial
investigations focused on the compressive and flexural strength of the UHPC, while future
work will determine its durability against freezing and thawing exposure.
2. EXPERIMANETAL METHODS
Seven UHPC mixtures were prepared with a variety of materials. The initial mixtures
consisted of a Type I/II cement, coarse sand, fly ash, silica fume, 13 mm steel fibers,
HRWRA, and water.
2.1 Cementitious Materials and Aggregates
The cementitious materials consisted of Type I/II and V cements, fly ash, and silica fume.
Working from a reference mixture that used Type I/II cement, subsequent mixtures were
produced by replacing the Type I/II cement with a Type V cement and a coarse sand with a
finer sand. Tab. 1 presents the physical and chemical properties of the cements, fly ash, and
silica fume. The SCM’s were Rheomac SF 100 silica fume from BASF and Class F fly ash
from Four Corners Generation Station (Villanueva, 2015). Properties of the sands used in this
study are presented in Tab. 2.
Tab. 1: Chemical and physical properties of cement, silica fume, and fly ash.
Cement Type I/II Cement Type V Silica Fume
Fly Ash
Chemical Compounds
Percent by Mass
SiO2
20.3
21.9
96.9
61.8
Al2O3
4.6
3.8
0.2
24.5
Fe2O3
3.4
3.5
0.2
4.22
CaO
63.9
63.9
0.3
1.45
K2O
0.38
0.53
0.3
1.32
Na2O
0.23
0.22
0.2
1.41
MgO
1.91
2.2
0.2
0.74
SO3
2.86
2.1
0.1
0.18
Loss on Ignition
2.24
1.1
2.17
0.36
Insoluble Residue
0.38
0.36
pH
7.65
10 - 11
Physical Properties
Specific Gravity
3.15
3.15
2.24
1.96
Spec. Surface Area
335
355
26,810
2,500
(m2/kg)
Autoclave Expansion (%)
0.05
0.05
-0.03
Moisture Content (%)
0.04
0.09
Sand Type
Fine
Coarse

Tab. 2: Properties of fine and coarse sands.
Fineness Modulus
Specific Gravity
1.82
2.69
3.14
2.56

Absorption
1.35%
2.04%
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2.2 Other Materials
The steel fibers used were 13 mm Nycon-SF Type I N (straight fibers) fibers with an aspect
ratio of 65, and 25 mm Nycon-SSF Type I HE (Hooked-Ends) fibers with an aspect ratio of
50. The HRWRA was a polycarboxylate-based product from BASF (Glenium 3030 NS).
2.3 Materials Preparation
All of the materials used in the UHPC mixtures were ready to use as purchased with the
exception of the sand. The coarse and fine sands were sieved through a No. 4 sieve (4750
µm) then washed over a No. 200 sieve (75 µm) to remove fine particles. The washed sand
was then oven dried for 24 hours at a temperature of 110±5°C to remove all moisture. The
dried sand was stored in airtight buckets for future use. Tab. 3 shows the grain size
distribution of the sands used.
Tab. 3: Grain size distribution of the fine and coarse sands (ASTM standard sieves).
Sieve No. (µm)
4 (4750) 8 (2360) 16 (1180) 30 (600) 50 (300) 100 (150)
Fine Sand
100
98.4
94.7
82.3
43.9
6.9
% Passing
Coarse Sand
96.9
73.0
56.5
40.6
16.2
3.1
% Passing
2.4 Mixture Proportioning and Mixing Process
The reference UHPC mixture adopted from Villanueva (2015) used the coarse sand. To
proportion additional mixtures, the mixture was adjusted for the properties of the fine sand
and to accommodate different volumes of steel fibers. The amount of fly ash and silica fume
in the mixtures was determined by substituting 20% of the weight of cement with an equal
weight of SCM. The 20% SCM content was achieved with a blend of 50% fly ash and 50%
silica fume by mass. Tab. 4 presents mixture proportions for the seven UHPC mixtures.
To initiate mixing, the materials were weighed out and placed into a 19 L pan mixer. The
constituents were dry mixed until the mixture appeared homogenous (approximately one
minute). Once the dry mixture was ready, 75% of the water was added, and mixing continued
for five minutes. The HRWRA was then added and the batch was mixed for another five
minutes. Next, the remainder of the water was added and the batch was mixed for at least 10
more minutes. Steel fibers were added once the mixture appeared to be smooth and
consistent. Mixing continued until the fibers seemed to be uniformly distributed throughout
the mixture. This usually took about five minutes. Overall, each UHPC batch took between
25 and 35 minutes to mix completely.
2.5 Preparation of Compression and Flexural Strength Specimens
UHPC specimens produced for compressive and flexural strength tests consisted of 51 mm
and 102 mm cubes and 76x102x406 mm prisms. The specimens were prepared by filling the
cube molds in three lifts and the prism molds in two lifts. The layers were rodded to insure
proper consolidation of the concrete in addition to being vibrated using a vibrating table. The
finished specimens were covered with plastic sheets for 24 hours before demolding.
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Materials
Cement

Type I/II
Type V

Fly Ash
Silica Fume
Coarse
Sand
Fine
HRWRA
(L/m3)
Water
SF
Steel
Fibers
H

Tab. 4: Mixture proportions for all mixtures.
Mixture Proportions (kg/m3)
1
2
3
4
5
750
750
742
750
742
94
94
93
94
93
94
94
93
94
93
1107
1107
1107
1107
1107

6
758
95
95
1107

7
758
95
95
1107

42

42

42

42

42

42

42

146
117
-

146
117
-

145
156
-

146
117
-

145
156
-

147
78
-

147
78

2.6 Curing Regimen
A curing regimen used in previous UHPC research at New Mexico State University
(Villanueva, 2015) for precast concrete involved four days of wet curing at 95 °C followed by
two days of dry curing at 95 °C (CR0). In addition to CR0, five curing regimens were
developed for this project. The first three regimens involved only dry curing for six
continuous days at temperatures of 150 °C, 200 °C, and 300 °C. These curing regimens are
referred to as CR150D, CR200D, and CR300D. The last two regimens included two days of
wet curing at 95 °C followed by four days of dry curing at 200 °C and 250 °C, respectively.
These curing regimens are referred to as CR95/200, and CR95/250.
2.7 Testing Procedures (compression and flexure)
For compressive strength testing, the cubes were centered on steel plates that were then
centered on the load heads of the testing machine. The specimens were then loaded at a
constant stress rate of 62.1 MPa/min.
Prism specimens were tested for flexural strength using a four-point flexural test. The
supports were placed 51 mm from each end and the load points were spaced 102 mm apart
and centered between the supports as shown in Fig. 1.

Fig. 1: Four-point flexural strength test schematic.
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3. RESULTS AND DISCUSSION
3.1 Compressive Strength
Fig. 2 and Tab. 5 present the compressive strength results for Mixture 1 specimens exposed
to CR0 and the dry curing regimens. A 14.9% increase in compressive strength was observed
when switching from CR0 to CR150D. Subsequently, there were 15.7% and 4.3% increases
in compressive strength from curing using CR150D to CR200D and from curing according to
CR200D to CR300D, respectively. The increase in compressive strength is attributed to the
accelerated hydration reaction of the SCMs in the UHPC mixtures at the higher temperatures
used in the new curing regimens.

Fig. 2: Average compressive strengths for different curing regimens.
Tab. 5: Average compressive strengths from cube specimens for different curing regimens.
Curing
Average 51 mm Cube
Average 102 mm Cube
Regimen
Compressive Strengths, MPa
Compressive Strengths, MPa
CR0
143.4
148.3
CR150
177.2
170.3
CR200
199.8
197.0
CR300
203.0
205.6
Data from the three dry curing temperatures suggest that dry curing at 300 °C generates the
greatest compressive strengths. However, the compressive strength was less than 5% greater
than the strength from curing at 200 °C. The additional energy cost for curing at 300 °C
likely outweighs the minor strength gain. Therefore, dry curing at 200 °C was selected as the
curing temperature for subsequent mixtures.
3.2 Mixture Modification
Another aspect of the investigation focused on incorporating different materials into the
UHPC mixtures (Mixtures 2 through 5). Results are presented in Tab. 6 for UHPC mixtures
with varying combinations of sand, cement, and volume of steel fibers. The first step in this
investigation was to exchange the coarse sand used in the original mixture for a finer sand.
Next, a Type V cement was used to study whether the greater C2S and C3S contents would
provide greater compressive strengths. Each mixture was also produced with two different
volumes of steel fibers, 1.5% and 2%, to study the impact that a greater volume of steel fibers
had on compressive strength. To accommodate the 2% fiber volume cement, SCM, and water
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quantities were decreased while maintaining the w/cm ratio. HRWRA content was held
constant with these changes.
Tab. 6: Average compressive strengths for UHPC produced with various combinations of
sand, cement type, and volume of steel fibers.
Curing
Regimen

CR200D

CR95/200

Mixture
1
2
4
5
2
3
4
5

Avg. Comp. Strength
of 51 mm Specimens
(MPa)
199.8
164.0
132.3
146.3
224.8
226.8
244.6
240.9

Avg. Comp.
Strength of 102 mm
Specimens (MPa)
197.0
201.5
175.5
183.2
196.3
188.1
206.6
210.5

Compressive strengths obtained using CR95/200 were compared to a completely dry curing
regimen (CR200D). From these results, Type V cement produced lower compressive strengths
than Type I/II for the dry curing regimen CR200D but greater compressive strengths than Type
I/II cement for CR95/200 that included both wet and dry curing. The decrease in compressive
strength using CR200D can be attributed to less hydration occurring when no external water
was provided, and shrinkage cracking that may have occurred in the absence of external water.
CR95/200 became the standard curing regimen for subsequent mixtures because it showed
significant increases in compressive strength for mixtures with Type V cement and had only a
small decrease in compressive strength for Type I/II cement mixtures. The data in Tab. 6 also
illustrate that a greater volume of steel fibers seemed to have a small influence on compressive
strength, providing a 6 MPa increase in compressive strength. This increase is not proportional
to the increased cost associated with the increased fiber content. Therefore, future mixtures
were all produced with 1.5% steel fiber content by volume.
Previous research (Shaheen et al., 2006) suggested that a curing temperature between 200°C
and 300°C proved to be optimal for improving SCM reactivity and densification of UHPC
mixtures. Consequently, CR95/250 was developed. Cube specimens were cured using this
regimen and the compressive strength results are presented in Tab. 7. This curing regimen
showed a significant increase in compressive strength (9.2%) compared to CR95/200 when
using Type I/II cement and 1.5% volume of steel fibers (Mixture 2).
Tab. 7: Compressive strength of 51 and 102 mm cubes cured using CR95/250.
Curing
Specimen, Average Compressive
Regimen
mm
Strength, MPa
51
244.4
CR95/250
102
205.4
3.3 Flexural Strength
In regards to flexural strength, the investigation concentrated on the effects that fiber content and
type had on the flexural strength of UHPC produced using CR95/200. The UHPC mixture that
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was investigated consisted of fine sand, Type I/II cement, and a variety of steel fiber volumes
and types (Mixtures 1 through 7). Fig. 3 and Tab. 8 illustrate the average flexural strengths of
the UHPC mixtures prepared in this work. Four different prism sets were tested that differed in
the volume of fibers used and fiber type. Three sets included 1%, 1.5%, and 2% volume of
straight fibers (SF) and one set was produced with 1% volume of hooked-end fibers (H).
Tab. 8: Average flexural strength of prisms cured using CR95/200 and CR95/250.
Fiber
Volume
1.5%
1%
1.5%
2%
1%
1.5%

Fiber
Type
SF
SF
SF
SF
H
SF

Sand
Type
Coarse
Fine
Fine
Fine
Fine
Fine

Cement
Type
I/II
I/II
I/II
I/II
I/II
I/II

Curing
Regimen
CR0
CR95/200
CR95/200
CR95/200
CR95/200
CR95/250

Average Flexural
Strength, MPa
8.54
8.94
11.08
15.32
10.46
13.23

Fig. 3: Average flexural strength of prisms curing using CR95/200 and CR95/250.
Fig. 3 shows that the straight fibers showed an increase in flexural strength with increased
fiber volume. However, Tab. 8 indicates that average flexural strengths for CR0 were
8.54 MPa using 1.5% volume of straight fibers (Villanueva, 2015) which is less than the
flexural strength achieved using 1% volume of straight fibers and CR95/200 (8.94 MPa).
This is attributed to the more complete hydration that is apparent from the improved
compressive strengths of CR95/200 specimens.
Mixtures produced with 1% hooked-ends fibers by volume yielded greater average flexural
strength than mixtures using straight fibers at the same concentration. There was a 17%
increase in flexural strength associated with the hooked end fibers. The volume of H fibers
was limited to 1% because workability appeared limited and consolidation required
substantial vibration and rodding. Additionally, Mixture 7 seemed to be on the verge of fiber
clumping, which would have led to an uneven distribution of the H fibers.
Tab. 8 also illustrates the effect CR95/250 had on the flexural strength. Compared to the
mixture with 1.5% volume of steel fibers cured according to CR95/200, CR95/250 produced
a 19.4% increase in flexural strength.
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4. CONCLUSIONS AND FUTURE WORK
Based on the results of this study, the following conclusions are drawn:
•

Mechanical properties of locally produced UHPC were significantly improved using
elevated temperature curing regimens. This was especially evident using CR95/200 and
CR95/250 which increased compressive strengths by 32.4% and 38.5%, respectively.

•

CR95/200 and CR95/250 also improved flexural strengths by 29.7% and 54.9%,
respectively, using 1.5% SF by volume.

•

The effect of various materials on UHPC’s mechanical properties illustrated that
switching from the coarse sand to the fine sand, and from the Type I/II cement to Type V
cement improved compressive strengths by 35.9% and 39.3%, respectively.

This work is continuing in an effort to determine if small, modular UHPC units cured using
CR95/200 can be used as cladding to improve the frost resistance of normal strength concrete
elements.
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SUMMARY
The first major application of concrete in bridge construction at the territory of Slovakia was
within the construction of former Franz Joseph Bridge across the Danube River in Bratislava
in 1890. The oldest reinforced concrete bridge in Slovakia was built 2 years later, in 1892, in
Krásno nad Kysucou. There are many other concrete bridges in daily use in Slovakia, which
are already more than 100-years old, even though their real load bearing capacity is unknown.
Our research of the oldest concrete bridges in Slovakia, was focused on the material
properties of concretes and reinforcements used in bridge construction 100 years ago. Our
paper concerns the mechanical properties of concretes measured on drilled core specimens
from seven bridges in Slovakia as well as some non-destructive measurement results and
mechanical properties of reinforcements. Correlation between mechanical properties of these
old concretes, their porosity and results of non-destructive measurements are reported.
1. INTRODUCTION
Research was focused primarily at the oldest reinforced concrete bridges in Slovakia, which
are almost 100 years old or older. Many of these bridges are still in service, even though no
drawings or information about their structure have been preserved and no relevant standards
existed at the time of their construction. For the proper evaluation of their load bearing
capacity and their remaining service life it is necessary to know the material properties of
their structural materials, as well as the type and progress of their deterioration. Then, if
necessary, they have to be reconstructed and strengthened by an appropriate method, such as
FRP reinforcement or external prestressing. Thus, for strengthening purposes, especially with
FRP reinforcement, it is necessary to know the properties of concrete in the cover zone, which
in reality could significantly differ from the properties of the inner concrete (Čech, 2017). By
this means, it is questionable if we can correctly correlate the non-destructive measurements
of material properties provided at concrete surface with material properties measured on
drilled core specimens. As our results show, correlations given in modern standards between
non-destructive measurements provided on the cover zone and measurements on drilled core
specimens could be misleading when applied to these old concretes.
Our results of the research should also provide at least some general information about the
mechanical properties of concretes and reinforcements used in the construction of bridges at
the very beginning of applications of concrete in bridge construction in Slovakia. Results
show also the uncertainties of the non-destructive methods, when they are used for evaluating
the overall material properties of these concretes.
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To select representative bridges, we tried to choose those, which are likely to be reconstructed
in near future. Results could also serve as a rough estimate of expected material properties of
other similar bridges from this construction period. As it turned out, many assumptions made
by the designers in Slovakia, when they dealt with the oldest concrete bridges, were quite far
from reality. Also many mechanical properties of concretes derived from non-destructive tests
only, within various reconstruction projects, were very misleading. However, despite a large
scatter of results, some correlation between different material properties and measurement
techniques were observed.
The following bridge structures, were selected for detailed research:
• concrete piers of the old bridge in Bratislava (BA), age of the structure: 125 years
• reinforced concrete bridge in Krásno nad Kysucou (KnK), age of the structure: 122 years
• reinforced concrete bridge in Hlohovec (HC), age of the structure: 104 years
• reinforced concrete bridge in Ruzomberok (RK), age of the structure: 102 years
• bridge truss girder from Hungary, near Slovak borders (NY), age of the structure: 100 years
• reinforced concrete bridge in Nižná Myšla (NM), age is unknown, but more than 96 years
• reinforced concrete bridge in Sládkovičovo (SL), age is unknown, but more than 96 years
Further information about the bridges could be found in book Bridges in Slovakia (Paulik,
2014) and some basic information about production and properties of old concretes could be
found in book “Beton és vasbeton I.” (Balázs, 1994).
2. RESEARCH METHODOLOGY
The overall diagnosis of the old bridges was divided into two main phases. The first phase
consisted of in situ diagnostics performed by a team of experts from Slovak University of
Technology (STU) and Building and Testing Research Institute (TSÚS). In-situ diagnostics
methodology comprised of the following procedures: locating the steel reinforcement and
measurement of its cover, non-destructive determination of the concrete strength by Schmidt
rebound hammer, ultrasonic measurement of the dynamic modulus of elasticity, pull-off tests
and permeability test by the Torrent permeability device.
Concrete core samples of a nominal diameter of 100 mm and steel reinforcement samples
were taken from the bridge structures. Immediately after the concrete cores were drilled out
the depth of carbonation was measured by the phenolphthalein test.
The second phase consisted of laboratory tests on drilled cores. We have measured the
mechanical properties (dynamic and static modulus of elasticity, compressive strength), the
mineralogical phase and chemical composition of the concrete (XRD, TG-DTA, SEM/EDS)
and the pore size distribution (by mercury intrusion porosimetry - MIP).
The present state of concrete was assessed on the above-mentioned set of obtained results.
However, due to the limited length of the article, only some selected data are published here.
3. SELECTED RESULTS OF MEASUREMENTS
The results of the mechanical properties of concrete and reinforcement measured on samples
taken from almost 100 years old or older bridge structures are summarized in Tab. 1 and
Tab. 2. Compressive strength measured on drilled core specimens has been evaluated by
taking into account the slenderness of the specimen in accordance with ČSN 73 1317. Also

12th Central European Congress on Concrete Engineering 2017 Tokaj • TAILORED PROPERTIES OF CONCRETE
– 145 –

the compressive strength measured by Schmidt rebound hammer has been evaluated and
recalculated to cylinder strength in accordance with ČSN 73 1373.
Tab. 1: Selected mechanical properties of steel reinforcements
Bridge
BA
KnK
HC
RK
NY (HU)
NM

Sample

Yield strength
[MPa]

Ultimate strength
[MPa]

K1
K2
K3

321
330
363

378
389
416

R1
R2
NY1
NY2
N1
N2

304
296
238
236
292
299

364
359
349
333
315
361

-

-

-

SL

Tab. 2: Average mechanical properties and porosity of concretes

SL NM NY

RK

HC

KnK

BA

Bridge

Average
compressive
strength
measured on
drilled core
specimens

Average compressive
strength measured by
Schmidt rebound hammer.

Average
tensile
strength of
the cover
zone

Porosity

(MPa)

(MPa)

(MPa)

(%)

18

-

-

25,1

3,7
12

-

-

39,2
-

23,1

26,7

2,1

21,8

Parapet

20,5

16,9

1,1

26,6

Superstructure

6,5

24,9

1,2

22,1

Abutment
Pier
Abutment

36,4
17,2
15,7

44,1
16,9
-

0,8
-

24,7
23,3

Superstructure

32,5

30,6

1,2

19,3

Girder

17,0

56,3

4,3

16,0

Abutment
Superstructure

11,9
16,6

33,2

3,2

19,8

Abutment

22,9

16,7

0,8

27,0

Location of
the sample
within the
bridge
Above the
caisson
Caisson
Pier
Arch and arch
overfill
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4. DISCUSSION
Based on the research results, a high variability of strengths and modulus of elasticity could
be seen, not only between various bridges, but also often within a single structural element of
the same bridge. The large scattering of material properties we attribute primarily to
insufficient compaction of concrete during its pouring, to which only a limited attention was
paid at that time (first internal vibration compaction was used in 1932 (Menn, 1986)).
The results, plotted in the graph in Fig. 1, show, that even through there is some relation
between the minimum measured modulus of elasticity and the compressive strength of the
concrete, there is a relatively large scatter. From X-ray analysis of the concrete we have found
that all concretes were made of quartzite aggregates and thus the scatter could probably not be
caused by different types of aggregates.

Fig. 1: Correlation between the compressive strength and static modulus of elasticity
On graph in Fig. 2 a certain correlation between the dynamic and static modulus of elasticity
could be observed, but once again we could not talk about some strong relationship.
Thus when dealing with more than 100 years old bridges we propose to measure not only the
compressive strength of concrete, but also the modulus of elasticity and not to rely on current
standards and documents for their conversion.

Fig. 2: Correlation between the measured static modulus of elasticity and dynamic modulus of
elasticity
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Graph in Fig. 3 shows the correlation between the compressive strengths measured by
Schmidt rebound hammer and compressive strength measured on drilled core specimens is
showed, together with an ideal line representing the theoretical perfect match between the two
compressive strength measurement methods.

Fig. 3: Correlation between the compressive strengths measured by Schmidt rebound hammer
and compressive strength measured on drilled core specimens
Graphs in Fig. 4 and 5 show the correlation between porosity and concrete strength
measurements performed on cover zone.

Fig. 4: Correlation between the porosity of the cover zone and compressive strength measured
by Schmidt rebound hammer

Fig. 5: Correlation between the porosity and tensile strength of the cover zone
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5. CONCLUSIONS
From the results of our experimental investigation performed on seven concrete bridges that
are almost 100 years old or older, it is possible to formulate the following conclusions:
1) The values of compressive strengths and modulus of elasticity shows, that the vast majority
of surveyed concretes do not meet the criteria for classification even to the lowest strength
class C 12/15 according to EN 1992-1-1.
2) Modulus of elasticity had a relatively large scatter, and mostly the real values are much
smaller than values derived from compressive strengths according to relevant documents (EN
1992-1-1 and FIB Model Code for Concrete Structures 2010). Overall, there is a great variability
in the measured mechanical properties even within a single bridge element. This fact could be
attributed to a poor compaction of the concrete during construction, to which only a limited
attention was paid at the beginning of 20th century.
3) From the measured mechanical properties of reinforcement, it could be stated that the real
yield strength of steel reinforcement used for the construction of bridges in Slovakia at the
beginning of 20th century was at most cases approximately 30% higher than what was
believed and given in most of recommendations and technical papers. Taking into account the
real properties of the reinforcement it is possible in many cases to increase the maximum
allowed load on the bridge or to reduce the scale of the planned reconstruction.
4) Determination of compressive strength of concrete by Schmidt rebound hammer was found
to be unreliable for these concretes, since in some cases the results indicated much higher
strength than was the real strength measured on concrete core samples.
5) Most of the investigated old concrete bridges do not meet strength requirements at
concrete surface for strengthening with FRP reinforcement.
6) Strong correlation was observed between porosity of surface layers and non-destructive
strength measurements. This was in contrast to almost no-correlation between porosity of
surface layers and strength measurements on concrete core samples. This result indirectly
indicates different properties of concrete in the surface zone when compared to the properties
of the inner concrete. Thus, if strengthening with FRP reinforcement is considered to be
applied to these old concrete bridges, the required strength values should be always measured
by an appropriate method at the surface of concrete element and not derived from results
measured on drilled cores only.
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SUMMARY
The topic of this paper is a comparison of the mechanical properties and, in particular, the
module of elasticity of concretes based on ordinary portland cement, alkali-activated concrete
and concrete based on alkali activated hybrid cement. The latter two types of concretes
represent environmentally friendly alternatives of concrete. All these concretes were prepared
with a high content of binder and with a low volume of binder. All of these options were also
prepared with steel fibres. One of the most frequently discussed mechanical properties is the
modulus of elasticity. The values of the modulus of elasticity are discussed with respect to
compressive strengths. The influence of the testing procedure – static compression test and
three-point bending of notched beams (during fracture tests) – are discussed too.
1. INTRODUCTION
The modulus of elasticity is one of the basic mechanical characteristics of concrete. In general,
there is an effort to derive its value from compressive strength, but it appears that this way is not
very precise. The reason is different properties of cement composite components - binders and
fillers. They play a more significant role in the case of the modulus of elasticity than in
measuring the compressive strength, (Cikrle and Bílek, 2010). Already the binder composition
itself affects the modulus of elasticity. Various mixtures can be added to Portland cement - for
example, microsilica, metakaolin, slag etc. These admixtures influence the composition and
abundance of the resulting hydration products as well as the microstructure of the boundary
between hardened cement paste and aggregate (Cikrle and Bílek 2010, Kursa and Latif , 2009,
Elshafie et al. 2016). However, there are also alternative binders that do not contain Portland
cement or only minimal . These include, in addition to a number of others, alkaline activated
concretes, or concretes with hybrid cements, whose research has been given much attention
both around the world and also in the Czech Republic (Bilek, 2016, Provis and van Deventer
2014). If these concretes are to be usable in practice, we need to know their modules of
elasticity. This work brings a little contribution to this issue.
2. EXPERIMENTAL DETAILS
2.1 Materials
CEM I 42.5 R Hranice was used as a cement; the slag was a finely ground blast furnace slag
Kotouč Štramberk with a specific surface area above 420 m2/kg. In addition, sodium water
glass with a silicate module Ms ≈ 2 and a dry matter content of 48.5% was used. Na2CO3 was
used to activate hybrid cement. Besides, drinking water and commonly used aggregates were
used - sand Tovačov 0/4 and crushed aggregates 4/8 and 8/16.
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12 formulas were designed for three main types of concrete. The first type of concrete was
alkali-activated concrete whose binder was a finely ground blast furnace slag. The second
type was concrete with traditional Portland cement. The third type of concrete contained as a
binder a hybrid cement consisting of 90% blast furnace slag and 10% Portland cement. Each
of these three types of concrete was made with a high binder content and a low binder
content, mainly due to the study of cohesion of concretes with reinforcement, which is
discussed in (Bilek et al., 2017). Concretes containing a high proportion of cement binder
were mixed again with the addition of structural synthetic fibres and steel wires. The formulas
themselves are shown in Tab. 1.
Tab. 1:
Raw materials
kg/1m3
Slag
CEM I 42.5R
Na VS 2.0
50% KOH
Water
Chrysoplast 760
Aggregates 0/4
Aggregates 4/8
Aggregates 8/16
Na2CO3
Fibres*
Wires**
*Chryso Fibre S25
**Dramix OL13/.20

Composition of prepared concretes

A1

B1

C1

A2

B2

C2

A3

B3

C3

A4

B4

C4

308
31
23
139
3.5
645
225
990
-

308
169
3.5
645
225
990
-

227
31
168
6.7
645
225
990
21.5
-

450
45
34
152
10
855
385
400
-

450
180
3.5
910
410
425
-

405
45
195
8
860
390
405
31.5
-

450
45
34
152
10
855
385
400
8
-

450
180
3.5
910
410
425
8
-

405
45
195
8
860
390
405
31.5
8
-

450
45
34
152
10
855
385
400
40

450
180
3.5
910
410
425
40

405
45
195
8
860
390
405
31.5
40

A – alkali-activated concrete
B – concrete with Portland cement
C – concrete with hybrid cement

1 – low binder content
2 – high binder content
3 – low content of binder , wires
4 – high content of binder, wires

2.2 Experimental procedures
Concrete prisms 100x100x400 mm were prepared for measuring the static compressive
modulus as well as prisms 80x80x480 mm for measuring fracture properties by effective
crack model (Karihaloo and Nallathambi 1989). Prior to the test, notches were cut in the
prisms at a height of 1/3. In addition to fracture properties - fracture toughness KIC and
fracture work WF, is the outcome of the test also the modulus of elasticity in the three-point
bend on the beam with notch EK. The static modulus of elasticity EC was tested on prisms
100x100x400 mm in accordance with (CSN ISO 1920-10, 2016). Compressive strength was
determined using cubes 150 mm according to (CSN EN 12 390-3, 2009).
3.

DISCUSSION

3.1 Dependence of the static modulus of compressive elasticity on the compressive strength
The average values of the static modulus of elasticity EC and the values of the prismatic
compressive strength are shown in Tab. 2. These values are also graphically depicted in
Fig. 1.
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Tab. 2: Values of modules of elasticity and compressive strength
Marking of plain concrete
fc, prism [MPa]
Ec [GPa]
Marking of fibreconcrete
fc, prism [MPa]
Ec [GPa]

A1
44.9
30.5
A3
51.6
26.0

B1
29.8
28.1
B3
43.9
30.1

C1
26.3
28.4
C3
23.7
23.9

A2
64.8
30.2
A4
63.1
29.9

B2
37.5
27.8
B4
50.6
31.0

C2
23.1
24.1
C4
34.3
28.6

Fig. 1: Modulus of elasticity in compression for different types of concrete
(The curve represents the dependence of the modulus of elasticity on compressive strength
according to CSN EN 1992-1-1 Eurocode 2, 2006)
The values of the modulus of elasticity for concrete with Portland cement (B1 - B4)
essentially copy the course of the theoretical curve CSN EN 1992-1-1 Eurocode 2 (2006).
They are only distributed under this curve, the reasons are discussed, for example, in (Cikrle
and Bílek, 2010). Alkali - activated concretes (A1 up to A4) show a different tendency.
Elasticity modules with increasing strength values show a decrease. This phenomenon can
be explained by the low modulus of elasticity of the matrix - the alkali activated paste which is probably mainly influenced by higher volume changes and higher microcracking.
In the case of concrete with a low content of binder, a larger volume is occupied by
aggregates which have a higher modulus of elasticity, and thus the modulus of elasticity of
the composite is even higher, although the compressive strength is lower than in the case of
high binder concrete. In the case of fibre addition, there was apparently no good cohesion
between the fibres and the matrix, and the modulus of elasticity and strength decreased.
With steel, however, alkali-activated concrete has excellent cohesion and thus, even the
modulus of elasticity reaches similar values as for non-wired concrete.
Higher strengths have not yet been achieved with hybrid cements, the maximum is between
30 MPa and 40 MPa. Interestingly, the strength of concrete with a higher proportion of
binder is lower than that of concrete with a higher proportion. The explanation may again be
the low strength of the binder. The composition of the binder must be optimized for this
type of concrete.
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3.2 Dependence of the static modulus of compressive elasticity on the modulus of
elasticity during the fracture test
The measured values of static elastic modulesin compression and elastic modules from the
fracture test are shown in Tab. 3 and graphically depicted in the graph in Fig. 2.
Tab. 3: Modules of elasticity in compression EC and in the test of fracture properties EK
plain concrete
EK in t. KIc [GPa]
Ec [GPa]
fibre-concrete
EK in t. KIc [GPa]
Ec [GPa]

A1
29.4
30.5
A3
25.6
26.0

B1
29.9
28.1
B3
36.1
30.1

C1
29.4
28.4
C3
26.7
23.9

A2
29.5
30.2
A4
27.7
29.9

B2
30.9
27.8
B4
33.4
31.0

C2
23.5
24.1
C4
35.4
28.6

static modulus of elasticity, fracture test EK
[GPa]

40

35

B3

C4

B4
B2

30

B1
C1

A2
A1
A4

A3

25

C2

C3

20
20

25
30
35
static modulus of elasticity Ec [GPa]

40

Fig. 2: Comparison of modules of elasticity EK and EC
When determining the modulus of elasticity in both ways, the values were similar, especially
for lower values. For higher values of the modulus of elasticity, in the case of notched beams,
higher values than the static modulus of compressive elasticity are obtained. It is not evident
from Figure 2 that any of the types of concrete significantly deviated from this trend.
However, more values would be needed for a more objective discussion.
4. CONCLUSION
In this work, the values of static modules of compressive elasticity on prisms and on the
three-point bending on notched prisms were compared for different types of concrete. It can
be said that the values of the compressive elastic modulus for Portland cement based
concrete correspond to the modules which are specified by Eurocode 2 for the given
compressive strengths.
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Alkaline activated concrete and concrete based on hybrid cements behave differently, in their
cases the modulus of elasticity sometimes even decreases. This property can be explained by
different matrix properties whose modulus of elasticity is probably considerably lower than
the modulus of elasticity of hardened cement paste from Portland cement. In the case of
concrete with Portland cement, an increase in the modulus of elasticity has occurred due to
the addition of fibres, in the other cases the modules are probably influenced by matrix
properties and cohesion with fibres.
When measuring the modulus of elasticity on beams with a notch in the three-point bend,
higher values are usually achieved than in a test of the modulus of elasticity in pressure.
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VALUE-ADDED RECYCLING AND REUSE OF WASTE CONCRETE
ON A CONSTRUCTION SITE
Yupeng Yang
The fifth Engineering Co., Ltd., China Railway 16th Bureau Group
Guanghua Road 2, 064000 Tangshan, Hebei, China
SUMMARY
During the construction of high speed rail from Wuzhong to Yinchuan in China, a huge
amount of concrete wastes was generated. Driven by the saving of transportation cost and
environment protection, it is proposed to recycle and reuse of the concrete wastes. This paper
examines the economical and technical feasibility of this proposal considering the actual
conditions on the construction site. A simplified economic analysis is firstly performed. It is
found that the high transportation cost makes the recycling and reuse concrete wastes
economical viable. Then, the concrete wastes were crushed in a plant, which produces natural
coarse aggregates. Laboratory tests on the properties of the RCAs have been carried out. It is
found that that the physical and mechanical properties of the RCAs can meet the requirements
in various standards. Intensive research work on the use of the RCAs is currently ongoing.
1. ENGINEERING BACKGROUND
A large number of high speed rail projects are currently ongoing in China. The rail between
Wuzhong and Yinchuan, which has a length of 39.6 km, belongs to a part of the YinchuanXi’an high speed rail. The total budget is about 212 million Euros and this project is planned
to be completed to the end of 2018. During the construction work, a huge amount of concrete
waste has been produced. More and more waste concrete will be further generated. These
concrete wastes are mainly resulted from the following sources:
•

The cut (removal) of the heads of plain concrete drilled piles. In this project, a lot of plain
concrete piles are used as deep foundations. The strength class of the pile concrete is
mainly C16/20.

•

The demolition of many concrete and reinforced concrete structures and infrastructures.
Fig. 1(a) presents a reinforced concrete bridge near the Yinchuan International Airport,
which will be demolished soon. This bridge is still at a relatively young age and the
strength class of the bridge concrete is C40/50.

•

Laboratory – cast concrete specimens. Owing to the high requirements on the quality of
the rail concrete, numerous specimens were cast in the laboratory to ensure the quality of
the concrete. Fig. 1(b) shows some concrete cubes and prisms after mechanical or
durability tests. In addition, there are also some rejected structural precast elements,
which accounts for a relatively small part of the concrete wastes.
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(a) A concrete bridge to be demolished

(b) Laboratory –cast concrete specimens after tests

Fig.1: some sources for generating concrete wastes on the construction site
2. IDEA TO RECYCLE CONCRETE WASTES AND SOME CHALLENGES
The idea to recycle and reuse the concrete wastes on the construction site of this project is put
forward mainly driven by the incentives to reduce the cost for the disposal of the concrete
wastes and to decrease the environmental impact.
At present, landfilling of construction and demolition wastes in China is still allowed, unlike
in some European countries such as Belgium, the Nederland and the UK. Therefore, the
principal cost for disposing the concrete wastes is the transportation cost. To check the
economic feasibility of this idea of recycling and reuse the generated concrete wastes, a
comprehensive economic analysis is required. However, such an analysis is very difficult
since a lot of factors need to be taken into account. Therefore, in this paper a simplified
economic analysis is carried out. In this analysis, only the transportation cost for the concrete
pile heads is considered, since it accounts for the largest cost, as mentioned above.
In this project, two types of concrete piles are used:
• Type I: diameter 400 mm, cut length 500 mm, number of piles: 60000;
• Type II: diameter 1500 mm, cut length 1500 mm, number of piles: 6000.
The volume of the cut concrete heads is 3768 m3 for Type I pile and 15904 m3 for Type II pile,
respectively. The cost for the transportation of the concrete heads to the closest place where
they can be landfilled is about € 2.0 /m3 for Type I pile and € 6.7 /m3 for Type II pile. This
means the total transportation cost for the concrete pile heads is approximately €114 092.8.
Hence, if the concrete pile heads can be recycled and reused on the construction site, the high
transportation cost can be saved. Another consideration is that the cut concrete piles have nearly
no contaminations, which greatly facilitates the reuse of the crushed concrete as new
aggregates. Obviously, a better economic benefit can be achieved when the reduction of the cost
for purchasing natural aggregates is considered. This indicates the economic viability of the idea
for the recycling and reuse of the concrete wastes in this project. Evidently, a more detailed
economic analysis should be performed considering the cost for the crushing of the concrete
waste and the actual amount of the recycled concrete aggregates (RCAs) that can be obtained.
It is well known that idea of recycling of old concrete as recycled concrete aggregates (RCAs)
and then reuse of the RCAs to manufacture of concrete is not new. The research work on this
topic can be traced to just after the World War II (Nixon 1978). In the past several decades,
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numerous studies have been carried out in Belgium, Germany, the Nederland, Japan, the UK
and later Canada, USA, China, Italy, Spain, France and other countries. Many studies on the
crushing and processing technology of old concrete, the mixing proportion of concrete with
RCAs, often called recycled aggregate concrete (RAC), the mechanical properties and
durability of RAC as well as the behaviour and design of structural elements with RAC (De
Brito and Saikia 2013; Pacheco-Torgal et al. 2013). These intensive research efforts have
successfully demonstrated that the utilisation of RCAs and RAC is technical feasible, even in
structural applications (Messari-Becker et al. 2014; Xiao 2017). In many cases, an economical
benefit can also be achieved. This has opened many potential markets for RCAs and RAC.
Despite the technology is becoming more and more mature, the implementation of the idea of
recycling and reuse of concrete wastes in this project still meets some big challenges. These
challenges include:
•
•
•
•

No special designed recycling plants for crushing construction and demolition wastes are
available in the area where the construction work locates;
It is not easy to install mobile crushers on the construction site due to the possible noise
and dust during the processing of the concrete wastes;
Adequate knowledge such as the processing and the quality of RCAs, the mix design
procedure of RAC and the effect of RCAs on the concrete properties, are missing;
The construction schedule is very tight, which means that the recycling and reuse of
concrete wastes should not disturb the work plan and not add too much additional work,
for instance, to the laboratory technicians and construction workers.

To overcome these challenges, it was decided to carry out the work under the consulting of an
experienced academic institution for recycling and reuse of concrete materials. The research
group RecyCon - Recycling in Construction at KU Leuven (Belgium) was then commissioned
to this end. Based on the advices of the consultants, the following procedures were (or will
be) taken:
•
•
•

•

Processing the concrete wastes in a crushing plant for natural coarse aggregates;
Only using coarse RCAs in manufacturing new concrete to make sure that the quality of
the concrete can meet the code requirements;
Testing the produced RCAs by using of the Chinese Standard for natural aggregates and
imposing the requirements for RCAs in the European Standard EN 12620: 2013
Aggregates for Concrete and the Belgian Standard NBN B-001: 2017 Concrete:
Specification, Performance, Production and Conformity;
Firstly utilising of RCAs in secondary or non-load bearing elements and then considering
for structural use.

3. PROCESSING AND PROPERTIES OF RECYCLED CONCRETE AGGREGATES
3.1 Processing of concrete wastes for RCAs
A plant for crushing natural stones (rocks) as coarse aggregates for concrete was used to crush
the concrete. This the closest plant to the collection site of the concrete wastes, with a distance
of around 80 km. Fig. 2 shows the crushing plant.
Since the crushing procedure has a very important influence on the properties of RCAs, the
quality of the processing of the crushing plant must be checked. For this aim, the laboratory
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– cast concrete specimens were crushed in this crushing plant and the properties of the
produced RCAs were examined. The parent concrete has a maximum aggregate size of 31.5
mm with a strength class of C30/37 to C35/45. The concrete specimens were firstly
subjected to a jaw crusher and then a hammer crusher for further shaping the RCAs. Finally,
the RCAs were sieved according to three sizes: 5 – 10 mm, 10 – 20 mm and 16 - 31.5 mm.
The whole procedure does not differ from that for producing coarse natural aggregates. The
produced RCAs of different sizes are illustrated in Fig. 3. It can be seen from the figure that
the RCAs have an angular and rough surface, irrespective of the sizes. The RCAs are in
general original natural aggregates with old mortar attached on them. This is quite
consistent with many previous findings, such as Hansen (1986), Xiao et al. (2005), Li et al.
(2006) and Boehme et al. (2012).

Fig. 2: Crushing plant for concrete aggregates

(a) 5-10mm

(b) 10-20mm

(c) 16-31.5mm
Fig. 3: Recycled concrete aggregates (of different sizes)
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3.2 Properties of produced RCAs
The laboratory tests on the properties of the RCAs were carried out according to the
Chinese Standard GB/T 14685 -2011 Pebble and Crushed Stone for Construction. The
tested items included: the grading, apparent density, tight density, tight void ratio, flakiness
index, and the water absorption as well as the impact value.
The grading curves of the RCAs are presented in Fig. 4. In Fig. 4(a) to (c), the curves are
for the aggregates directly obtained from the crushing plant. It can be seen that the grading
curves for all the three sizes of aggregates fall within the maximum and minimum limits
given in the Chinese Standard GB/T 14685 -2011. This means the RCAs can meet the
grading requirement for aggregates used in concrete. Fig. 4(d) shows the grading curve of a
recomposed aggregate, in which the proportion of the aggregates of 5-10 mm, 10-20 mm
and 16-31.5 mm is 20%, 50% and 30%, respectively. It can be seen that the grading curve
of the recomposed aggregate also falls within the envelope for coarse aggregate for using in
concrete.

(a) 5-10mm

(b) 10-20mm

(c) 16-31.5mm
(d) 5-31.5mm
Fig.4: Grading curves of the RCAs
The test data for the other physical and mechanical properties of the RCAs are presented in
Tab. 1. From this table, it can be seen that the RCAs obtained in this work are able to meet the
requirements for RCAs in the standards EN 206 12620: 2013 and NBN B-001: 2017 as well
as the Chinese Standard GB/T 25177 - 2010 Recycle Coarse Aggregate for Concrete.
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Tab. 1: Physical and mechanical properties of the RCAs
Properties
Apparent density
(kg/m3)
Tight density
(kg/m3)
Tight void ratio
(%)
Flakiness index
(%)
Water absorption
24h (%)
Crushing index
(%)

Requirement
EN 206 12620
GB/T 25177
+ NBN B-001

Test results
5-10mm

10-20mm

16-31.5mm

≥ 2200

>2450 (Type I)

2630

2600

2600

-

-

1510

1530

1550

-

< 47 (Type I)

43

41

40

≤ 20

<10

-

2.5

1.8

≤ 10

< 5 (Type II)

4.5

4.6

4.4

-

< 12 (Type I)

-

12

-

4. PLANNED UTILIZATION OF RECYCLED CONCRETE AGGREGATES
As described above, the produced RCAs from the concrete wastes on this construction site
and using the crushing plant for natural coarse aggregates have high quality and can meet the
code requirements. Therefore, it is possible to use the RCAs for manufacturing concrete.
Based on actual conditions and taking into account the relatively insufficient knowledge and
experiences of the construction team, it was decided to firstly utilise the RCAs in precast
concrete blocks for highway bank protection revetments, as illustrated in Fig. 5. As a first
step, hexagonal hollow blocks shown in Fig. 6 will be made. Considering the wall thickness
of the block, which is 5cm, only RCA of 5-10mm will be used to make this type of blocks.
Currently, the research work is being carried out in collaboration with the research group
RecyCon at KU Leuven, Belgium.

Fig. 5: Highway bank protection revetment

Fig. 6: Hexagonal concrete hollow blocks

In a next step, the RCAs will be utilised to produce other types of blocks for highway bank
protection revetments and also to manufacture precast concrete parapet elements for the highspeed rail, see Fig.7. Finally, attempts to use RCAs in large scale structural elements, such as
precast concrete bridge decks, as presented in Fig. 8 will also be made. For this work, the
recomposed RCA will be used.
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Fig. 7: Precast concrete parapet beams

Fig. 8: Precast concrete bridge decks (with L.
Boehme)

5. CONCLUSIONS AND REMARKS
This paper provides an attempt to recycle and reuse concrete wastes on a construction site,
which were generated due to the construction of a high-speed rail. Instead of being used in
sub-bases for road works and similar applications, the crushed concrete – recycled concrete
aggregates (RCAs) are planned to be used for manufacture concrete, representing a valueadded application. In spite of several big challenges, the first efforts for producing and testing
the RCAs are successful. The following conclusions can be drawn from this work:
•

The transportation costs accounts for the largest part of the disposal cost of the concrete
wastes under the current conditions in China, where lanfilling of construction and
demolition wastes is still permitted;

•

Recycling and reuse of the concrete wastes are economically viable in this project owing
to the decrease of the high transportation costs;

•

It is possible to obtain recycled concrete aggregates with good grading by using of the
crushing plant for natural coarse aggregates, where the concrete wastes are firstly crushed
by a jaw crusher and then further shaped by a hammer crusher;

•

The physical and mechanical properties of the recycled concrete aggregates can meet the
requirements in different standards, demonstrating the viability of using this material for
producing concrete. Since the parent concrete is generally young and contains nearly no
contamination, the effect of the recycled concrete aggregates on the durability of concrete
should not be a big concern;

•

Research work on the utilisation of the recycled concrete aggregates for manufacturing
precast concrete non-structural and structural elements are ongoing at this time. The
results will be published later in another paper.
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SUMMARY
This paper examines the feasibility of the on-site recycling and reuse of waste concrete in
China through a case study. Based on the up-to-date research, an overview of the properties of
the recycled concrete aggregates (RCAs) , the performance of the concrete with RCAs, often
referred as recycled aggregate concrete (RAC) in the fresh and hardened states, and the
structural behaviour of RAC as well as the international utlisation of RAC and the gained
experiences, is presented. It is found that the recycling and reuse of the waste concrete on the
construction site is feasible. Tests the properties of the RCAs illustrate that they can meet the
requirements in the standards. It is therefore possible to use the RCAs in producing concrete.
Some preliminary tests on the mix design and performance of RAC demonstrate that the RAC
can meet the mechanical and durability requirements for railway concrete structures.
1. INTRODUCTION
The rapid urbanisation in recent decades in China has led to a large amount of demolitions of
structures and infrastructures. These demolitions, together with the construction of new
structures and the renovations of old buildings, have resulted in a great deal of construction
and demolition (C&D) wastes. Presently, the amount of C&D wastes generated in China is
approximately 2 billion tons, which reaches around 40% of the whole city solid wastes.
Amongst the C&D wastes, old or end-of-life (EOL) concrete accounts for about 30-40% of
the streams. Therefore, the quantity of concrete waste is rather huge. It is estimated that 638
million tons waste concrete will be produced in 2020 (Shi and Xu 2006).
In recent years, China has built an extensive number of high-speed rail lines. At present, there
are still many lines are under construction, especially in the western part of the country. The
fifth Engineering Co., Ltd. of the China Railway 16th Bureau Group is principal contractor of
the high-speed rail from Yinchuan to Wuzhong (Yin-Wu), which has a length of about 40 km.
During the construction of the Yin-Wu high-speed rail, many concrete infrastructures have to
be demolished, even though most of which are still young. Fig. 1 shows a prestressed concrete
bridge close to the Yinchuan international airport and a mobile precast concrete plant that
need to be demolished. The bridge is far from its service life. A lot of waste concrete will be
resulted from the demolitions.
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(a) A prestressed concrete bridge
(b) A precast concrete plant
Fig. 1: Concrete structures to be demolished
How to deal with the large amount of demolished concrete is obviously a big problem facing
the contractor since the cost for the disposal of the wastes is rather high. Motivated by saving
the disposal cost for the waste concrete and protecting the environment, it is decided to
recycle the demolished concrete on the construction site, that is, to crush the waste concrete as
new aggregates, often referred as recycled concrete aggregates (RCAs) for producing
concrete.
2. FEASIBILITY STUDY OF WASTE CONCRETE RECYCLING
To examine the feasibility of on-site recycling of the waste concrete, both the economic and
technical feasibility of this idea need to be investigated. The former is determined in the light
of a complexity of parameters, such as the availability of natural (virgin) aggregates, the
transportation cost for the waste concrete as well as the RCAs, the cost for the manufacture of
RCAs, the incentive and disincentive policy intervention, the cost of alternative aggregates, as
well as know-how and skilled labor; while the latter is related to the short-term and long-term
technical properties of concrete with RCAs, often called recycled aggregate concrete (RAC).
A preliminary analysis on the economical viability of recycling of the waste concrete in this
work has been presented in Yang (2017). It was found that the main cost of the disposal of the
waste concrete is due to the transportation to the landfill site. The cost for the transportation of
the waste concrete to the recycling plant and the production of the RCAs can be easily offset
by saving the disposal cost. Therefore, the on-site recycling of waste concrete in this work
shows its economical viability.
In the present paper, the feasibility study is therefore focused on the technical characteristics
of concrete with RCAs. In the following, an overview of the physical and mechanical
properties of RCAs as well as the technical characteristics of RAC in the fresh, hardened
short-term and long-term states based on up-to-date research, such as Boehme et al. (2012),
De Brito and Saikia (2013), Pacheco-Torgal et al. (2013), Li et al. (2006), McNeil and Kang
(2013), Yehia et al. (2015), Said et al. (2017), Barros et al. (2017) as well as Xiao (2017) is
presented.
Recycled concrete aggregates (RCAs)
•

RCAs produced from waste concrete via conventional crushing technology can generally
fulfil the size distribution requirements for natural aggregate, indicating there is no special
difficulty in mixing concrete with RCAs (Hansen 1992; Li 2004; Li 2008);

12th Central European Congress on Concrete Engineering 2017 Tokaj • TAILORED PROPERTIES OF CONCRETE
– 165 –

•
•

•

The density of RCAs is somewhat lower than that of natural (virgin) aggregates. The
decrease is up to 10% (Hansen 1992; Li 2004; Xiao et al. 2006);
The water absorption of RCAs is significantly higher than that of natural aggregates. The
former is normally in the range of 2 to 10% while the latter is typically 0.5-1.0%. The
high porosity of RCAs is mainly attributed to the attached mortar to the original
aggregates (Boehme et al, 2012; Li 2004; Xiao et al. 2005a; De Brito and Saikia 2013;
Pacheco-Torgal et al. 2013; Xiao 2017);
The resistances of RCAs to mechanical actions and environmental loads are generally
inferior to that of natural aggregates, for instance, the Los Angeles abrasion loss of RCAs
is considerably increased in comparison with natural aggregates (Boehme et al, 2012; Li
2004; De Brito and Saikia 2013, Pacheco-Torgal et al. 2013).

Fresh concrete
•
•

•
•

Due to a sharp irregular shape, rough surface and high water absorption of RCAs, RAC
often yields inferior workability (Hansen 1992; Boehme et al, 2012; Li 2004; De Brito and
Saikia 2013, Pacheco-Torgal et al. 2013);
To achieve desired workability, compensation water is required. It is also possible to
increase the workability of RAC through pre-wetting RCAs or the use of water reducing
admixtures (super plasticizers) (Hansen 1992; Boehme et al, 2012; De Brito and Saikia
2013) ;
RAC often exhibits consistency retention than conventional concrete with natural
aggregates. This needs to be considered when transporting RAC for relatively long
distances (Abou-Zeid and McCabe 2002; Boehme et al. 2012);
The unit weight of RAC is slightly less (about 5 to 10%) than conventional concrete,
which falls in the range between 2100 and 2250 kg/m3 (Hansen 1992; Li 2004).

Short-term hardened concrete
In the case of the same water-to-cement (w/c) ratio, RAC exhibits the following material
properties compared to conventional concrete:
•
•
•
•
•
•

The water absorption of RAC is higher than of concrete made with virgin aggregates
(Boehme et al. 2012);
The compressive strength of RAC decreases with the increase of amount of RCAs. When
natural aggregates are fully replaced with RCAs, the reduction in the compressive strength
is up to 25% (Hansen 1992; Li 2004; Yehia et al. 2015; Xiao 2017);
Provided that the quality of the RCAs is uniform, the scattering of the compressive
strength of RAC does not differ much from that of conventional concrete (Li 2004; Xiao
et al. 2005b; Li et al. 2006; Li 2008);
The direct and splitting tensile strength as well as the flexural tensile strength decreases
with the increase of RCAs with a reduction rate up to 10% (Hansen 1992; Xiao 2017);
The modulus of elasticity of RAC decreases in comparison that of conventional concrete,
with a decrease ratio up to 45% (Hansen 1992; Li 2004; Xiao et al. 2005a; Xiao et al.
2006; Boehme et al. 2012);
The drying shrinkage of RAC increases up to 70% compared to that of conventional
concrete (Hansen 1992; Safiuddin et al. 2013; Xiao et al. 2014).
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Long-term hardened concrete
•
•
•
•
•
•
•

The creep of RAC increases up to 50% in comparison with conventional concrete. This
needs to be considered when RAC is used in prestressed concrete (Hansen 1992;
Safiuddin et al. 2013; Xiao et al. 2014);
The flexural fatigue of RAC is superior than conventional concrete due to a stronger bond
between cement paste and RCAs (Abou-Zeid and McCabe 2002);
The abrasion resistance of RAC is inferior to that of conventional concrete, which limits
its use in applications involving wear and heavy frictional loads (Hansen 1992; Abou-Zeid
and McCabe 2002; De Brito and Saikia 2013);
Due to higher internal voids and enhanced bond, RAC has a somewhat enhanced
performance in fire and elevated temperatures (Abou-Zeid and McCabe 2002; Xiao et al.
2013; Said et al. 2017; Xiao 2007);
The carbonation resistance of RAC is comparable to that of conventional concrete (Xiao
et al. 2013; Messari-Becker et al. 2014);
The freezing - thawing resistance of RAC can be superior or inferior to that of
conventional concrete, depending on the quality of the RCAs (Hansen 1992; Xiao et al.
2013; Said et al. 2017 );
The chloride penetration of RAC is the same or slightly increased compared to that of
conventional concrete (Abou-Zeid and McCabe 2002; Xiao et al. 2013).

Structural behaviour
•
•
•
•
•

•
•

The bond between reinforcing steel and RAC is comparable or even superior to
conventional concrete made with RCAs (Xiao and Falkner 2007; Sadati et al. 2017 );
The flexural capacity of RAC beams slightly reduces with increase of RCA. However, the
reinforcement deceases the effect of RCA on ultimate load (Li 2009; Tošić et al. 2016;
Xiao 2017);
The failure modes of RAC members subjected to shear and punching are similar to that of
conventional concrete components (Tošić et al. 2016);
The shear and punching capacities of RAC beams decrease with the increase of RCAs
when no shear reinforcement is used. However, the use of RCAs has only a minor effect
when shear reinforcement is provided (Li 2009; Tošić et al. 2016; Xiao 2017);
The cracking pattern and load-deformation behaviour of RAC compressive members are
similar to that of members made of conventional concrete. However, the load-carrying
capacity of RAC columns decreases as the amount of RCAs increases (Li 2009; Xiao et
al. 2012; Choi and Yun 2012);
The deflections of RAC components and structures increase in comparison with that of
beams made of conventional concrete (Xiao et al. 2012; Choi and Yun 2012);
The seismic properties of RAC structural components and structures are comparable to
that of members made of conventional concrete when properly designed (Corinaldesi et al.
2011; Xiao et al. 2012; Xiao 2017).

From the above overview, it can be seen that the material and structural behaviour of RAC are
different from that of conventional concrete. It should be noted that some properties of RAC
are inferior to conventional concrete. This needs to be adequately considered, especially when
RAC is used as structural concrete. However, there are techniques that can be used to enhance
the properties of RAC to a comparable level as conventional concrete with virgin aggregates.
For instance, the use of equivalent mortar volume (EMV) mix proportion method can reduce
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the creep strain of RAC greatly. Nevertheless, this method results in a loss of the workability
and freezing-thawing resistance. This means that performance-based mix design methodology
for RAC is required.
International utilisation of RCAs in concrete and gained experience
Although some properties of RAC are generally inferior to that of conventional concrete and
this limits the application filed of this material, there were many successful implementations
of RCAs in concrete, mainly for road constructions. At present, the technology for the use of
RAC in rigid pavements is becoming more and more mature. A number of pavements with
RAC have been constructed, which have shown satisfactory performance after more than
several decades of service.
In addition, there are also several successful practical applications of RAC in structures.
Typical examples include the Berendrecht lock in the port of Antwerpen (Belgium), the
RecyHouse in Brussels (Belgium), the Environmental Building of BRE (UK), the Waldspirale
residential building in Darmstadt (Germany) and the Vilbeler Weg office in Darmstadt
(Germany).
The successful application examples indicate that the use of RAC in engineering practice is
technically feasible. However, the difference between RAC and conventional concrete must
be adequately taken into account. Therefore, a strict quality insurance and control of the
RCAs and the RAC is necessary because of the complexity, qualitative and quantitative
aspects of RCAs and the presence of wide arrays of parameters.
3. CHALLENGES OF ON-SITE RECYCLING OF WASTE CONCRETE
From the technical and economic points of view, it is highly feasible to recycle waste concrete
and to use the crushed concrete as RCAs in the manufacture of concrete. The recycling of the
demolished concrete in this work is considered to be additionally more attractive because the
purity of the concrete is fairly high, in other words, the amount of the contaminants in the
concrete is quite low. In spite of this, there are some challenges in recycling of the concrete on
the construction site, as addressed in Yang (2017). The most challenging issue is the lack of
sufficient knowledge. Due to this, the research group RecyCon at KU Leuven, Belgium, has
been commissioned to provide necessary supervisions for this work. This group has fairly rich
experiences in both academic research and practical applications of RAC.
4. SOME PREMARY RESULTS AND FUTURE WORK
With the guidance of the research group of RecyCon, KU Leuven, the following work has
been done so far:
•
•
•
•

The crushing of waste concrete in a local production plant for natural (virgin) stone
aggregates;
Test the physical and mechanical properties of RCAs according to the Chinese Standard
and the European Standard;
Check whether the RCAs can meet the related requirements in the Chinese and European
Standards, especially the apparent density and the water absorption;
Decide the suitable use of the RCAs based on their properties.
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It is found that the technical characteristics of the RCAs can meet the requirements for RCAs
in the standards EN 206 12620: 2013 and NBN B-001: 2017 as well as the Chinese Standard
GB/T 25177 - 2010 Recycle Coarse Aggregate for Concrete. More details about the RCAs,
including the grading curve, apparent density, tight void ratio, Flakiness index, crushing index
and water absorption can be found in Yang (2017).
Based on the properties of the RCAs, it is decided to use RCAs firstly in concrete blocks for
bank protection revetment for highway. Some preliminary laboratory studies on the mix
proportioning of concrete with the RCAs have been carried out. The test results indicate that
the produced concrete with the RCAs can meet the mechanical and durability requirements in
the Chinese Code for Durability Design of Concrete Structures for Railway (TB 1005-2010).
Some attempts to use RCAs in other non-structural products and even in full scale precast
prestressed concrete bridge decks will also be made in the future.
5. CONCLUSIONS AND REMARKS
This paper examines the feasibility of the on-site recycling and reuse of waste concrete in
China through a case study during the construction of the Yin-Wu high speed rail. Based on
the up-to-date research, it is found that the recycling and reuse of the waste concrete on the
construction site is feasible. Tests on the manufacture of the RCAs and the physical as well as
mechanical properties of RCAs illustrate that the RCAs can meet the requirements in different
standards. It is therefore possible to use the RCAs in producing concrete. Some preliminary
tests on the mix design and performance of concrete with the RCAs demonstrate that the RAC
can meet the mechanical and durability requirements for railway concrete structures.
6. LIST OF NOTATIONS
C&D
EMV
EOL
RCA
RAC

Construction and demolition
Equivalent mortar volume
End of life
Recycled concrete aggregates
Recycled aggregate concrete
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SUMMARY
The Research Institute for Building Materials has designed new experimental devices for
the Discovery Hybrid Rheometer to measure rheological properties of fresh cement-based
mixtures. They are 3-blade and 3-ball agitators with a complementary role for absolute
measurements using a system of coaxial cylinders. For slurries with low viscosity blade
agitators are used and for higher viscosity suspensions ball agitators or a board-to-board
system with roughened surface may be used. The aim of research works was to find suitable
homogenization techniques, design of mixing process and optimal dosing of individual
components. By means of these actions it is possible to achieve the best dispersion of selected
fibre types in fine-grained cementitious matrixes, which is subsequently verified in hardened
composites at first by non-destructive and then by destructive methods.
1. INTRODUCTION
Fibre-cement composites have a long and abundant history of their use. Their role in
the building industry has gradually progressed, but their use is not still ending even in
the 21st century. With a growing knowledge on their physico-mechanical properties, taking into
account demands on health and environment in these days, the fibre-cement composites
represent a material with a high potential.
Fibre reinforcement does not play the full role of steel reinforcement. Its role is to create
a ductile structural material with limited deformation shrinkage.
Fibre reinforcement is characterized by the following properties (Pytlík, 2000):
• increases tensile strength and bending strength of concrete;
• reduces deformation of concrete due to shrinkage, increases the modulus of elasticity;
• reduces brittleness and increases toughness of concrete;
• increases temperature resistance and reduces water permeability.
•
Design, preparation and testing of fibre-cement composites are a task of wide range of
research workplaces and universities in our country and abroad. However, a question on
homogeneity of all cement matrix components and mainly optimal dispersion of fibre
reinforcement in a mixture has not been yet solved sufficiently. Within testing of properties of
such designed composites there is usually a realized fact, that variability of these properties is
distinctive mainly for the reason of uneven dispersion of commonly used fibres in a whole
matrix volume. Elimination of this phenomenon could be achieved by means of a design of
the optimal homogenization process of dry mixture components with fibre reinforcement.
Properties of fibre reinforced concrete (FRC) are mostly influenced by the fibre type and
the amount of fibres. The bond of fibres mainly depends on material, shape and surface of
fibres and mechanical properties of a matrix, the amount of fibres as well as the loading rate
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(Kovacs, Balazs, 2003). Consequently, almost all properties of FRC changes with
the changing of the surface and the shape of fibres. Only little information exists on
the influence of the mixing procedure on the properties of fibres.
Residual tensile strength of FRC is one of the most important parameters both for design and for
practice. Appropriate method and mixing time are required to reach random distribution of fibres
and acceptable properties of concrete. The research conducted in Budapest University of
Technology and Economics was directed to the possible influences of mixing time on the tensile
properties of fibres and the flexural properties of FRC. The research team realized that some of
the fibres may suffer from too long mixing time of concrete mixture (Czoboly, Balazs, 2015).
Several research works have been aimed to monitoring of fibre dispersion and orientation in
cementitious composites, e.g. a magnetic method could be employed for this purpose, but only
for composites reinforced with steel fibres (Ferrara, Faifer, Toscany, 2012). Other techniques
could be used for cracking assessment of concrete structures by means of electric resistivity
measurement (Lataste, Sirieix, Breysse, Frappa, 2003), including the research conducted by the
authors´ team from the Research Institute for Building Materials using electrically conductive
elements with modified cement matrix (Čechmánek, Junek, Šteffan, Macháň, 2016; Junek,
Čechmánek, Nešpor, Šteffan, 2014). The aim of the further works is to find a method for
monitoring homogeneity of cement composites reinforced with both metal and non-metal fibres
before being subjected to mechanical loading.
2. RHEOLOGICAL PROPERTIES OF MIXTURES
The Research Institute for Building Materials has designed new experimental devices for
the Discovery Hybrid Rheometer (DHR-1) to measure rheological properties of fresh cementbased mixtures. They are three-blade and three-ball agitators with a complementary role for
absolute measurements using a system of coaxial cylinders. For slurries with low viscosity
blade agitators are used and for higher viscosity suspensions ball agitators or a board-to-board
system with roughened surface may be used (Kuder, Ozyurt, Mu, Shah, 2007). Results of
the measurements of cement mixtures with non-metallic fibres are depicted in Fig. 1.

Fig. 1: Plastic viscosity of fibre-cement fresh mixtures
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The size of the ball depends on the viscosity of the material. A suitable approach how to
obtain rheological parameters is to use a ball agitator and take measurements of one
revolution only. As to cement mortar, the structure is broken and does not retrieve its original
state even after material relaxation.
Watery mortars close up, however, water is separated into a groove formed by the passing
ball and thick mortars create a permanent groove. It means that repeated passage of the ball
shows misleading values.
In order to measure highly heterogeneous suspensions, such as cement paste and mortar,
a helical rotor was designed and manufactured. The advantage of its use is that during
measurements the material is carried by the rotor and heavier particles do not settle which
avoids slippage like when coaxial cylinders or bladed rotors are used.
3. GLASS FIBRE REINFORCED CONCRETE (GFRC)
Massive use of glass fibre reinforced concrete started with the development of prefabricated
skeleton structures in the second half of the 20th century. The thin-walled elements with
a matrix based on the high-value Portland cement with dispersed reinforcement in the form of
alkali-resistant glass fibres are used in a range of applications. They include elements used for
exterior cladding, various landscape architecture elements or elements for technical
applications. Thanks to its durability, low basic weight, colouring ability and shape diversity,
glass fibre reinforced concrete may properly replace certain natural materials
(Vavrušková, Chromková, Čechmánek, Zavřel, 2016). Thin-walled fibre-cement elements are
widely used in residential and industrial buildings for their appearance and durability.
Because they are made of light-weight materials, they are mostly used as cladding elements
for façades of multi-storey buildings exposed to hard external conditions.
Within a preparation of these fibre-cement composites an exact amount of alkali-resistant
glass fibres with length of 12 mm is added into fine-grained matrix consisting of cement,
aggregate and admixtures in the last stage of a mixing process and in this way properly
dispersed in the whole volume of the mixture. This technology requires the use of highly
flowable mixtures free from bleeding and sedimentation of heavier mixture components
(Čechmánek, Prachař, Lederer, Loskot, 2015; Čechmánek, Prachař, Loskot, 2014).
4. SLURRY INFILTRATED FIBRE CONCRETE (SIFCON)
SIFCON was first developed in 1979 by Lankard Materials Laboratory, Columbus, Ohio,
USA, by incorporating large amounts of steel fibres in steel fibre reinforced cement-based
composites (Lankard, 1984). It possesses excellent mechanical properties coupled with very
good energy-absorption characteristics. The fibre volume fraction of traditional fibre
reinforced concrete is limited, because excessive amount of the fibres affects the workability
of the fresh concrete in a negative way. This fact limits the fibre volume Vf to 1 - 5%,
depending on the fibre type used and the required workability of the mixture. SIFCON
specimens can be produced with Vf 5% up to 30% (Lankard, 1984; Homrich, Naaman, 1987).
The fibre volume depends on the fibre geometry, length and diameter and vibration of
the fibres during their placement process. The other major difference is in the composition
and casting process of the composite. SIFCON is prepared by infiltrating pre-placed fibres
with fine grain aggregate mortar. It has been reported that SIFCON slab elements exhibit
excellent behaviour in flexure and punching shear when compared to HPFRC, reinforced
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cement concrete (RCC) and plain cement concrete (PCC) slabs (Sudarsana, Ramana, 2005;
Sudarsana, Gnaneswar, Ramana, 2008).
Due to extraordinary ductility of SIFCON, it seems to be very promising material for
applications in structures subjected to impact load, but the literature review reveals only a few
studies dealing with the SIFCON under dynamic loading. The results of our own investigation
carried out on SIFCON slab panels under impact loading can bring significant contribution
to the current knowledge in the field (Drdlová, Buchar, Řídký, Krátký, 2015;
Drdlová, Čechmánek, Řídký, 2015).
5. PREPARATION OF FIBRE REINFORCED CONCRETE SPECIMENS
5.1 Fibre reinforced concrete boards
4 formulas representing different types of fibre reinforcement used in fine-grained cement
composites were selected: glass fibre reinforced concrete (GFRC), composite reinforced with
PVA fibres (PVA), composite reinforced with steel fibres (SFRC) and composite with a high
content of steel fibres infiltrated in a slurry (SIFCON). In the first stage, all formulas were
prepared according to the standard procedures recommended for the respective composite and
fibre reinforcement using a standard agitator, always three test boards for each formula.
5.2 Test specimens
Each 500 x 500 x 40 mm test board was divided by cutting into a total of 22 specimens with
dimensions 250 x 40 x 40 mm according to the proposed scheme in order to allow
identification of the position of each test specimen of the test board. The end of the test
specimen directed towards the edge of the board was labelled "A" and the end of the test
specimen directed towards the centre of the board was labelled "B".
6. TESTS PERFORMED
6.1 Ultrasound measurement theory
Ultrasound is a mechanical wave motion which the human ear is incapable of perceiving;
the frequency of wave motion exceeds 20 kHz; some literature sources mention 16 kHz.
Ultrasound wave motion for testing and research of material properties in the construction
industry uses frequencies exceeding 20 kHz. Ultrasound wave motion is based on the general
principles for oscillating motion, in particular Hooke's law, Huygens principle, the law of
reflection and refraction, Doppler effect, the principle of interference, law of absorption and
others. Ultrasonic wave motion in solids transmits from the source to the surrounding space as
a progressive longitudinal and transverse wave motion, in gases and liquids only as
a longitudinal wave motion.
Oscillation is gradually spreading from the source by gradual transfer of energy from one
particle to another. Generated elastic waves are transferred at speeds based on the elasticity
parameters (e.g. Young's modulus of elasticity and Poisson's ratio) and the density of
the surrounding space. The basic relations describing transmission of ultrasound wave motion
are the same as for mechanical oscillation.
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Vp =

E ⋅ (1 − v)
ρ 0 ⋅ (1 + v) ⋅ (1 − 2v)

(1)

Vs =

E
2 ⋅ ρ 0 ⋅ (1 + v)

(2)

where: Vp is the speed of transmission of longitudinal wave [m·s-1]
Vs is the speed of transmission of transverse wave [m·s-1]
ρ0 is the density of the surrounding space [kg·m-3]
ν is Poisson's ratio [-]
E is Young’s modulus of elasticity [Pa]
The aforementioned relations show that the speed of wave transmission is not dependant on
the wave frequency but on the material parameters of the environment only. Therefore,
selection of the source frequency for measurements does not affect the absolute results but
the quality of the measurement only. The transmitted energy disappears (absorbs) in the given
environment which significantly depends particularly on the wave motion frequency but also
on humidity, temperature and other parameters.
The so-called ultrasonic impulse method is used for non-destructive testing of concrete. Our goal
is to use this method for testing of a cement composite material. The principle of concrete testing
using the aforementioned method is described in the ČSN 73 1371 standard - Ultrasonic impulse
concrete testing method. Ultrasonic impulses are repeatedly transmitted into the test material and
subsequently registered while measuring the transmission time of these impulses; knowing the
path along which the impulse transmits, we can calculate the impulse rate.
6.2 Ultrasound measurements
For ultrasound measurements we use a portable measuring apparatus – TICO – made by Proceq
(Switzerland) which is intended to test concrete (detection of cavities, cracks, identifying
concrete strength, modulus of elasticity, evenness of compaction, etc.). The apparatus consists
of an indicating unit and a pair of audio probes, i.e. a transmitter and a receiver of ultrasonic
impulses. To calibrate the apparatus, a calibration rod is used (a metal cylinder of the respective
length with a precisely defined time of passage of ultrasonic waves).
In our case, the only parameter monitored is the passage time of ultrasonic waves; knowing
the length of the impulse transmission path, the speed of impulse transmission can be
calculated. The first task was to ensure perfect contact between the measuring probes and
the surface of the composite for transmission of ultrasonic waves. When the probes contacted
the surface of the tested material, a small air gap formed, causing a considerable distortion of
the passing time of the ultrasound impulses (wave reflection created at the interface) or even
preventing transmission of the ultrasound waves from the probe into the composite.
When measuring ultrasound in the laboratory using specimens with flat surface, the so-called
acoustic binder can be used. Unfortunately, when measuring rough surface of composites,
this binding paste cannot be used (inappropriate consistency), so a different sonic bonding
agent – plasticine – was used as recommended by the available literature.
The passage time of ultrasonic wave motion using 54 kHz probes was measured and
automatically converted using the TICO apparatus with a preset distance of the probes to
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the speed of passage of the ultrasonic wave. The measurement was performed twice – in A-B
and B-A directions.
At the first stage non-destructive testing by means of ultrasound waves was carried out at first
on a compact test slab with dimensions 500 x 500 x 40 mm and subsequently on individual
test specimens with dimensions 250 x 40 x 40 mm, cut from the test slab according to
a designed pattern.
6.3 Determination of flexural strength
At the second stage destructive testing of test specimens was performed, mainly evaluation of
flexural strength with 4-point bending. A purpose of all these research works is finding of
correlation between testing by means of destructive and non-destructive methods. A tensile
test with four-point bending and loading perpendicular to the direction of compaction was
performed using 250 x 40 x 40 mm test specimens. The distance between the lower supports
was 210 mm, the distance between the loads was 100 mm. The flexural strength is defined:
Rf =

3 ⋅ F ⋅ (l − l1)
b ⋅ h2

(3)

where: Rf is the flexural strength [MPa]
F is the maximum load [N]
l is the distance between the supports [mm]
l1 is the distance between the loads [mm]
b is the specimen width [mm]
h is the specimen height [mm]
The measured values of the ultrasound passing speed and the tensile strength with four-point
bending of the individual sets of test specimens (cut from the manufactured boards) were
tabulated and plotted for mutual comparison. Already at this stage of the research it is possible to
derive some relations between destructive and non-destructive testing. The higher values of the
flexural strength correspond to the longer time of ultrasonic waves passing through the measured
specimen thanks to the higher degree of fibre reinforcement as it is depicted in the graph in Fig. 2.

Fig. 2: Relation between destructive and non-destructive testing for SFRC specimens
(blue line – flexural strength, individual columns – US passing speed A-B, B-A and average)
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6.4 Fracture surface
The fracture surface of the individual specimens and the degree of the cross-section
reinforcement in relation to the obtained flexural strength were also observed similarly and
the position of a crack relative to the length of the specimen was documented.
While in the samples of glass fibre reinforced concrete the degree of fibre reinforcement in
the cross section may be observed by the naked eye, in the composites reinforced with PVA
fibres monitoring will be based mainly on polarization and 3D microscopy.
The standard steel fibre reinforced concrete shows considerable uneven distribution of steel
fibres in the cross section. The sections of SIFCON specimens are heavily reinforced with
steel fibres. Insufficient reinforcement can be observed only at the upper side of the test board
where only a cement slurry was added and also in some places where the individual fibres
locked into each other and created an empty space.
6.5 Microscopic analysis
Thin sections were prepared from the cracked area of the selected samples for polarizing and
3D microscopy in order to observe the proportion of the individual elements in the given
cross section and, in particular, the distribution of the individual reinforcing fibres in
correlation with the achieved flexural strength. Only one thin section of optimally reinforced
and insufficiently reinforced cross section of the prepared formula of fibre reinforced concrete
is assumed. The main attention will be paid to the stressed bottom side of each specimen,
i.e. the side perpendicular to the direction of compaction.
7. CONCLUSIONS
For measurement of rheological properties of fresh cement-based mixtures there were
designed new experimental devices for the Discovery Hybrid Rheometer. In order to measure
highly heterogeneous suspensions, such as cement paste and mortar, a helical rotor was
designed and manufactured. The advantage of its use is that during measurements the material
is carried by the rotor and heavier particles do not settle which avoids slippage like when
coaxial cylinders or bladed rotors are used.
A total of 4 formulas of different types of fibre reinforced concrete were prepared and
subjected to non-destructive and destructive testing. Currently, the dependence on the values
measured using ultrasound and flexural strength is being identified. It is necessary to evaluate
other several sets of specimens and the results should be subjected to a correlation analysis
again. After this, optimization of the process of preparation of selected fibre reinforced
concrete and the related measurements will be carried out.
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SUMMARY
Present research program is dealing with the effects of cellular concrete powder (CCP) on the
compressive strength and durability of concrete. CCP is an industrial by-product, which was
applied as supplementary cementitious material (SCM) in the concrete mix. In the previous
research of the authors of this article, it was found that the cellular concrete powder, applied
as an additive to the concrete mix, can increase the compressive strength and the resistance
against freezing of concrete (Gyurkó, Szijártó, Nemes, 2017). In that paper, the results were
compared to a reference mix and a mix that contains air-entraining agent, which is a typical
solution to increase concrete durability. Increasing of durability can be done by the
application of supplementary materials, like silica-fume or metakaolin. Present paper is
dealing with the comparison of concrete with metakaolin and cellular concrete powder, on the
basis of compressive strength and freeze resistance, using them as a cement substituting
material. Different amount of metakaolin and CCP were added to the concrete mix, by
substituting a given percentage (3, 10 or 17%) of cement with them. The results show the
positive effect of both supplementary materials and based on present research the maximum
amount of useful CCP can be approximated for the given concrete mix.
1. LITERATURE REVIEW
Concrete structures, that are exposed to the effect of the environment, have to be designed for
durability as well. Normal concrete structures, without any external protection system, are
sensitive for environmental effects, like freezing. There are different solutions that are
applied, when one would like to improve the durability of concrete structures. One possibility
is to add air-entraining agent to the concrete mix, which produces air bubbles in the concrete
mix. It was found in the literature that is highly increasing freeze resistance of concrete (He et
al, 2016). However, the price of air-entraining agent is high compared to the total price of
concrete. Besides that, air-entraining agents have negative effect on the compressive strength
of concrete and usage is not allowed in case of some application area (ŁazniewskaPiekarczyk, 2013). Another solution is the application of supplementary cementitious
materials (SCMs, like metakaolin and silica-fume), which lowers the porosity of the cement
stone. It was shown that the lower the porosity of the cement stone, the better the durability
performance of concrete (Nemes, Fenyvesi, 2013). Since cement is the most expensive
component of the concrete mixture and major ingredient of the concrete mixture, partial or
full replacement of it is considered as a sustainable solution toward enhancing the properties
of concrete, decreasing the environmental impact of cement production and will also
contribute to sustainable concrete (Abed, Nemes, 2017). Among of these typical SCMs, there
is metakaolin, which lowers the porosity of the cement stone. When some portion of cement is
replaced with metakaolin for manufacturing concrete, the compressive strength and durability
(water absorption, water tightness, air permeability, chloride ion migration, freeze/thaw
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resistance, damage by acidic solutions, abrasion resistance) of the concrete can be improved
(Siddique and Klaus, 2009 and Gruber et al., 2001).
Kaolinite clay (the raw material of metakaolin) can be locally available in large amounts in
many countries (Cassagnabère at al. 2010). Metakaolin thus also holds promise for use in
locations, where silica-fume cannot be produced. There are many researchers, who
investigated the effect of metakaolin on the properties of concrete. It was found, that the
optimal dosage of metakaolin as additive in high performance concrete is between 0 to 25%
by mass of cement (Zeníšek et al., 2017).
By using cement supplementary materials in the aggregate, small particles are introduced in
the mix, which strengthens the material and increases its durability as well (Borosnyói, 2016).
It was revealed that some new waste materials have the ability to improve various properties
of concrete, which make them a suitable alternative of the traditional SCMs (Nehme, 2015;
Abed, Nemes 2017).
As it was shown in the previous paper of present authors, a waste material that proved to be
advantageous is cellular concrete powder (CCP), which is the result of the cutting process of
cellular concrete bricks (Gyurkó, Szijártó, Nemes, 2017; Fenyvesi, Jankus, 2015). Another
solution, which can be applied to increase durability is the decrease of water to cement ratio
of the concrete mix).
2. PRELIMINARIES
Present paper is relies on a previous research of the authors (Gyurkó, Szijártó, Nemes, 2017),
where the effect of different waste materials was discussed on the durability of normal
strength concrete. Among those materials, the cellular concrete powder showed good
performance in both strength and durability as well. There CCP was added to the concrete
mix as an additive material with 10% amount compared to the cement in the mix. CCP
increased the compressive strength of the reference mix significantly (+37%) and based on a
freeze–thaw resistance test, the weight loss is decreased to the half. Present paper is dealing
with the comparison of CCP and metakaolin as supplementary materials. Among the different
kind of supplementary cementing materials (SCMs) the metakaolin was chosen, because it
activates more Portlandite for the pozzolanic reactions, than silica fume (Borosnyói, 2016).
However, the combined use of SCMs did not result in better performance neither in
compressive strength, nor in durability.
3. LABORATORY EXPERIMENTS
3.1 Concrete mix design
The concrete mix applied in this research was designed to have a relatively low resistance
against freezing. The aimed strength class was C25/30 in case of the reference mix, which is a
typically used concrete strength in the industry. The aggregate was normal quartz gravel with
the following distribution:
• 0/4 mm: 47% (936 kg/m3),
• 4/8 mm: 25% (498 kg/m3),
• and 8/16 mm: 28% (557 kg/m3).
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The maximum aggregate size was 16 mm. The applied cement was a CEM I 42.5 N type
cement (270 kg/m3), while the water to cement ratio was 0.57 in case of the reference mix. The
above described mix was used as the reference mix, in which a given amount of cement was
substituted by CCP or metakaolin in the other mixes. Finally, there were six different mixes:
•
•
•
•
•
•

Reference: reference mix, as it described above,
Y3: 3% of cement was substituted by CCP,
Y10: 10% of cement was substituted by CCP,
Y17: 17% of cement was substituted by CCP,
MK10: 10% of cement was substituted by metakaolin,
MK/Y 7/3: 10% of cement was substituted 7 % by metakaolin and 3% by CCP.

As it can be seen in the above list, in the present research it was intended to investigate the
effect of CCP with different proportions as well as the interaction of metakaolin with CCP. It
is important to mention that the aggregate size of the CCP is belonging to the 0/0.25 fraction,
while the metakaolin is to the 0/0.018 fraction.
From the above-described mixes, 100 mm and 150 mm edge length cubes were casted and
used during the laboratory experiments.
3.2 Test descriptions
The compressive strength of the mixes was determined at 28 days of age after wet curing of
the 150 mm edge length specimens. The uniaxial compressive strength test was preformed in
an Alpha 3-3000 S hydraulic press with 5 kN/s (static) loading rate. The test was also done on
samples, which were subjected to 50, 100 or 150 freezing cycles to determine their frost
resistance. This type of test is typically applied to determine the frost resistance of vertical
structures, like walls, pillars. The duration of a freezing cycle is 8 hours in a laboratory
freezer, where after 2 hours of cooling the samples are kept on -20 °C for another 2 hours,
then after 2 hours of melting they are kept in 20 °C (~ room temperature) for 2 hours. After
the given number of cycles, compressive strength test is applied on the samples and the
differences from the standard test results is observed.
Besides these the samples were subjected to freeze-thaw resistance test, which was performed
based on the recommendations of the CEN/TS 12390-9:2007 standard (CEN, 2009). The
samples were saw to half and on their sawn surface was the test performed. The other surfaces
of the specimen were isolated and then in 5 mm thickness a test liquid (in our case 3 m%
NaCl solution) was placed on the sawn surface. On the specimens in total 56 freeze-thaw
cycles were applied. The freezing cycle is similar to the one previously described, but here
every step lasts 6 hours instead of 2. After 7, 14, 28 and 56 cycles the samples were taken out
from the freezer and the scaled material from the tested surface was removed and weighed.
The higher amount of scaled material means lower resistance against freeze-thaw.
4. RESULTS AND DISCUSSION
4.1 Compressive strength test
As it can be seen in Fig. 1 the compressive strength of all mixes is higher, than the
compressive strength of the reference mix. By applying more and more percentage of CCP the
compressive strength is increasing until a given point (around 10%), after that it is decreasing.
Fig. 1 shows that even the 3% of CCP is increasing the compressive strength.
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At 10% of CCP content the strength increase was 34%. In the present research the maximum
applied amount of CCP was 17% and until that point the compressive strength of the mix with
CCP was higher than it was in case of the reference mix. It is important to see, that here the
cement is substituted by a waste material, which means a significant cost reduction (in case of
the higher dosages of CCP (10 and 17%)) without losing strength performance.
The highest increase was done by the 10% of metakaolin, which increased the compressive
strength of the concrete with 61%. As it can be seen it is almost the double of the strength increase
done by the 10% CCP, however it should be considered that CCP has no production cost because
it is fully a waste material. Thus, by applying CCP instead of metakaolin, the material cost of
concrete and the CO2 emission caused by the metakaolin production process can be decreased
(Szijártó, 2016). The mix that contained both CCP and metakaolin performed well, its value was
between the Y10 and MK10 mixes. It means that the two materials can be mixed.

Fig. 1: Average compressive strength of the different mixes
4.2 Frost resistance test
In the Easter-European countries the most hazardous durability failure mode is freezing of the
structures, therefore the specimens were subjected to the two most well-known freezing tests.
Tab 1. and Fig. 2. show the results of the frost resistance tests applied in our samples. In the
table the compressive strength of the samples after a given number of freezing cycles is
shown. In the figure the compressive strength of the concrete before freezing (indicated by 0
number of cycles) and after 150 cycles of freezing can be seen. It is shown that how large
strength drop was caused by the freezing cycles.
Tab. 1: Compressive strength before and after a given number of freezing cycles
Number
of cycles
0
50
100
150

R
35.1
32.8
32.8
25.0

Compressive strength [N/mm2]
Y3
Y10
Y17
MK10
40.0
47.0
36.6
58.6
33.3
39.9
33.4
45.6
34.9
41.3
33.0
40.1
32.3
35.6
18.6
35.0

MK/Y 7/3
51.4
43.7
42.3
43.0
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Fig. 2: Compressive strength before freezing and after 150 freeze cycles
In Fig. 2 it can be seen that the best performances were done by the mix with 3% of CCP and
the mix, where the metakaolin and the CCP were combined. In case of those two mixes the
strength drop (the difference between the value belonging 0 and 150 freezing cycles) was the
lowest. The figure shows that the compressive strength (after 150 cycles) of the mix with 3%
of CCP was almost equal to the mix with 10% of CCP. It can be seen as well, that by applying
too much of CCP (Y17) the strength drop can be even higher, than it was in case of the
reference mix. After the freezing cycles the MK10 mix showed a significant strength drop and
it can be seen that the mix with 10% of CCP performed slightly better, which indicates that
metakaolin can be substituted by CCP.
4.3 Freeze-thaw test
The deterioration of the concrete surface was determined by freeze-thaw test and the weight
loss of the material was measured. Fig. 3 shows the results, where it can be seen that the
reference mix had the highest amount of scaled material, while the mix with 3% of CCP and
the mix, where the metakaolin and the CCP were combined, have the least. In case of this
test all the mixes performed better, than the reference mix, as it was planned at the mix
design phase. The worst performance, among the mixes with supplementary material, was
achieved by the mix with 17% of CCP. The mix with 10% of metakaolin and with 10% of
CCP were between the previously mentined mixes. By comparing these two mixes with
10% of supplementary material, it can be seen that the CCP performed better, than the
metakaolin in this test too.
Despite of the decrease of the scaled material non of the mixes reached the limits of the XF2
environmental class (max 2000 g/m2), but this was not expected from a C25/30 strength
class concrete. It would be also useful to see the effect of CCP for a higher strength
concrete with higher cement content as well.
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Fig. 3: Weight loss of the samples after 56 freeze-thaw cycles
5. CONCLUSIONS
In a previous study it was shown, that cellular concrete powder (CCP) as an additive can have a
positive effect on both compressive strength and durability as well. Present study introduced the
application of CCP as a supplementary material (a given amount of cement was substituted by
waste material), aiming to increase the durability of normal strength concrete. Compared to the
other possibilities the application of a waste material can significantly decrease the cost of a
concrete mix. Three different mixes containing CCP, one containing metakaolin, one with both
CCP and metakaolin and a reference mix were casted. The reference mix was designed to have
low frost resistance. The specimens were subjected to compressive strength test, frost test and
freeze-thaw test and the effect of the additives was observed.
Based on the results, it can be seen that a given amount of CCP can increase the strength and
durability of concrete as well (~10%), however too much of it can cause detrimental effects,
especially in compressive strength (~17%). It was also shown, that the correct amount of CCP
can have a better performance, than the metakaolin has on the durability of concrete, despite
that metakaolin increases the compressive strength more, than CCP. However, it is also
important to see that CCP is completely a waste material without any need of production and
preparation, which means a significant decrease in cost and in CO2 emission as well.
The results indicate that the combination of the two investigated supplementary material can
be advantageous for many applications. The combined mix performed well on the durability
tests and it increased significantly the compressive strength. It was not as advantageous in the
freeze-thaw test as the mix with 3% of CCP and it did not increased the compressive strength
as the 10% of metakaolin, however it had the best performance on the frost resistance test.
Lastly, it can be proved that the correct amount of CCP or the combination of CCP and
metakaolin can increase both the strength and the durability of normal concrete, without
highly influencing the cost of the material.
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6. FUTURE STUDIES
As a continuation of the present research, authors are intending to widen the investigations for
concretes with higher cement amount and with different types of cement. Presented studies
dealt with concrete mixes, which were less than 60 days old. Thus the authors are intending to
investigate samples, which were stored for longer time.
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SUMMARY
The use of small amounts of recycled concrete aggregates (RCAs) is frequently asked in the
precast industry in many European countries to enhance the sustainability of the products. The
early age and time-dependent properties of concrete with RCAs, often called recycled
aggregate concrete (RAC), are of crucial importance to examine the feasibility of the
utilisation of RCAs in precast concrete components. This paper provides a study on the
mechanical properties of RAC at early ages, including the compressive strength, the splitting
tensile strength and the modulus of elasticity, based on available data in literature and recent
test results by the authors. The developments of the mechanical properties of RAC with time
are studied. The suitability of the equations given in EN 1992-1-1:2004 (which are developed
for conventional concrete) for RAC is also examined.
1. INTRODUCTION
The protection of natural resources and sustainable development play an essential role in the
modern requirement of construction works. The use of recycled concrete aggregates (RCAs)
has increased due to extensive research and the regulations, which allow the use of more
and more RCAs. A large amount of studies has reduced the uncertainty related to the
performance of concrete with RCAs, which is often called recycled aggregate concrete
(RAC). Many researches have shown that the use of RCAs in non-structural concrete is both
technically feasible and economically viable. However, more research is required for new
and high-grade applications of RCAs and RAC.
One promising application of RCAs is in precast/prestressed concrete. Precast
manufacturers and clients are frequently asking about the improvements of the carbon
footprint of building products, as sustainability is an important issue in today’s construction
projects. Sustainable materials and waste management are the key to reduce the carbon
footprint of constructions.
Systematic research on the use of RCAs is necessary to determine the viability of this
material in precast concrete. Precast concrete requires different and generally stricter quality
control in comparison with on-site cast concrete. To examine the feasibility of using RCAs
in precast concrete, information about the time-dependent material properties of RAC at
early ages is needed. This paper presents a study on the development of the strength and
stiffness of RAC in the period between 1 to 28 days. The effect of RCAs on the strength and
stiffness gain of concrete is investigated. In addition, the suitability of the code equations
given in EN 1992-1-1:2004 (which are developed for concrete with natural aggregates) for
RAC is examined.

12th Central European Congress on Concrete Engineering 2017 Tokaj • TAILORED PROPERTIES OF CONCRETE
– 188 –

2. EARLY-AGE PROPERTIES
There is no widely accepted definition on the early-age period for concrete. It depends mostly
on the investigated property. In other words, the time required to achieve a certain level of a
desired property is perceived as the early age (Nehdi and Soliman, 2011). For the use of
concrete in precast components, the development of the compressive strength, tensile strength
and elastic modulus with time is very important for the quality insurance and the safety of the
precast products.
Compressive strength
The compressive strength of concrete generally increases with time. In the early age (prior to
28 days), the strength gain is rapid. This gain is depended by different factors such as the
cement type and curing condition as well as the water-cement ratio, air entrainment,
aggregate, admixtures, etc. Many experiments have been carried out on the influence of the
RCAs on the compressive strength (Silva et al., 2014). It was found that the replacement
percentage and the quality of the RCAs can have an important influence on the compressive
strength of concrete. However, most of the studies are often based on the compressive
strength at an age of 28 days.

Fig. 1: Compressive strength development of RAC
Fig. 1 shows some test data on the development of the compressive strength of concrete
with RCAs. These include the test results reported by Brandes and Kurama (2016) and the
recent data by the authors of this paper. In the experiments of Brandes and Kurama (2016),
the used cement was type III cement according to ASTM, which is high early strength
cement. The natural coarse aggregates were completely replaced with RCAs, which had a
water absorption of 8.16%. In the tests by the authors, CEM I 52.5 R cement according to
European Standards was used. The RCAs had a water absorption of 4.4%, which replace
10% (RAC1) and 20% (RAC2) of the natural coarse aggregates by volume. The two groups
of test data were selected since both tests used rapid hardening cement, which is commonly
used in the precast industry in Flanders.
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It can be seen from the figure that the concretes with RCA exhibit a rapid concrete gain in
the early age, especially prior to 7 days, irrespective of the RCA replacement percentage.
After that, the rate of the strength gain decreases. This is, in fact, in consistent with the
compressive strength development of conventional concrete, that is, natural aggregate
concrete (NAC). The difference between the strength developments of the two groups of
test data is due to the difference in the used cement, the quantity and quality of the RCAs
and water reducing admixtures.
In EN 1992-1-1:2004, the following equation (1) is recommended to predict the
compressive strength of natural aggregate concrete (NAC) at various ages.

(1)

where: fcm(t)
fcm
βcc(t)
t
s

compressive strength of concrete at time t
compressive strength of concrete at 28 days
is a coefficient which depends on the age of the concrete t
is the age of the concrete in days
is a coefficient, which depends on the type of cement.

Fig. 1 shows a comparison of the predictions of equation (1) (with s = 0.20 for rapid
hardening cement) with the test data. It can be seen the equation (1) yields somewhat
underestimations of the strength development of the RACs prior to 7 days. More data is
required to develop a more accurate equation to estimate the compressive strength
development of concrete with RCAs.
The 7 day compressive strength of concrete is an important parameter to check the quality
of the concrete in the construction site. Due to this reason, many tests on the 7 day
compressive strength of RAC were carried out in literature. In Tab. 1, some test data are
presented. In this table, results on both specimens with normal hardening cement and rapid
hardening cement are included. Compared to NAC, the fcm(7)/fcm ratio for RAC is slightly
smaller, indicating a slightly slower development of the compressive strength of RAC. This
might be due to a later reaction of unhydrated cement of the adhered mortar present on the
surface of RCAs and/or retarded absorption of water by RCAs (Manzi et al., 2013).
However, the difference between the strength development of RAC and NAC is rather
small.
Tensile strength
Knowledge about the early age tensile strength of concrete is needed to assess the early-age
loading and cracking in concrete, which can affect the strength and stiffness of the structure.
There are different methods to test the tensile strength of concrete: uniaxial tensile strength,
splitting strength and flexural tests. The use of RCAs can influence of the tensile behaviour of
concrete (Silva et al., 2015), especially the flexural strength of concrete since RCAs normally
have an angular shape, which leads to a higher flexural strength than natural coarse
aggregates.
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Tab. 1: fcm(7)/fcm of RAC
Reference

Replacement
ratio

Cement
Type

Curing
condition

[%]
Brandes and
Kurama
(2016)
Own
experiments
(2017)
Rahal (2007)

Gonzales and
Etxeberria
(2014)
Adnan et al.
(2007)
Santos et al.
(2002)
Schoppe
(2011)

0
100
0
10
20
0
100
0
100
0
20
50
100
0
25
50
75
100
0
100
100
0
50

Rapid
hardening

un-known

Rapid
hardening

20°C
95% RH

Rapid
hardening

un-known

Rapid
hardening

18-23°C
95% RH

Normal
hardening

un-known

Normal
hardening

Moisture
cured

Normal
hardening

23°C
52% RH

WA24
RCAs

fcm(7)

fcm

[%]

[MPa]

[MPa]

8.16
4.4
4.4
-

unknown

f cm (7)
f cm
0.90
0.89

70.47
68.00
68.08
21.2
18.9
32.5

76.67
75.46
73.87
32.3
30.7
46.0

0.92
0.90
0.92
0.66
0.62
0.71

5.91
5.91
5.91
3.34
3.34
3.34
3.34
4.9
5.5

26.5
91.19
91.73
84.39
79.88
34.4
29.9
27.1
23.2
21.8
25
21
19.5

39.4
102.09
104.28
96.84
91.23
56.6
44.2
43.2
32.1
38.1
37
32
30.5

0.67
0.89
0.88
0.87
0.88
0.61
0.68
0.63
0.72
0.57
0.68
0.66
0.64

-

37.1

42.8

0.87

4.9

31.8

39.3

0.81

3.47
3.47

In Fig. 2, the test data for the relative tensile strength development of RAC in two studies are
presented. The data are from the tests of Adjukiewicz and Kliszczewicz (2002) and recent
tests of the authors of this paper. In the former, a rapid hardening cement PC30 was used and
the natural coarse aggregates were completely replaced by RCAs; while in the latter, a CEM I
52.5 R cement was used and the RCAs replaced 10% (RAC1) and 20% (RAC2) of the natural
coarse aggregates, as mentioned in section 2.1. Both groups of data are derived from splitting
tensile tests. It can be seen from the figure that the tensile (splitting) strength of the RACs
increases with time, similar to the compressive strength, as shown in Fig. 1. This is also in
consistent with NAC. In addition, the data from the two tests are fairly comparable.
In EN 1992-1-1:2004, the following equation (2) is utilised to describe the time dependent
tensile strength of NAC.
(2)
where: fct, sp(t)
fct,sp
βcc(t)
t, s
a

splitting tensile strength of concrete at time t
splitting tensile strength of concrete at 28 days
is defined in equation (1)
are defined in equation (1)
is a coefficient; a = 1 for t < 28 days
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Fig. 2: Development of tensile (splitting) strength of RAC
A comparison of the predictions of equation (2) (with a = 1, s = 0.20) is also illustrated in
Fig. 2. It is evident from the figure that the predictions are in good agreement with the test
data. The largest difference between the predicted and test data is the tensile strength at
1 day. The equation gives a slight underestimation of this value.
Modulus of elasticity

The modulus of elasticity indicates the concrete’s capability to deform elastically. It is
obtained from the stress-strain curve at a certain stress level relative to the ultimate strength
(Mang et al., 2005). The use of RCAs results in a more pronounced influence on the modulus
of elasticity of concrete, in comparison to the compressive and tensile strength. The test data
indicated that a 5% to 20% decrease of the 28 day modulus of elasticity of concrete when the
RCAs replaced up to 50% of the natural coarse aggregates (Boehme and Joseph, 2016;
Gonzalez and Etxeberria, 2014; Kou et al., 2012).
Laboratory tests on the modulus of elasticity of RAC at various ages are very limited in the
literature. In Fig. 3, the test data by Brandes and Kurama (2016) as well as that by the authors
of this paper are illustrated. Some details of the tests, such as the cement type and the
information of the RCAs are given in Section 2.1.
It can be seen from the figure that the data from the two tests show quite consistent trend,
that is, the modulus of elasticity of RAC increases with time. There are some small
discrepancies in the test data between the two sources. This is caused by the different
quantity and quality of the RCAs.
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Fig. 3: Development of modulus of elasticity of RAC
The following equation, i.e., equation (3) is used in EN 1992-1-1:2004 for estimating the
development of the modulus of elasticity of NAC with time.
(3)
Where: Ec(t)
Ecm
βcc(t)
t, s

elastic modulus of concrete at time t
elastic modulus of concrete at 28 days
is defined in equation (1)
are defined in equation (1)

The predictions of equation (3) are also presented in Fig. 3. It can be observed from the figure
that the predictions are in fairly good agreement with the test data. However, due to the
limited test data, it is difficult to quantify clearly the influence of the quantity and quality of
the RCAs on the development of the modulus of elasticity of concrete in the early ages.
3. CONCLUSIONS AND REMARKS

This paper presents a study on the compressive strength, tensile strength and modulus of
elasticity of RAC at early ages. Based on discussions of the test data in the literature and that
of recent tests by the authors, the following conclusions can be drawn:
(1) The compressive strength, tensile (splitting) strength and elastic modulus of RAC at early
ages increase with the curing time. The increase rate of the mechanical properties is larger
in the first 7 days in comparison to that after 7 days;
(2) The equations in EN 1992-1-1:2004 for the time-dependent compressive strength, tensile
(splitting) strength and modulus of elasticity of NAC, can generally provide a satisfactory
description of the properties of RAC at early ages;
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(3) Due to the limited test data, it is not yet possible to accurately investigate the effect of the
quantity and quality of RCAs on the strength and modulus of elasticity developments of
concrete. More test data are obviously required;
(4) In addition to the strength and modulus of elasticity, knowledge about the shrinkage and
creep behaviour of RAC at early ages is also required to examine the feasibility of the use
of RCAs in precast concrete.
4. LIST OF NOTATIONS

NAC
RCA
RAC
WA24

Natural aggregate concrete
Recycled concrete aggregates
Recycled aggregate concrete
Water absorption of the aggregates after 24h submersion
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SUMMARY
The hydrophobic behaviour of CNTs is a main challenge to the incorporation on cement
composites. In this paper, MWCNTs at proportion of 0%, 0.05% and 0.10% of cement weigh,
without any surface treatment, were mixed in a non-aqueous isopropanol media and
unhydrated Portland cement and were sonificated during 2 hours. After that, the isopropanol
was evaporated, water was added to the mixture of cement and CNTs, and pastes were
prepared and moulded. Completed 28 days, the cement pastes were tested by the compression
and splitting tensile strengths method. Results indicated a better performance of cement
nanocomposites. Incorporation of 0.05% of CNTs achieved gains of approximately 50% in
both compressive and splitting tensile strengths. The results suggests a reinforcement due to
the presence of CNTs and/or the nanomaterial acted as nucleation sites for cement hydration
product formation leading to a matrix densification.
1. INTRODUCTION
Carbon nanotubes (CNTs) are hollow tubular channels, formed by graphene laminated sheets.
They can be classified as single-walled (SWCNTs) when they have a simple cylindrical layer
of graphene or as multiple-walled (MWCNTs) formed by the joining of two or more single
cylindrical layers.
Due to the extraordinary properties, as a high tensile strength, the incorporation of the CNTs
in civil construction materials has been studied. Recent research has shown that the
incorporation of this nanomaterial allows improvements in the mechanical properties of
cementitious compounds (REFs). However, the hydrophobic nature of CNTs makes the
dispersion a challenge to the cement pastes production. CNTs tend to agglomerate and form
granules in presence of water, and those clusters contribute to weaken the cement pastes
mechanical properties. A good dispersion is crucial for the improvement of cement
composites mechanical strength.
According to (MELO et al., 2011) there is an optimal range for the incorporation of CNTs in
Portland cement particles. For a given dispersion technique there is an optimum CNT content
and the excess of nanomaterial lead to granules formation that compromise the mechanical
performance and durability of cement pastes. All optimal CNT contents in cement paste or
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mortar composites found in the literature were in the order of 0.01-0.5% in mass with respect
to cement weight (REFs).
The CNTs can be surface-treated to achieve a better dispersion, resulting in an increase of the
dispersive properties. According to FILHO and FAGAN (2007) there is a treatment through
noncovalent and covalent interactions, the so-called functionalization. The noncovalent
interactions are weak bonds with CNTs, conversely, the covalent interactions are strong and
can cause modifications in the CNTs properties. Non-covalent functionalization of CNTs can
be achieved by the use of surfactants such as concrete admixtures (COLLINS et al., 2012).
However, the amount of surfactant necessary to achieve a good dispersion of CNTs has
negative effects on cement hydration which limits the quantity of CNTs to be incorporated in
cement matrixes (LIU et al., 2007). On the other side, the most common covalent
functionalization involves the use of strong acids in processes that are not suitable for large
scale production that is needed for the application in cement based materials (YU et al.,
2007).
According to PAULA et al. (2014), researchers have studied two methods of dispersion
currently. The first one involves a previous dispersion in sonicating surfactant, allowing
covalent interaction between the materials. The other method is an attempt to spread the
CNTs in the cement or other grain particles. There are two known methods for this dispersion:
or by the in situ synthesis of the CNTs on ground Portland cement clinker particles (LUDVIG
et al. 2011) or by suspending the CNTs in a non-aqueous medium, to avoid hydration of the
cement, also with ultrasonic frequencies (MAKAR and CHAN, 2009).
The in-situ synthesis on clinker produces lower quality nanotubes, but can be easily upgraded
to industrial scale. The addition of this nanostructured clinker resulted in similar effects on the
rheology of fresh paste (PAULA et al., 2014), on the mechanical behaviour (LUDVIG et al.,
2011), and on the microstructure (LUDVIG et al., 2017) as the addition of high quality CNTs.
The research published by MAKAR and CHAN (2009), using images obtained from a high
resolution electron microscope, indicated good dispersion of SWCNTs on Portland cement
grains, after 2 hours sonication in non-aqueous isopropanol media. The authors also observed
that the dispersed CNTs in the cement matrix act as nucleation sites for calcium silicate
hydrate (C-S-H) formation, which is responsible for the strength and durability of cement
pastes, suggesting a good interaction between the C-S-H and CNTs.
Currently, there is no accepted method able to quantify the dispersion of carbon nanotubes in
the cement matrix. An indirect method adopted by some researchers is the analysis of the
mechanical behaviour of cementitious composites. Considering this information and the
results obtained by (MAKAR and CHAN, 2009), the present paper aims to evaluate the
mechanical performance of cement pastes with 0%, 0.05% and 0.10% of non-functionalized
MWCNTs in a non-aqueous isopropanol media and sonification for 2 hours.
2. MATERIALS AND METHODS
2.1. Materials
The nanotubes used were multi-walled type (MWCNTs), with estimated tube lengths between
5 μm and 30 μm, 99% of external diameter between 10 nm and 50 nm, and purity greater than
93%. CNTs were produced in the Nanomaterials Laboratory of the Physics Department of the
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Federal University of Minas Gerais (UFMG). Brazilian Type CP-V Portland cement,
produced by Holcim, was used because of the low percentage of mineral additions. The
isopropanol used was absolute grade of EMFAL brand.
2.2. CNTs dispersion
The dispersion process began with the mix of CNTs and approximately 30 ml of isopropanol.
The mixture was shaken and sonicated on ultrasonic apparatus with 42 Hz frequency during
30 minutes. In sequence, 300 grams of cement was added with further isopropanol
(approximately 200 ml). The suspension was mechanically shaken at 500 rpm and sonicated
for additional 2 hours. Fig. 1 illustrates this process.

Fig. 1: Mixture of cement, CNTs and isopropanol in the ultrasonic bath being
mechanically agitated
After 24 hours, the isopropanol was completely evaporated, and the dry mixture of cement
and CNTs were used for cement paste preparation.
2.3. Cement Paste Preparation
The cement paste was prepared in a mortar blender, as described in the Brazilian National
Standard for the determination of consistency of cement pastes (ABNT NBR NM 43: 2003).
First the mixing water was placed in the batch, the CNTs dispersed on cement particles
together with the remaining cement were added subsequently. Tab. 1 describes the proportion
of materials used for the production of pastes with and without CNTs dispersed on unhydrated
Portland cement particles. Three cement paste types were mixed with water cement ratio of
0.33. The first paste was the reference, using only cement and water (0% of CNTs). The
second, in addition to cement and water, contained a proportion of 0.05% carbon nanotubes
with respect to cement weight. The third type incorporated 0.10% of carbon nanotubes.

12th Central European Congress on Concrete Engineering 2017 Tokaj • TAILORED PROPERTIES OF CONCRETE
– 198 –

Tab. 1: Proportions of materials used to prepare cement pastes with CNTs dispersed on
cement particles
Weight
Identification
Materials
Composition (g)
CP-V Cement
3.000,00
REF-ISO-P
Water
990
CP-V Cement
3.000,00
0.05%-ISO-P
Water
990
CNTs
1,5
CP-V Cement
3.000,00
0.10%-ISO-P
Water
990
CNTs
3
Following the paste preparation, prismatic specimen with 5 cm of diameter and 10 cm height
were moulded and vibrated on a vibrating table for 1 minute. The moulds were demoulded
after 24 hours and bathed in a tank of lime saturated water until reaching the age of 28 days.
For each type, 8 cylindrical specimens were moulded: 4 for compressive strength test and 4
for splitting tensile strength test.
2.4. Compressive strength test and splitting tensile strength test
After 28 days, the test specimens’ surfaces were regularized for uniform stress distribution in
compressive strength test. After that, they were measured and tested on a universal EMIC
brand test equipment with load cell of 300 kN for compressive strength test and 20 kN for
splitting tensile strength test. The load increment was 0.20 MPa/sec and 1mm/min
respectively. Fig. 2 a) and Fig. 2 b) illustrate the compressive strength test and splitting tensile
strength test setups, respectively.

a)
b)
Fig. 2: a) compressive strength test setup; b) splitting tensile strength test using an apparatus
specially developed for the test
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The results of compressive strength test and splitting tensile strength test were obtained by the
followed equations:

fc =

F
π r2

(1)

fc = compressive strength (MPa);
F = maximum load applied (N);
r = test piece average radius (mm);
ft =

2F
πdh

(2)

ft = splitting tensile strength (MPa);
F = maximum load applied (N);
d = test piece diameter (mm);
h = test piece height (mm).
For analysis, the one with the higher deviation among the 4 results of the same paste was
discarded and the mean value of the remaining 3 results was considered.
3. RESULTS AND ANALYSIS

The dispersion process of CNTs on the cement particles surface using isopropanol resulted in
visually homogenous dispersion. While in suspension, the CNTs were apparently well
dispersed, without formation of clumps.
During the paste preparation no significant effect of the CNT addition on paste workability
was noticed.
Tab. 2, Fig. 3 and Fig. 4 describe the results obtained in the compressive and splitting tensile
strength tests.
Tab. 2: Results obtained in the compressive and splitting tensile strength tests
Compressive strength
Splitting tensile strength
Average Standard Strength Average Standard Strength
Identification strength deviation
gain
strength deviation
gain
(MPa)
(MPa)
(MPa)
(MPa)
REF - ISO - P
38.24
6.84
2.13
0.18
0,05 - ISO - P
55.44
9.27
45%
3.17
0.47
49%
0,10 - ISO - P
51.74
5.91
35%
2.55
0.09
20%
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Fig. 3: Compressive strength test results

Fig.4: Splitting tensile strength test results
The presence of CNTs at the cement composites in both concentrations resulted in a better
performance, when compared to the reference paste. 0.05-ISO-P paste had 45% higher
compressive and 49% higher tensile strength than the reference. At the same time the gains
for the 0.10-ISO-P paste were 35% and 20%, respectively. For an addition of 0.05% CNTs,
however, the gain was greater than 0.10% in both compressive and splitting tensile tests.
A difference between the relation of gain in compressive and tensile strength was also
observed. For 0.05-ISO-P paste the gain in tensile strength was slightly higher (49%) than in
compressive strength (45%), meanwhile for 0.10% CNT content the relation was the opposite:
higher compressive strength gain (35%) than tensile (20%). This phenomenon may be
explained by the CNTs working more like fibre reinforcement when used in smaller content.
The higher gain in compressive strength for the 0.10-ISO-P paste indicates that the CNTs in
this case have less fibre reinforcement effect, acting rather as nucleation sites for cement
hydration products.
These results may also indicate the existence of a dispersion limit of CNTs by this
methodology between 0.05 and 0.10% pf CNT content. Despite the visually good results
using isopropanol, the dispersion of contents higher than 0.05% was less effective, which may
have caused the agglomeration of CNTs and worse strength performance.
4. CONCLUSIONS

A method for the production of cement pastes based on the previous dispersion of CNTs on
cement particles was presented in this work. A visually good dispersion was achieved without
using any surfactant, nor was covalent functionalization of the nanotubes performed.
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The described dispersion method allowed the incorporation of MWCNTs in cement matrix, at
0.05% and 0.10% proportion. The addition of CNTs resulted in improvement of the cement
pastes’ mechanical strength properties. Gains of up to 45% in compressive strength and up to
49% in splitting tensile strength were observed in the case of 0.05% CNT content. For higher
CNT addition the gains were lower, but still had better behaviour than the reference paste
without nanotubes.
The better performance of 0.05% than 0.10% CNTs incorporation may indicate a possible
accumulation of nanomaterial at sites of cement hydration nucleation, compromising the good
reaction. This fact corroborates the hypothesis that there is an optimal range for the
incorporation of CNTs, and for the present method the ideal range is close to the 0.05% ratio.
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ESTIMATION OF MODULUS OF ELASTICITY OF CONCRETE ON
GRANITE
AGGREGATE
WITH
THE
CONSIDERATION
OF MECHANICAL PARAMETERS OF AGGREGATE
P. Łaziński, J. Krząkała
Silesian University of Technology, Gliwice, Poland
SUMMARY
The modulus of elasticity of concrete with the known geometry of the concrete bridge
significantly influences the stiffness, i.e. values of deformation and erection lifts. Nowadays,
recipes of concrete mixtures in bridge construction more and more often contain granite
aggregate, which is characterized by large differences in mechanical properties depending on
the origin. Consequently, the modulus of elasticity of concrete may vary by up to 20% due to
mechanical properties of the granite rock. Eurocodes exclude granite aggregates for
estimation of the modulus of elasticity of concrete. The article proposes the value of the
coefficient on the example of analysis of granite aggregates from different mines and the
results from load tests.
1. INTRODUCTION
In the identification of stiffness of concrete bridge spans, it is necessary to properly determine
the modulus of elasticity of concrete. Its value depends on the type of aggregate and age of
concrete. The elastic deformation of concrete according to the standard PN-EN 1992-1:2008
may vary by up to 50% for the same concrete strength. This is due to large dispersion of
mechanical properties of aggregates.
Different values of mechanical properties of concretes are assumed throughout the design,
construction and operation phases. In the design phase, the value of modulus of elasticity is
taken from PN-EN 1992-1:2008 based on the adopted concrete class and type of aggregate.
The standard allows the reduction of modulus by 30% for sandstone aggregate and the
increase by 20% for basalt aggregate. At the same time, it does not take into account the
values of modulus of granite aggregate. In paper (Seruga, 2012) authors propose to reduce the
elastic modulus of concrete by 20% for granite aggregate. At this stage, designers initially
specify the value of modulus of elasticity.
During the construction phase, the contractor knows the characteristics of the approved
concrete mixture. With the given composition, the relationship σ-ε is determined in concrete
strength tests. Not often the contractor knows the value of modulus of elasticity of concrete
from the conducted tests. This is due to the need to conduct such tests in the research
laboratory. In practice, the value of the modulus of elasticity of concrete is determined using
the formulas given in various standards and publications. The calculated modulus may not be
correct due to the mechanical properties of the aggregate depending on its origin. At this
stage, the assumed value of the modulus results in proper prestressing of the concrete, proper
calculation of erection lifts and the correct determination of the vertical alignment on the
bridge.
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The operation phase is preceded by the load test of the bridge. These tests, through
displacement and deformation measurements, allow to assess the real characteristics of the
bridge and verify the computational model. This makes it possible to determine the final
modulus of elasticity in the verified computational model and to use it in the decision-making
process during the operation. The author discussed this problem in detail in the paper
(Łaziński, 2009).
The paper presents the comparative analyses of two concrete mixtures, in which granite
aggregates from mines in Strzelin and Rogoźnica were used. The obtained during load tests
stiffnesses confirmed the lower modulus of elasticity of concretes in relation to standard
values and differences in mechanical properties of granite aggregates in Poland.
The results from load tests carried out by an accredited laboratory from the Silesian
University of Technology in Gliwice (Report, 2015) were used in the analysis.
2. ANALYSIS OF LOAD TEST RESULTS
The analysis of results from load tests was conducted for two bridges on A2 motorway on
section Stryków - Tuszyn. The bridge WD-247 is a four-span, continuous, prestressed
structure made of B45 (C35/45) concrete. The theoretical spans are 18.5+2×28.0+18.5=93.0
m. The cross-section consists of two trapezoidal girders with an axial spacing of 5.90 m,
connected by a 0.27 m thick reinforced concrete slab and clear distance between girders equal
to 4.13 m. The girders are 1.40 m (at the bottom) and 1.40 m high. The cantilevers on both
sides are 1.65 m long with a thickness ranging from 0.35 m to 0.21 m at ends (Fig. 1, Fig. 3).
The bridge WD-267 is a two-span, continuous, prestressed structure made of B50 (C40/50)
concrete. The theoretical spans are 37.5+37.5=75.0 m. The cross-section consists of two
trapezoidal girders with an axial spacing of 5.03 m, connected by a 0.25 m thick reinforced
concrete slab and clear distance between girders equal to 3.35 m. The girders are 1.20 m wide
(at the bottom) and 1.70 m high. The cantilevers on both sides are 1.31 m long with a
thickness ranging from 0.35 m to 0.18 m at ends. (Fig. 2, Fig. 3).
18,5m

28,0m

28,0m

18,5m

Fig. 1: Static scheme and view on bridge WD-247 (A1 motorway; section Stryków - Tuszyn)
37,5m

37,5m

Fig. 2: Static scheme and view on bridge WD-267 (A1 motorway; section Stryków-Tuszyn)
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Fig. 3: Cross-sections of bridges: WD-247 (left side) and WD-267 (right side)
Load tests of both bridges were conducted in accordance with uniform procedures. Bridges
were modeled as flat bar-panel structures (e1+2;p2). The material includes standard values of
modulus of elasticity of concrete equal to 37.8 GPa (bridge WD-247) and 39.0 GPa (bridge
WD-267). The load test of bridge WD-247 was conducted on 03.11.2015 after 217 days from
concreting of the deck and load test of WD-267 was conducted on 01.10.2015 after 125 days
from concreting.
The asymmetrical span schemes realized for both bridges allowed to verify the flexural and
torsional stiffness of concrete girder-slab structures. The measured deflections were compared
with deflections calculated theoretically. The deflections of girders are shown in (Fig. 4). In
addition, (Fig. 5) presents elastic deflections and deflections calculated theoretically for both
bridges.

Fig. 4: The deflections of girders for bridge WD247 (left side) and bridge WD267 (right side)

Fig. 5: The comparison of elastic deflections with deflections calculated theoretically
for both bridges
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The average deflections of tested spans were equal to 74% for bridge WD-247 and 105% for
bridge WD-267. Such large differences in stiffness of spans in relation to theoretical stiffness
indicate the significant influence of mechanical properties of granite aggregates. The causes
of underestimated values of the modulus of elasticity of concrete were explained using the
analysis of the composition of concrete mixtures and concrete strength tests after 28 days of
curing.
3. ANALYSIS OF THE COMPOSITION OF CONCRETE MIXTURES
The recipes of both concrete mixtures were prepared in accordance with the PN-EN 206:2013
The basic parameters of mixtures are summarized in (Tab. 1). Portland cement of the same
class, low alkali, sulfate resistant, in the amount that meets the requirements for exposure
class XF4 (C≥340 kg/m3) was used. The same fine aggregate content (sand of 0-2 mm
fraction) in the cubic meter of the mixture was assumed. Granite boulders with similar grain
curves were used as coarse aggregate. The total mass of coarse aggregate in 1 m3 was similar
and was equal to 1125 kg (49% of mass per m3) for bridge WD-247 and 1110 kg (48% of
mass per m3) for bridge WD-267. Water-cement ratios met the requirements for class XD3,
XF4 and XS3 (w/c≤0.45). The aeration admixture was used in both mixtures. The average air
content was 6.6% and 5.0% for WD-247 and WD-267, respectively. The composition of the
concrete mixture is shown in (Tab. 2).
Tab. 1: Basic parameters of concrete mixtures
Parameter

Producer
Strength class
W/c ratio
Dmax
Exposure class
Consistency

WD-247

WD-267

CEMEX Poland Ltd. -WBT Łódź
C35/45
0.41
16 mm
XC4, XD3, XF4
S3

P.P.M.B. Bosta Beton Ltd.
C40/50
0.40
16 mm
XC4, XD3, XF4, XS3, XA1, XM1
S3

Tab. 2: Composition of concrete mixtures
Parameter

Unit

WD-247

Fine aggregate - sand 0-2
Origin
Święcice
Amount in m3 of batch of concrete
kg/m3
640
Coarse aggregate - granite grit 2-8 and 8-16
Origin
Strzelin
Fraction 2-8 - amount in m3 of batch of concrete
kg/m3
445
Fraction 8-16 - amount in m3 of batch of
680
kg/m3
concrete
Water
Origin
Municipal waterworks
Amount in m3 of mixture
kg/m3
155
Cement
Type
CEM I 42,5 N-SR 3/NA
Producer
Cement Plant Chełm
Amount in m3 of mixture
kg/m3
375
Concrete admixtures
Plasticizer
Producer
% of mass of cement
%
Amount in m3 of mixture
kg/m3
Superplasticizer
Isoflow 755
Producer
CEMEX Admixtures GmbH
% of mass of cement
%
0.36*
Amount in m3 of mixture
kg/m3
1.35*
Aerator
Isosphere 62
Producer
CEMEX Admixtures GmbH
% of mass of cement
%
0.10*
Amount in m3 of mixture
kg/m3
0.38*
kg/m3
2297
Together

WD-267
Koluszki
640
Rogoźnica II
490
620
Municipal waterworks
160
CEM I 42,5 N-SR 3/NA
Cement Plant Warta
400
Plastiment BV 3 M
Sika AG
0.40
1.60
Viscocrete 3088
Sika AG
0.60
2.40
LPS V
Sika AG
0.20
0.80
2315
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Tab. 3 presents test results of hardened concrete The calculated characteristic strength allowed
to classify the concretes to strength class of C35/45 (WD-247, as assumed in the recipe) and
C45/55 (WD-267, class C40/50 - higher than assumed). Both absorbency and water tightness
were very similar. The relatively high average strength reduction achieved for concrete from
WD-267 in the frost-resistance test is worth attention.
In addition, a small mass increment, instead of, characteristic for this type of test, loss of mass
was recorded for every sample. This occurs when additional products swell in concrete due to
the presence of water or when the water fills the internal microcracks caused by shrinkage
stresses and disintegrating action of freezing water in concrete pores.
Tab. 3: Characteristics of hardened concretes
Characteristic

Compressive strength after 28 days

Average fcm
Characteristic fck

Corresponding fck concrete class
Mass water absorption
Penetration depth of water under pressure
Frost resistance F150
Average strength loss ΔR
Average weight loss ΔG

Unit

Standard

WD-247

WD-267

MPa
MPa
%
mm

PN-EN 12390-3
PN-88/B-06250
PN-EN 12390-8

54.0
49.4
C35/45
4.6
29

61.0
57.0
C45/55
4.5*
30*

%
%

PN-88/B-06250

6.3
0.0

13.0
-0.06

* Based on the data provided by the concrete producer

Coarse, granite, crushed-stoned aggregate was used in the production of concrete for bridges
WD-247 and WD-267. It came from two mines: Strzelin (WD-247) and Rogoźnica II (WD267). The locations of both mines are marked in Fig. 6. They are located in south-western
Poland in the Lower Silesian Voivodeship. The dashed line indicates the probable boundaries
of granite massifs. Rogoźnica is located in the area of Strzegom-Sobótka massif and Strzelin
in the area of Strzelin-Żulów massif. This is due to the differences in the properties of rocks
and aggregates from these regions.

Fig. 6: Location of granite mines and granite massifs in Lower Silesia.
Comparison of the physical characteristics of granite rocks exploited in mines Strzelin and
Rogoźnica II is shown in (Tab. 4). Information in the table were taken from MIDAS operated
by the Polish Geological Institute and several publications. Despite various origins, the
information are coherent and correspond to the relationships between rock properties
described in the paper (Kozłowski, 1986).
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Granite rocks from both mines are characterized by low absorption and belong to a group of
very heavy rocks. There is a distinct difference in mechanical characteristics of both rocks. The
granite from Strzelin exhibits greater resistance to abrasion tested in Deval drum and Boehm's
shield. The compressive and tensile strength as well as the modulus of elasticity of rock are
significant from the point of deformability of concrete with granite aggregate. According to
(Tab. 4), the tensile strength of granite from Strzelin is two times higher, which corresponds to
the results from load tests. Moreover, bridge WD-247 made of concrete from aggregate from
Strzelin had deflections lower by approx. 30% than the bridge WD-267, in which the aggregate
from Rogoźnica II was used. The paper (Ziętkowski, 2007) presents ranges of mechanical
characteristics of Polish granites. The compressive strength varies from 120 to 280 MPa and the
value of modulus of elasticity ranges from 26 to 70 GPa. The levels of these characteristics
obtained for granites from the area of Strzegom are therefore below the average.
Tab. 4: Characteristics of granite rocks
Characteristic

Unit
g/cm3
%
%
%
cm
MPa
MPa
GPa

Strzelin
Strzelin-Żulowa
2.64
0.40
0.985*
3.00
0.19
210÷217*
10.62÷10.73
44.8***

Rogoźnica II
Strzegom-Sobótka
2.61
0.48
0.98
4.80
0.33
149.7
3.65÷5.46
28.0****

Modulus of elasticity calculated in accordance with equation
(3) based on compressive strength

GPa

59.2

43.2

-

1.47÷3.86
(average 3.03)

0.96÷2.38
(average 2.38)

Mine
Massif
Bulk density
Water absorption by weight
Watertightness
Abrasiveness in Deval drum
Abrasiveness on Boehm's shield (dry)
Compressive strength in air-dry condition
Tensile strength**
Modulus of elasticity

Modulus of elasticity (in a comparative scale)**

WD-247

WD-267

* based on Parrott
** Based on information for Rogoźnica II obtained for Strzegom-Sobótka massif.
**** Based on the data for Graniczna quarry located in the Strzegom-Sobótka massif; (granites from Graniczna and Rogoźnica II
have similar mechanical properties)

The influence of the aggregate on the modulus of elasticity of concrete can be taken into
account by mechanical properties of aggregate and even rock from which it is made. Parrot
formulated the following relationship:
Ecm = 0.38 ⋅ Ea + 200 ⋅ f cm

(1)

where: Ecm [MPa], fcm [MPa], Ea is the modulus of elasticity of rock [MPa].
Arioglu modified the relationship:

Ecm = 0.7075 ⋅ Ea

0 ,838

+ 200 ⋅ f cm

(2)

where: Ecm [MPa], fcm [MPa], Ea is the modulus of elasticity of rock [MPa] in accordance with
the formula:

Ea = 0.41 ⋅ σ a

0.93

(3)

where: σa is the compressive strength of rock [MPa].
Gutierrez and Canovas presented another approach:

Ecm = 8.48 ⋅ α β ⋅ f cm

1/ 3

(4)
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where: Ecm [GPa], fcm [MPa], αβ is the coefficient determined from the formula:

α β = 0.1485 ⋅ Ea

(5)

where: Ea is the modulus of elasticity of rock [MPa].
Baalbaki, when mathematically analyzing numerous research results of the influence of
aggregate on the modulus of elasticity of concrete, developed the following equation:

E cm = −52 + 41.6 ⋅ log E a + 0.2 ⋅ f cm

(6)

where: Ecm [GPa], Ea [GPa], fcm [MPa].
The values of moduli for analyzed bridges were calculated based on the above equations describing
the influence of rock properties on the modulus of elasticity of concrete, The values of the
compressive strength of rocks and their moduli of elasticity, determined from the equation (3), were
used in calculations (Tab. 4). These relationships allowed to obtain the modulus of elasticity of
concrete for bridge WD-267 lower than for WD-247, which was not achieved by any of the methods
described above, including Eurocode 2. The influence of concrete age t was taken into account in the
results, which for WD-247 was 217 days, increasing the additional modulus by approx. 5%. In the
case of bridge WD-267, concrete was 125 days old, increasing the modulus by approx. 4%.

Fig. 7: The values of modulus of elasticity based on the relationships that take into account
the aggregate characteristics and age of concrete.

PN standard

Fig. 8: Range of values of relationship of elastic deflections to calculated deflections with
taking into account the mechanical properties of aggregate and age of concrete.
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Load tests confirmed the underestimated values of the secant moduli of elasticity in relation to
the standard values for granite aggregates. For bridge WD-247, the calculated secant modulus
of elasticity from four relationships was equal to an average of 33.8 GPa and was lower by
approx. 10% in relation to the standard value. In the case of bridge WD-267, the obtained
secant modulus of elasticity was equal to an average of 29.6 GPa, reducing the value of
modulus by approx. 24%. At the same time, tests revealed that granite aggregates are
characterized by a variety of mechanical characteristics, depending on their origin. When
using concretes with granite aggregate, the authors (Seruga, 2012) propose to introduce the
reduction factor of 0.8 in relation to the standard value. The conducted load tests of concrete
bridges confirm this relationship.
4. PROCEDURE FOR DETERMINING THE MODULUS OF ELASTICITY OF
CONCRETE
The algorithm was developed using the analysis of methods of determining the modulus of
elasticity of concrete and results described in the paper (Łaziński, 2009) (Fig. 9). It is an
instruction to determine the modulus depending on available information and possibilities to
conduct specific tests. The additional relationships described in PN-EN 1992-1:2008 were also
used as they give results close to the average of the described, particular groups of methods. The
Arioglu method was used in order to take into account the mechanical properties of aggregates.

Fig. 9: Scheme of determination of modulus of elasticity of concrete
on the example of WD 267
5. CONCLUSIONS
The modulus of elasticity of concrete with the known geometry of concrete bridge
significantly influences its stiffness, i.e. values of deformations or erection lifts. The currently
used concrete recipes in bridge engineering more and more often contain granite aggregate,
which is characterized by large differences depending on the origin. The conducted analyses
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of estimation of the modulus of elasticity of concretes with granite aggregate verified by the
load tests confirm the underestimation the value of modulus in relation to standard values. It
is generally advisable to individually determine this parameter within the conducted quality
control of the concrete. However, it should be noted that the test of the modulus of elasticity
of concrete is actually a one-axis compression test, whereas the concrete conditions of
concrete correspond to a complex state of stress in cooperation with the reinforcing steel.
In the absence of test results of the modulus of elasticity of concrete, a procedure for
determining its values was proposed. It assumes design situations when we adopt a given
class of concrete and those when we have the results of strength tests of concrete or
aggregates.
Based on the analyses conducted in this paper, it seems reasonable to take into account the
mechanical parameters of aggregate, especially in the analyses from which high accuracy is
expected. This, however, involved the need to carry out the strength tests of the aggregate
and, above all, the rock from which it was obtained.
In the absence of results of strength tests of aggregate, the generalization of its effect on the modulus
of elasticity of concrete only based on its type is the most accurate and predictable method of
estimation of this value. Therefore, the modulus of elasticity of concrete of granite aggregate should
be multiplied by a factor αE equal to 0.8 as proposed by the authors (Seruga, 2012).
The research works that allow the mathematical representation of mechanical properties of the
aggregate are reasonable, including the resistance to crushing or more common abrasion with
the use of Los Angeles drum, in relation to its deformability or directly to the modulus of
elasticity of concrete with a given aggregate. This would be significant due to the need to test
the aggregate, hence the producers would know the modulus of elasticity of concrete, which is
not the case for compressive strength or modulus of elasticity of rock.
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SUMMARY
The paper presents a comparison of the results of the tests of the effectiveness of corrosion
protection of reinforced concrete with the addition of calcareous fly ash. Tests were
conducted by two electrochemical methods. Results obtained by potentiostatic measurement
on reinforcement inserts deposited in cylindrical specimens in accordance with EN 480-14
standard were compared with studies investigating the progress of reinforcement corrosion
caused by chlorides in loaded and cracked test elements made of these concretes. Tests of the
cracked elements reflect the behaviour of reinforced concrete construction during operation in
adverse environmental conditions, classified as standard XD and XS exposure classes.
Comparison of the tests indicates the potential for potentiostatic measurement to be used to
current assessment of protective properties of concrete with mineral additives.
1. INTRODUCTION
Manage of solid fuel burning products - mostly hard coal and brown coal - is an important
economic and technical problem. One of the products of combustion are fly ashes, which
can be a useful mineral additive to concrete. Ashes that do not meet the standard criteria are
secondary materials but research is undertaken on the wider implementation of them for the
production of concrete. Replacing part of the cement in the concrete with fly ash requires
testing, including the degree of the reinforcement protection against corrosion provided by
concrete. Determination of these characteristics allows for predicting the durability of
reinforced concrete structures made from materials modified with coal combustion
products. The results of published studies are not directly comparable due to the different
types of ash used and the percentage of cement used as well as the different concrete
recipes, curing conditions, and the way the experiment is conducted. Most of the results
confirmed that the use of ashes in appropriate proportions does not impair the protective
properties of concrete to reinforcing steel (Ampadu K.O., Torii K., 2002; Saraswathy V.,
Muralidharan S., Thangavel K., Srinivasan S., 2003; Jiang L., Liu Z., Ye Y., 2004; Kayali
O., Zhu B., 2005; Pacewska B., Bukowska M., Wilińska I., Swat M., 2002) and improves
the tightness of concrete (Hossain K.M.A., Lachemi M., 2004; Kayali O., Zhu B., 2005). In
some studies conducted in the environment heavily contaminated with carbon dioxide and
chlorides, accelerated corrosion of reinforcement by the introduction of silica fly ash
replacing part of the cement was found (Montemor M.F., Simões A.M., Salta M.M., 2000;
Montemor M.F., Cunha M.P., Ferreira M.G., Simões A.M., 2002; Jiang L., Liu Z., Ye Y.,
2004). In addition, the use of common building chemicals poses a risk of antagonistic action
and, as a consequence, deterioration of protective properties to reinforcing steel.
Composition of fly-ashes can also vary considerably - depending on the source and fuel
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used. Due to this should be conducted current control of protective properties. In the case of
control tests, the speed of obtaining results is important.
Potentiostatic test according to PN-EN 480-14 allows for fast results, but test conditions
deviate from the natural conditions in which the construction works. This can have an
impact on the proper reasoning about proper protection in real construction. It should
answer the question whether these tests are reliable and can be to draw conclusions about
the protective properties of concrete containing fly ash cement.
Therefore, in order to verify the protective properties of concretes containing fly ash
cements were examined (Śliwka A., Domagała K., Zybura A., 2013). Rapid selection tests
were performed on standard test elements according to standard (PN-EN 480-14: 2008).
Then corrosion rate of reinforcing steel caused by the impact of a 3% solution of sodium
chloride on reinforced beam elements was determined by linear polarization. Samples for
both tests were made of concrete on cement with different contents of high calcium fly ash
(Tab. 1). Concrete test elements made of Portland cement were also tested, which were
reference level during the study.
Tab. 1: Types of cement towards electrochemical measurements used in the experiments
Series
I
II
III
IV
V

Cement
CEM I 42,5R
CEM II/A-W
CEM II/B-W
CEM IV/B-W+
CEM IV/B-W

High calcium
fly ash
[% by weight]
–
15
30
50
50

2. CORROSION SUSCEPTIBILITY OF THE REINFORCEMENT IN CONCRETE
– POTENTIOSTATIC TESTS
2.1. Technique of potentiostatic tests
Specimens for potentiostatic tests were prepared in accordance with PN-EN 480-14 in the
form of cylinders 110 mm in height and 50 mm in diameter, centrally reinforced with a
ribbed rod of 6 mm diameter class B steel – Fig. 1a. Research began 88 days after sample
preparation – after maturation and completion of hydration of cement (Śliwka A., Domagała
K., Zybura A., 2013).
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a)

b)

Fig. 1: Potentiostatic measurements: a) the test element scheme: 1 – working electrode
(reinforcing bar), 2 – concrete, 3 – protective coating of plastic, b) photography of test
elements
Potentiostatic studies were carried out in accordance with standard (PN-EN 480-14: 2008) –
Fig. 1b. The reference electrode was a silver chloride electrode and an auxiliary electrode
made of stainless steel. Based on the measurements, a maximum current value I between 1
and 24 hours was determined. Taking into account the active area of the test electrode, the
current density i was calculated.
a)

b)

Fig. 2: Potentiostatic measurements: a) diagram of the measuring system: 1 – working
electrode (reinforcing bar), 2 – concrete, 3 – protective coating of plastic, 4 – potentiostat,
5 – counter electrode, 6 – reference electrode, 7 – electrolyte (saturated solution of calcium
hydroxide), b) view of the test stand
2.2. Results of potentiostatic testing of corrosion susceptibility
The results of potentiostatic measurements are current intensity changes, which are shown
in Fig. 3 for elements of series I ÷ V.
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Fig. 3: The current intensity changes in representative element of all series
The values of current density for the specimens of series II ÷ V were compared with the
results for the reference specimens of series I. The overall results from the potentiostatic
testing of corrosion susceptibility are presented in Fig. 4.

Fig. 4: The values of corrosion current density obtained from results of all types of the
analyzed concrete
The average values of current density for the specimens of series II ÷ V, made of concrete with
cement containing high calcium fly ash were found to be lower than the average values of
current density for the specimens of the reference series I referred to as the comparative level.
After the measurements were completed, the test elements were split. The surface of the
reinforcement in each case showed no signs of corrosion. Photos of representative splited
elements are shown in Fig. 5.
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a)

b)

Fig. 5: Photos of representatives elements after tests: a) series I, b) series III
It was observed that using high calcium fly ash of different content (series II ÷ V) in cement
did not result in reduction of the protective properties of concrete to the reinforcement.
3. TESTS OF PROGRESS OF REINFORCEMENT CORROSION CAUSED BY
CHLORIDES
3.1. Test elements and the course of measurements of reinforcement corrosion rate
The development of reinforcement corrosion was determined in loaded and cracked test
elements. Test elements were made of concrete containing high calcium fly ash. To induce
corrosion of reinforcement to determine the rate of corrosion processes the elements were
periodically wetted with 3% solution of sodium chloride. The measurements were performed
under conditions similar to the original conditions existing in the structure exposed to
chlorides. Beams of 50x100x600 mm dimensions were prepared to determine the rate of
corrosion processes. They were reinforced with ribbed bar of 6 mm diameter of steel class B.
Concrete made of multi-component cement containing high calcium fly ash in 3 following
proportions – 15% (series II), 30% (series III) and 50% (series IV and V) by mass of cement
were used in the test elements. The test results were compared to the values of measurements
of test elements of reference concrete made of Portland cement (series I). Platinised titanium
rod of 1.6 mm diameter was embedded in each test element as the counter electrode.
The measurements were carried out using the polarization method. The corrosion rate was
determined as the corrosion current density. The corrosion density was measured every few
weeks in the crack and in the selected uncracked points along the reinforcement axis. The
measuring points were so located along the beams to consider the differences in the migration
of aggressive substance through the cover between cracked tension zone and loaded and
unloaded zones of elements – Fig. 6. Cracks were obtained by loading the simply supported
beam elements with a concentrated force. The elements were loaded using the individually
prepared tie-beam system (Domagała K., Śliwka A., Zybura A., 2013). The load was
increasing until the crack from 0.05 to 0.1 mm in width appeared on the element surface.
On every test element were located 5 measurement points – one in the crack – most exposed
to the effort and to aggressive substances section, two on both sides of the crack – zone, in
which reinforcement is protected by stretched but uncracked concrete, and two in no loaded
zone.
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Fig. 6: Diagram of polarization measurement performed in selected points of the test element:
1 – working electrode (reinforcing bar), 2 – counter electrode (titanium rod covered with
platinum), 3 – reference electrode (Ag/AgCl), 4 – potentiostat
The full way of inducing corrosion and measuring is described in (Śliwka A., Domagała K.,
Zybura A., 2013; Domagała K., Śliwka A., Zybura A., 2013; Domagała K., Śliwka A.,
Zybura A., 2014). The wetting was conducted till the corrosion current density reached the
value of icor 2 ÷ 3 µA/cm2 in the crack of test elements made of reference concrete of series I
with Portland cement. This value indicated the moderate level of the reinforcement corrosion
according to the paper (Kayali O., Zhu B., 2005). From that moment, only the electrochemical
measurements were conducted under conditions of developing corrosion of the reinforcement
without the impact of the aggressive solution. The tests were conducted for 40 weeks.
3.2. Test results of reinforcement corrosion rate
The results of each electrochemical measurement were obtained in the form of computer
printouts of cathodic and anodic polarization, as well as the values of corrosion potential Ecor
and corrosion current density icor determined in Echem Analyst software, using the method of
polarization resistance. The main results are presented in Tab. 2.
The results obtained in series II ÷ V were referred to the values estimated on reference series I
– made of Portland cement. For cracked elements, the obtained values of corrosion current
density in the crack (Tab. 2) indicate that concrete of series II ÷ V maintained its protective
properties with respect to reinforcing steel. The measurement results of points 2 and 3
confirmed as well the good protective properties of concrete with cement containing high
calcium fly ash. The developed corrosion was found in the reinforcement inserts embedded in
reference concrete of series I, while the reinforcement present in concrete of series II ÷ V
made of cement containing high calcium fly ash was well protected. The values of corrosion
current density usually did not exceed the assumed threshold value 0.20 µA/cm2. Very good
protective properties of the analyzed types of concrete were also confirmed by the results of
points 4 and 5 in the specimens.
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Tab. 2: The fundamental results of the electrochemical measurements

I

Point 5

Elements
1

2

3

1

2

3

1

2

3

1

2

3

1

2

3

0.01

0.06

0.03

0.46

0.06

0.35

0.38

0.01

0.52

–

–

0.00

–

–

0.00

2

0.65

–

0.13

0.08

0.14

0.35

0.46

0.22

0.54

0.00

0.00

0.07

0.00

–

0.00

23

–

2.03

3.06

2.12

–

3.18

1.44

2.10

2.89

2.01

2.11

2.05

–

2.05

2.79

40

1.46

1.60

1.16

0.84

1.73

–

–

2.01

2.71

0.73

0.98

0.47

2.07

2.05

–

0

1

0.02

0.03

0.01

0.01

0.03

0.02

0.03

0.06

0.03

0.01

0.01

0.01

0.05

0.05

0.02

I

2

0.01

–

0.02

–

–

0.00

0.01

0.03

0.02

0.06

–

0.01

–

–

–

23

–

0.10

0.01

–

0.06

–

–

0.03

–

–

0.01

–

–

0.03

–

I
R
0
I
R

V

Point 4

1

0

IV

Point 3

I

R

III

Point 2

0

R

II

Point 1

Time
[week]

Stage

Series

icor [µA/cm2]

40

0.07

–

–

0.17

0.05

–

–

0.05

0.05

–

0.04

–

0.03

–

–

1

0.04

–

–

–

–

–

0.03

0.01

–

0.05

–

0.01

0.02

0.03

–

2

0.01

0.01

0.01

0.04

–

0.03

0.03

0.02

0.01

–

0.01

–

0.01

0.05

0.01

23

0.24

–

0.02

0.13

0.25

–

0.17

–

–

0.04

0.06

–

0.02

–

–

40

0.05

–

0.26

0.09

–

–

0.14

0.08

0.19

0.01

–

–

0.06

–

–

1

0.01

0.09

0.01

0.01

0.02

0.03

0.01

0.02

0.06

–

0.00

0.05

0.02

0.01

0.02

2

0.07

0.05

0.04

0.00

0.01

–

0.00

0.01

0.05

0.21

0.01

0.03

0.11

–

–

23

0.13

0.09

0.01

–

0.05

–

–

0.05

–

0.06

0.04

–

–

0.08

–

40

0.04

0.06

0.08

0.10

–

–

0.13

0.03

–

0.04

0.09

–

–

–

0.02

0

1

0.01

0.02

0.04

0.05

0.03

0.02

0.09

0.04

0.09

–

–

0.11

0.18

–

0.16

I

2

0.06

–

0.07

0.10

0.02

–

–

0.05

–

0.05

0.01

–

0.28

–

–

23

0.02

0.02

0.10

0.02

–

0.08

–

–

0.05

0.15

–

0.01

0.02

0.34

0.09

40

0.03

–

0.09

0.03

0.36

0.20

0.04

–

0.23

0.04

–

0.02

0.34

–

0.08

R

4. CONCLUSIONS
The efficiency of reinforcement protection against corrosion by concrete with addition of fly
ashes were conducted using two individual methods: (i) the potentiostatic method for the
cylindrical concrete specimens with the centrally located rebar and (ii) the method of
polarization resistance conducted during 40 weeks of corrosion rate induced by chlorides on
the loaded and cracked beam elements.
On the basis of the both conducted electrochemical tests and the analysis of obtained results it
can be concluded that high calcium fly ash used as the component of cement didn’t get worse
the protective properties of concrete with respect to the reinforcement in comparison to
reference concrete with Portland cement.
In case of tests carried out according to standard method, cements containing high calcium fly
ash have been reported to improve the protective properties of concrete to reinforcing steel in
comparison to Portland cement concrete. As the fly ash content increases, the protective
properties slightly deteriorate but are not worse than in case of Portland cement. Corrosioninduced chloride rate measurements made on beam elements by linear polarization method
also showed better protective properties of concrete on cement containing fly ash. Due to the
very high variability of the linear polarization results, it is much more difficult to observe the
effect of the ash content on the protective properties and thus the corrosion rate, but there is a
tendency to increase the corrosion current density value in case of higher ash content in the
cement.
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The obtained results indicate the possibility of using a fast method, such as the standard
method (PN-EN 480-14: (2008)), for the current assessment of the protective properties of
concrete. Both applied research methods allowed the same conclusions to be drawn,
indicating the possibility of their replacement. Of course, the number of tested samples is not
great and further studies are needed, taking into account other factors, to verify presented
conclusions.
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SUMMARY
Combined reinforcement, a combination of traditional concrete reinforcement and steel fibres,
is an effective and economical alternative for heavy reinforced foundation systems. Next to
the significant contribution to the flexural-, shear- and punching-capacity, the effect of
combined reinforcement can also be used for the crack width limitation. After decades of
research, development and practical experiences, not only recommendations but also
compulsory codes are available. The German Guideline as one example is an addition to the
structural concrete code DIN EN 1992 (Eurocode 2) of Germany and is taken up by the
building authority in the list of official building materials. The following paper will show the
theoretical effect of steel fibres to the crack width limitation in the design as well as the use of
steel fibres for real project.
1. INTRODUCTION
With the introduction of the Eurocodes, especially the EN 1992, designers have become more
and more aware of serviceability limit state (SLS) requirements. For concrete structures, in
addition to deformation and rotation checks, the crack width limitation is a major point for the
SLS design. Even optimized design methods, like the direct calculation of the crack width, will
result in heavy reinforcement. Especially when it comes to fully restrained structures, the
reinforcement layout is often governed by requirements from crack width design. In many cases
it is possible to simplify traditionally reinforced solutions by using hybrid reinforcement.
Steel fibres can transfer stresses already at small crack openings, so that ductility and post crack
strength are provided to a concrete matrix. Practical experience for applications like industrial
flooring, precast elements and tunnelling is available worldwide. With the upcoming of design
standards like the DAfStb Guideline “Steel Fibre Concrete”, a national annex to EN 1992 in
Germany, or the fib Model Code 2010, new options for designing with SFRC were given. The
focus in this paper to one of the new possibilities is the use of steel fibres in combination with
traditional reinforcement for crack width design in serviceability limit state.
2. THE EFFECT OF STEEL FIBRES ON COMBINED REINFORCEMENT
It is well known that steel fibres provide post-crack strength to concrete by transferring forces
from one side of the crack to the other. Usually steel fibres bridge a crack at a nonperpendicular angle. Therefore, the fibre will be slightly bent, already at small crack widths.
Due to the locally increased friction, compressive stresses parallel to the crack surface are
induced. As a consequence, cracks become more curved, more irregular or they may split.
Resistance to intruding substances, especially liquids, is substantially increased. Aggregate
interlock is improved and friction is enhanced.
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For regular fibre dosages, the uniaxial post-crack strength is always lower than the uniaxial
first crack strength. Therefore conventional applications of steel fibre reinforced concrete
apply special design, construction and detailing rules in order to benefit from the superior
cracking properties of steel fibre concrete for ULS and SLS.
Elastic bedded, jointless steel fibre reinforced industrial floors have become a major
application in huge parts of the world, e.g. Europe and Australia / New Zealand. Yield line
theory is applied for the strength design of the steel fibre reinforced concrete slabs. The
required serviceability is achieved through the excellent cracking properties provided by the
SFRC together with advanced detailing and execution techniques which are tailored to limit
restraint stresses to a minimum. A specific crack width design is usually not required and the
whole concept aims at the avoiding of cracks, by reducing the friction between the floor and
the subbase. Even though this cannot be avoided in all cases, it is known from experience that
due to the suitable dosages of high performing steel fibres, cracks won’t exceed the accepted
crack widths of 0.3 – 0.5 mm. Such cracks do not affect the load-bearing capacity nor
serviceability of regular industrial floors.
Especially for floors with special requirements like large field sizes (>50 m), seamless and
restrained floors, as well as floor with requirements to the tightness, the reduction of friction
alone is not sufficient to guarantee the characteristics of a crack free floor. In such cases, the
crack widths can be calculated by considering the post crack strength provided by steel fibres
in the crack width design.
One major factor in the calculation of crack width is the force, released when the concrete is
cracking. As the steel fibres will carry a part of the released force, only the remaining force
has to be handled by the traditional reinforcement. Assuming a uniaxial concrete tensile
strength of 3 MPa for example, while providing a post crack tensile strength of 1 MPa when
using steel fibres, only 2/3 of the dissipated force has now to be transferred by the
reinforcement. The reduction by 1/3 leads to a saving of 50% on the required reinforcement
for crack control because the effect accounts by the power of 2 according to expressions (2)
(2/3 x 2/3 ≈ 50%).
As the calculated crack width wcal is a function of the concrete tensile strength, the formula in
EN 1992 or other standards can be adapted by subtracting the uniaxial post crack strength
fct,res from the concrete tensile strength fct.
wcal = function of (fct – fct,res)

(1)

It is important to apply the same concrete age to both fct and fct,res, for instance when young
concrete is considered for the calculation dissipation of hydration heat.
3. EXAMPLE: CRACK WIDTH CONTROL OF COMBINED REINFORCEMENT IN
THE DAFSTB GUIDELINE STEEL FIBRE CONCRETE
In the actual EN 1992, the effect of steel fibres is not yet considered. Therefor different
countries have created guidelines for steel fibre concrete. With the DAfStb guideline Steel
Fibre Concrete, an official document on code level is available for the design of steel fibre
reinforced concrete structures in Germany. This document is fully synched with EN 1992 and
its main concepts have been used in the industry for about ten years.
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The approach for the calculation of the crack width wk can be found in chapter 7.3.4 of the
DAfStb guideline:
wk = sr,max · (εfsm – εcm)

(2)

sr,max = (1 – αf) · Øs / (3.6 · ρp,eff) ≤ (1 – αf) (σs · Øs) / (3.6 · fct,eff)

(3)

εfsm - εcm = (1 – αf) · (σs – 0.4 · fct,eff · 1/ρp,eff) / Es ≥ 0.6 · (1 – αf) · σs / Es

(4)

The effect of steel fibres is accounted for by the normalized factor αf :
αf = fctR,s / fctm

(5)

where: fctR,s uniaxial post crack tensile strength of fibre reinforced concrete for SLS design
at 28 days
fctm mean uniaxial tensile strength of concrete at 28 days
fct,eff mean value of the uniaxial tensile strength of the concrete effective at the time
of cracking
sr,max maximum crack spacing
εfsm mean strain in the reinforcing steel, including the effect from the steel fibres
εcm mean strain in the concrete between cracks
Øs reinforcing bar diameter
ρs,eff effective reinforcement ratio
stress in the tension reinforcement without the effect from the steel fibre
σs
Es Modulus of elasticity of the reinforcement
4. PRACTICE OF SFRC COMBINED REINFORCEMENT
Australian Container Freight Services at the Port of Brisbane – The world’s largest combi
slab joint free pavement
The challenge was to construct a 50,000 m² container yard without any saw-cut joints or
other contractions / expansion joints. The solution was a 290 mm thick seamless “Combi
Slab" slab, reinforced with hybrid reinforcement. The SLS design required the use of
Dramix® 4D 65/60BG fibres and one layer of mesh at the top to achieve a calculated crack
width of 0.25 mm. Due to pouring limitations (temporary) construction joints were required
but all panels were continuously connected by reinforcement so that finally one seamless
slab was achieved. Figure 1 shows the final slab; former construction joints are visible but
they do not act as joints anymore. By using hybrid reinforcement the building process could
be significantly increased, joints which would require permanent maintenance could be
avoided and the serviceability requirements were met.
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Fig. 1: 50,000 m² seamless slab with hybrid reinforcement
Elastic bedded slab as a secondary barrier against hazardous goods – A liquid tight slab
The German guideline “Concrete as secondary barrier against hazardous goods” allows the
construction of liquid tight slabs without any additional sealing. The project owner, one of the
largest chemical companies of the world, wanted to increase the production for synthetic lubes
with a new storage tank. In accordance with the German guideline “Concrete as secondary
barrier against hazardous goods” a calculated crack width of ≤ 0.1 mm was required and
designed in accordance with the German guideline steel fibre concrete. The technical solution
for this project was carried out as a “Combi Slab” with 25 kg/m³ high performing Dramix® 5D
65/60BG fibres and conventional reinforcement of about 23.50 cm²/m at top and 15.28 cm²/m at
bottom. The raft foundation was cast with C35/45 concrete and is up to 1.55 m thick. Walls
were partially pre-stressed. Major time savings could be achieved due to simplifying the
complex reinforcement layout which would have been required without the steel fibres.

Fig. 2: Pouring of the liquid tight raft foundation
Raft foundation with slab thickness up to 2.00 m
The new production plant of Carl Zeiss SMT was erected in 2012. Because of a very high
sensitivity of the production to vibrations, the foundation of the plant had to be designed for
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compensating vibrations. To reach this requirement, a monolithic slab of about 2.00 m
thickness had to be cast. Both ULS and SLS design were based on the DAfStb guideline steel
fibre concrete. Crack width design had to be based on the material properties of mature
concrete. The maximum crack width of 0.3 mm was achieved by using a C25/30 concrete,
reinforced with 30 kg/m³ Dramix® 3D 80/60BG fibres and traditional bar reinforcement of
Ø14 mm at 100 mm spacing at top and bottom. Figure 4 gives an impression of the slab.
Thanks to the steel fibres, Bamtec rolled reinforcement could be used instead of single bars so
that construction time was drastically reduced, only in that way the very challenging time
schedule could be met.

Fig. 4: The 2.00 m slab with the traditional reinforcement
5. CONCLUSIONS
Steel fibre reinforced concrete has proven to be a reliable construction material. After years
of research and experience new possibilities in regards to combined reinforcement are
feasible, and are already built. Particularly the effectiveness for crack control has proven
outstanding well. In the case of combined reinforcement, durability and serviceability are
improved while the required reinforcement layout can be simplified. Significant savings of
maintenance cost may be achieved in addition.
Meanwhile a number of design guidelines or codes are available for steel fibre reinforced
concrete to calculate the crack width for combined reinforcement. The use of combined
reinforcement will certainly increase in fields of application which are currently dominated
by solely use of traditional reinforcement, such as large jointless structures, floors with
special coatings and water- / liquid-tight structures. Very good experience from carried out
projects is available, confirming the concept of combined reinforcement and pointing out its
advantages. Practical experiences together with the available theoretical bases strongly
supports an increasing use of steel fibres in combination with combined reinforcement.
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SUMMARY
The thaumasite is a very dangerous, non binding product of concrete corrosion. There was a
conviction that the conditions required for the formation of thaumasite in concrete are: source
of calcium silicate, sulfate ions, carbonate ions and a very wet, cold (below 15 °C)
environment. While the TSA (thaumasite sulphate attack) is recognized, the thaumasite nonsulphate attack (TnSA) must be highlighted, because is also possible. The purpose of this
work is to show that thaumasite, or solid solutions of Ett-Th (ettringite with thaumasite) are
able to form in hardened cement paste without external source of sulphate ions, at ambient
temperature and pressure (25±2oC (298.15 K) and 102±1 kPa). The experiment appeared on
thaumasite formation in corroded specimen made of CEM I (Portland cement) and of CEM III
(slag cement) after 4 days of immersion in saturated water solution of NH4Cl.
1. INTRODUCTION
In conventional sulphate attack, diffusing into concrete sulphate ions react with calcium aluminate
phases and calcium hydroxide in hardened cement pastes to form either ettringite
(3CaO·Al2O3·3CaSO4 ·32H2O) or gypsum (CaSO4·2H2O). The effects are usually expansion,
cracking and spalling. Formation of thaumasite (CaSiO3·CaCO3·CaSO4·15H2O) does not need
aluminate phases, but necessary is the source of carbonate ions, SO 24− ions, SiO32− and water, as
well. The calcium silicate hydrates (C-S-H gel) are attacked by external sulphates. Replacement of
C-S-H by thaumasite results in the softening of the cement paste matrix into a white, mushy
incohesive mass, what destroys the cementitious binding ability (Bensted, 2007; Crammond, 2003;
Małolepszy and Mróz, 2006; Révay and Gável, 2003; Thaumasite Expert Group, 2000). In addition:
•
•

the strength of the concrete started to gradually and significantly decrease (Fig. 1);
the cross section of concrete construction was reduced due loss of cover with exposition of
reinforcement.

Many works indicate, that the formation of thaumasite prefers wet and cold conditions. This
kind of corrosion appeared mainly in burried construction, where groundwaters containing
dissolved sulphates can lead to chemical attack on concrete. It was observed in concrete
foundations, columns, pillars, tunnels, slabs of foundations of buildings, sewer pipes, road
pavements, drainage construction, concrete anchors, in a grout in a mine, in the base of slabon-grade pavement, in historical buildings, water dams (Crammond, 2003; Czerewko and
Cripps and Reid, 2003; Maingyu and Fumei and Mingshu, 2006; Małolepszy and Mróz, 2006;
Stark, 2003; Thaumasite Expert Group, 2000).
Not in Tokaj, but in Budapest, the structural concrete of the largest Hungarian Ferenc Puskás
Sports Stadium suffered significant damages due to carbonation and sulphation causing
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thaumasite crystallization. This construction was under the effect of waste gases from the
nearby railway station and rubber plant (Révay and Gável, 2003) – Fig. 1.
a)

b)

Fig. 1: Corroded reinforced concrete elements from Ferenc Puskás Sports Stadium – a) mushy
concrete, b) exhibited steel bars (Révay and Gável, 2003)
The thaumasite form of sulphate attack have come to light on the M5 motorway in
Gloucestershire, UK (Crammond, 2003; Czerewko and Cripps and Reid, 2003; Wimpenny and
Slater, 2003; Thaumasite Expert Group, 2000), but the first case of thaumasite occurrence in
concrete products in the United States were identified in the 1960s (Stark, 2003).
During microscopic observation, thaumasite easily can be confused with ettringite.
Morphologically, both appear as needle-like and sometimes columnar crystals and can
overgrowth with each other. Also the X-ray diffraction patterns of both phases are quite similar.
The main peak of ettringite is by the angle of 9.091 °2Θ(Cu)Kα, and the main peak of
thaumasite is by the angle of 9.242 °2Θ(Cu)Kα (Bensted, 2007; Edge and Taylor, 1969;
Nielsen and Nicolai and Darimont, 2014; Słomka-Słupik, 2009; Stark, 2003).
Examinations presened in this work are not concerning conventional sulphate corrosion. During
decalcification caused by ammonium chloride penetrated into cement paste and its reactions with
hydrated phases, pH of cement matrix was lowered. Due pH changes, stability of different pristine
and not pristine hydrated cement phases was disturbed, some of them started to dissolve, and
other started to crystallize, depending on substrate accessibility (Biczók, 1972; Słomka-Słupik and
Zybura, 2010 and 2015). Portlandite, as the first one, starts to react with ammonium and chloride
ions and releases calcium free ions necessary to reactions in further transformations of phases.
The formation of thaumasite needs also source of carbonate which can be supplied from the
limestone contained in the cement, from carbonate contained in aggregates, ground waters, soils
or the air, from monocarbonate (C3A·CaCO3·11H2O) or calcite. According to Schmidt et. al.
(2008), thaumasite is forming from pH 12.5 and is leaching at low pH levels, below 8.0. Then
gypsum became the dominant sulphate phase and the amount of thaumasite is decreasing.
The purpose of this work was to highlight thaumasite formation in hydrated cement paste in
non-sulphate-bearing environment – in saturated water solution of NH4Cl, after very short,
because 4 days, of immersion in normal (temperature and pressure) conditions.
2. MATERIALS AND METHODS
The samples made of cement paste, which is the most reactive component of concrete, were
used for experiments. Samples were separately produced from two industrial cements. The
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first one was CEM I 42.5R (Portland cement), and two specimens named „B” was made from
it. Also 2 specimens from slag cement CEM III/A 32.5 N-LH/HSR/NA with low heat of
hydration, marked as „C”, prepared. Both with w/c = 0.4. Chemical compositions of cements
and theirs phases composition, according to Bogue’s method, are presented in Tab. 1.
Tab. 1: Chemical and phase composition of cements, mass %
CaO

SiO2

Al3O3

Fe2O3

SO3

K2O

Na2O

MgO

C3A

C4AF

C3S

slag

B: CEM I 42,5 R

62.63

19.03

5.60

2.89

3.14

0.98

0.16

-

10.0

8.8

59.56

-

C: CEM III/A 32.5
N-LH/HSR/NA

51.95

27.87

5.55

1.63

2.56

0.71

-

4.21

5

4

30

50

cement

component

The paste samples of dimensions 60×250×250 mm were cured for 2 weeks in moulds, in
laboratory conditions, and after demoulding – 3 months in lime-saturated water, in
temperature 20 ± 2 °C. Afterwards one sample of each cement: B and C, was immersed in
saturated water solution of ammonium chloride, of pH equal to 5. To keep on constant level
the concentration of NH4Cl in the solution, the salt addition was in excess to saturation and
remained undissolved on the bottom of the container, in which the samples were immersed.
Hydrated cement samples were taken away from the solution after 4 days and designated as
B-4 and C-4. Reference samples (B-0 and C-0) were also prepared. They were cured during
3 months in saturated solution of Ca(OH)2 to avoid leaching effects. Before examination,
samples were dried in laboratory conditions – in air, during 2 days.
The changes of phases content with reference to the pH and microstructure are discussed in
this article. For this purpose specimens to examination under SEM and XRD were collected
as fractures, polished sections and powders. Fractures were used to determine corrosion
fronts, roughly, and to microscopic observations with a Zeiss Supra 25 high-resolution
scanning electron microscope with smartSEM and Leo32 software. Several specimens were
collected by abrasion from consecutive layers of thickness: 0.5; 1.0; 1.5 or 2.0 mm with
known distance from external surface of suitable sample. Powder specimens were stored in
hermetically closed glass containers. Granulation of powder samples was in correct range for
X-ray analysis: 2 – 10 μm. X-ray patterns were collected using Cu-Kα radiation (45 kV, 35
mA) with PANalytical X’PERT PRO MPD diffractometer. For peaks identification, the
HighScore software package of the PANalytical and PDF4+(2008) ICDD database was used.
In order to investigate the changes of contents of main phases in the consecutive layers
collected from the outer surfaces of samples, the intensity of strongest peaks was measured. In
addition, after one minute from mixing of powder with distilled water (in mass relation:
p/w = 1/100), the pH measurement was also carried out using an pH electrode for wastewater.
3. RESULTS AND DISCUSSION
In Fig. 2 presented the XRD patterns illustrating crystalline phases changes of samples
exposed to the NH4Cl attack (B-4 and C-4) together with the reference (B-0 and C-0)
samples. The localization of particular layers of powdered paste are indicated, as well. In
Tab. 2 compiled the presence of phases in various layers.
Portlandite started to dissolve in external layers. At his expense arose ettringite, thaumasite and
vaterite. Gypsum crystallized due ettringite, thaumasite and theirs solid solution (SS)
decomposition. Calcite in both samples was present everywhere. Even vaterite occured in the
external layers, probably because of carbonation reaction of atmospheric CO2 with calcium ions
diffusing from decalcificated internal parts of samples, or because of thaumasite dissolution.
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a)

b)

Fig. 2: The diffraction patterns of hardened cement pastes: corroded and comparison a) B-0,
B-4 and b) C-0, C-4. Notation: 1 – portlandite, 2- Friedel’s salt, 3 – ettringite, 4 – thaumasite,
5 – gypsum, 6 – calcite, 7 – vaterite, 8 – bassanite, 9 – carboaluminate, 11 – belite,
12 – calcium aluminate, 13 – brownmillerite
In corroded specimen made of CEM I (B-4) thaumasite was identified mainly as solid
solution with ettringite in layers at the depth of 2.0 to 4.0 mm from external surface of the
specimen, while in C-4 (corroded specimen made of CEM III) thaumasite was found as a
separate phase (in layers from 0 to 2.5 mm) and in solid solution with ettringite (in layers
from 1.0 to 1.5 mm), as well – Tab. 2. The thaumasite dissolution, during pH lowering, is
accompanied with the release of carbonate ions. Carbonate ions formed calcite with the free
calcium ions derived from phases decalcification, also thaumasite. The changes in the amount
of ettringite and thaumasite, compared to pH values showed in Fig. 3.
After portlandite dissolution, calcium ions released from the subsequent phases, to maintain the
balance of calcium content in liquid pore solution and in the solid phase, acc. to Carde and
François (1997). Finally, the C-S-H phase dissolution occurred, because the Ca/Si ratio in solid
phase also depends on the calcium ions concentration in pore solution remaining in equilibrium
with this phase. On the basis of the discontinuity in this molar ratio, three kinds of C-S-H phases
can be distinguished (Nonat, 2010; Kurdowski, 2008). The results of changes in the content of
particular elements in C-S-H phase, presented in Fig. 4, show the relation: as the distance from the
B-4 sample surface increased, the ratio of Ca/Si also increased. This is the evidence of C-S-H
decalcification in the external layers after 4 days of NH4Cl water solution action.
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Tab. 2: Selected phases identified in the layers of the B-4 and C-4 specimens
Phases
Specimen

Depth
[mm]

+
+
+

B-4

0.0 – 1.0
1.0 – 2.0
2.0 – 2.5
2.5 – 3.0
3.5 – 4.0
4.0 – 4.5
4.5 – 5.0
8.0 – 9.0
0.0 – 0.5
0.5 – 1.0
1.0 – 1.5
1.5 – 2.0
2.0 – 2.5
2.5 – 3.0
3.0 – 4.0
5.0 – 6.0

+
+
+
+
traces

C-4

Gypsum
CaSO4·2H2O

Thaumasite

+
+

traces
traces
+
+
+

ThaumasiteSS-Ettringite

+
+
+

traces

Ettringite

traces
traces

Vaterite Portlandite
CaCO3
Ca(OH)2
+
+
+

+
+
+
traces
+
+
+
+
+

pH

+
+
+
+
+

8.48
8.68
8.78
8.81
9.12
12.21
12.08
11.58

traces
+
+
+

8.45
9.20
10.20
10.19
11.70
11.93
12.13
12.05

+
+
+

a)

b)

Fig. 3: The comparison of pH, thaumasite and ettringite content in: a) B-4 and b) C-4
specimen as a number of counts by the peaks of the highest intensity, based on XRD patterns
By carrying out a chemical analysis of the micro-area of a crystallized phase located at a
distance of 2.2 mm from the surface of the B-4, the presence of thaumasite in solid solution
with ettringite has been confirmed – Fig. 5.
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0.0 mm

2.0 mm

5.0 mm

8.0 mm

Fig. 4: X-ray microanalysis of the fracture at a certain distance from the surface of B-4 sample
In Fig. 6 is shown the SEM-BSE image of the polished section of C-4 specimen with
measured distance from external surface to the microcrack equal to 2.57 mm. There is a
suspicion that occured microcrack is the boundary between external zone – rich and internal
zone – lack of thaumasite. At this depth also a boundary of ettringite amount appeared, above
and under its comparative line. Ettringite formation can leads to increase in the volume of
reaction products from 0.48 to 2.83 times even – during formation from tricalcium aluminate
and portlandite (Sarkar and Mahadevan and Meeussen, 2010), what probably caused crack at
this depth, as well.

Fig. 5: Solid solution of thaumasite with ettringite in a pore in the depth of 2200 μm
from external layer of B-4 sample with X-ray microanalysis in selected area

Fig. 6: SEM-BSE image of the microstructure of C-4 sample near external layer, with the
microcracks at 2570 μm and 500 μm depth
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From sulphate ions releasing during thaumasite dissolution, gypsum crystallized. It was
observed at a small depth of 0.5 mm from the external surface of C-4 sample, on the pore wall
in form of needle-like crystallites – Fig. 7. The reaction of gypsum formation from
thaumasite dereases the volume of sulphate products (Słomka-Słupik and Zybura, 2010), and
this dependence probably caused the microcrack formation at the depth of 0.5 mm – Fig. 6.

Fig. 7: Gypsum crystals on the pore wall. Sample C-4, x = 500 μm
4. CONCLUSIONS
The diffusion of agressive ions into and pristine cement ions out of the concrete accompanied
chemical reactions, which lead to dissolution and precipitation of solids or even to mechanical
damage. Obtained results confirmed that ettringite is unstable, in lower pH underwent
dissolution. Thaumasite and gypsum formed from released sulphate ions. Moreover, the
formation of thaumasite in specimen attacked by non sulphate medium can cause an
astonishment, also the way of thaumasite formation is a little surprising. It seems, thaumasite
was formed from solid solution in case of Portland cement paste, but in case of slag cement
paste it crystallized directly at the expense of C-S-H phase. Combination of slag with cement
(to produce CEM III) extended the scope of thaumasite presence. Whereas in Portland cement
sample thaumasite crystallized in a greater amount, but in smaller width of the depth.
Thaumasite is stable at a certain pH range, but this is not the only important factor. As can be
seen, in case of the sample B-4 (CEM I) thaumasite was noticed from 8.78 – 9.12 pH and in
sample C-4 (CEM III) thaumasite was durable from 8.45 to 11.70 pH. Very important was
also presence of portlandite, which was consumed in favor of thaumasite formation. The
formation of thaumasite accompanied the drop of pH value, more significant in case of
Portland cement sample after 4 days of NH4Cl aggressive immersion.
This article has shown that thaumasite corrosion of concrete is possible even if the corrosive
medium is not a sulphate salt solution, in normal conditions. Has also shown that many factors
contribute to corrosion effects that need to be adequately determined prior to construction. A
new term: „thaumasite non sulphate attack”, shortly TnSA, was introduced in this article.
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SUMMARY
This study aims to investigate the effect of maximum aggregate size (dmax) on the mechanical
properties of high-strength concrete (HSC). The constant parameters were the following:
Shrinkage reducing admixture (SRA) to cement weight ratio (1.5%), metakaolin to cement
weight ratio (10%), silica fume to cement weight ratio (5%) and water to cement weight ratio
(w/c = 0.3). The variable parameters were the cement type (CEM I 52.5, CEM II A-S 42.5 R),
cement content (500 kg/m3, 600 kg/m3, 700 kg/m3, 800 kg/m3) and dmax (5 mm, 8 mm).
Several mechanical tests (compressive strength, flexural tensile strength, watertightness and
drying shrinkage) were carried out to evaluate the influence of dmax on the concrete properties.
Thereby, an objective evaluation between studied parameters could be reached to achieve
HSC with the least possible shrinkage behavior.
1. INTRODUCTION
Properties of high-strength concrete (HSC) depend on the type of aggregate, both on a
qualitative selection as well as graining. The influence of maximum aggregate size (dmax) on
concrete strength has been stated by several authors in the literature. Aïtcin (1998) and
Venkateswara et al. (2010) agreed that, if smaller aggregate particles size were used, higher
concrete strength would be obtained. (Aïtcin, 1998) stated that the increase of dmax may evoke
some problems with the quality of the interfacial transition zone in which it could be larger
and more heterogeneous. According to Chen and Liu (2006), aggregate size significantly
affects the fracture behavior of high performance concrete. The fracture energy of concrete
will increase with the increase of the dmax, and by that, the larger the size of the aggregate, the
more significant the crack propagating and the greater the fracture process zone can form.
The undertaken study aims to investigate the effect of alumino-silicate supplementary
cementitious material (SCM) metakaolin (MK) and silica fume (SF), along with the dmax, on
the mechanical and durability aspect of HSC. Several concrete batches were designed and
arranged based on the combined effect of these materials.
2. EXPERIMENTAL PROCEDURE
2.1. Materials and mixtures proportions
Two types of cement were used (CEM II A-S 42.5 RS and CEM I 52.5) for the production of
HSC mixtures. A commercially locally produced MK was used as alumino-silicate based
SCM. Also, SF in the form of slurry was implemented as silica based SCM. Mixtures were
developed with two separate dmax (5 mm and 8 mm) groups. The aggregate grading size
distribution for dmax = 5 mm was arranged into 30% very fine sand (0.2-0.6 mm), 10% fine
sand (0.4-1 mm), 25% medium sand (1-2.5 mm) and 35% coarse sand (2-5 mm) with fineness
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modulus value of 4.7. Also natural quartz sand was added as aggregate with mean size
diameter of 2.36 mm. On the other hand, the aggregate grading size distribution
corresponding to dmax = 8 mm was arranged into 45% river sand (0-4 mm) and 55% coarse
aggregate (4-8 mm) with fineness modulus value of 5.72. As for the chemical admixtures,
“Glenium 300” superplasticizer and “Sika Control-40” shrinkage reducing admixture (SRA)
were added to the fresh mixture for adequate rheological properties. Note that a constant
dosage of SRA was added for all mixtures (1.5 % of the cement weight). The water-cement
ratio was selected to be constant (w/c = 0.3). Regarding SCMs, the cement weight
replacement percentages by MK and SF were 10% and 5% respectively. Tap water was used
for mixing. The detailed composition of mixtures is presented in Tab. 1.
Tab. 1: Mixtures compositions
Concrete
ID
8
1
2
3
4
5
6
7
VIII
I
II
III
IV
V
VI
VII

Cement
Content
[kg/m3]
500
600
700
800
500
600
700
800
500
600
700
800
500
600
700
800

Cement
Type
CEM II
CEM II
CEM II
CEM II
CEM II
CEM II
CEM II
CEM II
CEM I
CEM I
CEM I
CEM I
CEM I
CEM I
CEM I
CEM I

Maximum
aggregate
size
dmax=5 mm
dmax=5 mm
dmax=5 mm
dmax=5 mm
dmax=8 mm
dmax=8 mm
dmax=8 mm
dmax=8 mm
dmax=5 mm
dmax=5 mm
dmax=5 mm
dmax=5 mm
dmax=8 mm
dmax=8 mm
dmax=8 mm
dmax=8 mm

Paste
content
[m3/m3]

0.4175
0.5440
0.6127
0.6864
0.3570
0.3888
0.4969
0.4518
0.4165
0.5441
0.6131
0.6862
0.3569
0.3876
0.4958
0.4509

2.2. Test methods
The density of hardened concrete was measured in accordance with to European Standards
(MSZ, 2009a).
Cubic sized specimens (150 mm) were tested for compressive strength by a universal closedloop hydraulic testing machine performed based on European Standard (MSZ, 2009b) at a
constant loading rate of 11.25 kN/s and at the age of 28 days. As for the flexural strength test,
it was in compliance with the American standards (ASTM, 1994). Prismatic specimens
(75 × 75 × 250 mm) were tested at 28 days.
In accordance with the European Standard (MSZ, 2009c), watertightness test was performed
on 150 mm cubic sized specimens at the age of 28 days.
As for the drying shrinkage, prismatic specimens (75 × 75 × 250 mm) were tested for multiple
time offset. After removal from their steel molds, studs were glued on the four longitudinal
surface sides of concrete prism by applying a special adhesive. Demountable mechanical strain
gauge (DEMEC), that could read up to 0.001 mm, was the shrinkage measurement tool.
Therefore, the change in length of the specimens could be measured until 35 days of curing time.
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3. RESULTS AND DISCUSSION
3.1 Body density
Body densities of HSC mixtures are illustrated in Fig. 1. The highest density was recorded for
mixtures corresponding to dmax = 8 mm with the lowest cement content of 500 kg/m3 reaching a
density value of 2418 kg/m3. In general, the body density of concrete mixtures decreases with
the increase of cement content, keeping a constant water to cement ratio. Therefore, the lowest
value of density (2253 kg/m3) was recorded for the mixture corresponding to
dmax = 5mm with the highest cement content (800 kg/m3). That could be attributed to the
increase of the cement paste keeping in mind that a constant water to cement ratio was applied.

Fig. 1: Variation of the body density of HSC mixtures in terms of their cement content,
cement type and maximum aggregate size (dmax)
3.2 Compressive and flexural strength
To test the hydraulic activity of binders in the present examination, HSC mixtures consisting
of various cement contents were produced with constant amount of SCMs replacement by
weight of cement. The cement content ranged between 500-800 kg/m3 with constant cement
weight replacement by 10% of MK and 5% of SF. According to Fig. 2, HSC mixture
corresponding to dmax = 5 mm, with 600 kg/m3 cement content and “CEM I 52.5” cement type
showed the highest compressive strength value of 136 MPa from all produced mixtures.
However, other HSC mixtures in the same conditions but with higher cement content
(700 kg/m3, 800 kg/m3) and with similar w/c = 0.3 revealed that the optimum level of cement
use was 600 kg/m3. This behavior could be attributed to the effect of the paste variation on the
failure pattern in compression. The effect of paste content is more pronounced for low values
cement content for which the rate of strength change is higher. It is usually attributed to the
longer path for the crack needs to follow when the aggregate volume in the concrete is higher,
thus having to move around greater number of aggregates, a fact that makes the energy
absorbed higher. When the volume of paste is higher and the volume of aggregates is smaller,
the length of the path becomes straighter, thus smaller, and the amount of energy absorbed
becomes less (Kolias and Georgiou, 2005). On the other hand, considering the effect of dmax,
lower dmax contributed to higher values of compressive strength. For instance, when the same
cement type and content (CEM I 52.5, 500 kg/m3) were selected, mixture that corresponds to
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dmax = 5 mm showed an increase of 14.6 % of compressive strength value than of the mixture
corresponding to dmax = 8 mm.

Fig. 2: Variation of the compressive strength of HSC mixtures in terms of their cement
content, cement type and maximum aggregate size (dmax).
Fig. 3 shows the flexural strength results of all HSC mixtures at the age of 28 days. Quite
different trends were observed in the flexural strength of concrete, whose compressive
strength showed a slight decrease along with the paste increase. It is clearly noticeable that in
case of smaller dmax (5 mm), the flexural strength significantly decreases with higher cement
content of 800 kg/m3. This behavior could be explained by the increase of the paste volume,
reaching the lowest flexural tensile strength value of 3.8 MPa at 800 kg/m3 of cement content.

Fig. 3: Variation of the flexural strength of HSC mixtures in terms of their cement content,
cement type and maximum aggregate size (dmax).
3.3 Water penetration depth
Watertightness test results are shown in Fig. 4. The individual maximum penetration depth
value of each mixture was recorded at 28 days. Evaluating the penetration depth results in
terms of dmax variation (5 or 8 mm), it can be noticed that for the highest dmax (8 mm), higher
water penetration depth values were attained (18.5 mm) in comparison with the lowest dmax
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value (5 mm). On the other hand, a decreasing pattern of water penetration depth is observed
as the cement content increases. This behavior is attributed to the effect of the paste volume in
decreasing the concrete permeability. Yet, the general response of all HSC mixtures still
considered to be very high in terms of permeability resistance (Saheed et al., 2014).

Fig. 4: Variation of the water penetration depth of HSC mixtures in terms of their cement
content, cement type and maximum aggregate size (dmax).
3.4 Drying shrinkage
Cracking is a sensitive phenomenon resulting by variation in the concrete volume, thereby,
shrinkage hazards could occur, in which are directly connected to corrosion and
deterioration of the reinforcements. Fig. 5 and 6 show the development of the drying
shrinkage of HSC mixtures over time. Test results showed that the drying shrinkage values
of mixtures, which were recorded up to 35 days, fell below 900 microstrains.
At earlier ages, shrinkage rates were observed to be different and directly dependent on the
cement type, content, and dmax. Obviously, it could be noticed the dramatic increase of the
drying shrinkage in case of dmax = 5 mm (with the corresponding cement type and content,
CEM I 52.5; 800 kg/m3). However, if dmax was changed to 8 mm for the same previous
conditions, the shrinkage value dropped significantly from 0.566 to 0.133 microstrains at 3
days. The same pattern is observed when “CEM I 52.5” type is replaced by “CEM II A-S
42.5 RS”. The shrinkage values increase continuously until the 25 day, and then gradually
after 30 days. The combined effect of MK and SF along with the main cement binder highly
stimulate the hydration reaction, especially, the effect of SF in fast hydraulic activity, thus
higher shrinkage values were observed. For mixtures corresponding to dmax = 8mm, lower
shrinkage values were observed at the 30 day. This behavior is due to the lower volume of
paste as compared to dmax = 5 mm mixtures. At high paste volume, higher drying shrinkage
values were observed. Undoubtedly, explanation of this behavior must be sought to the
variation of aggregates proportions in which the fraction of paste is lower.
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Fig. 5: Drying shrinkage of HSC mixtures over drying time for 500 and 700 kg/m3 cement
content.

Fig. 6: Drying shrinkage of HSC mixtures over drying time for 600 and 800 kg/m3 cement
content.
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4. CONCLUSIONS
The most important aim of this work was to reveal the response of HSC concrete to the
combined use of SCMs at optimum level of cement substitution ratio with different maximum
aggregate sizes. Taking into consideration the limitations of the work concerning primarily
the maximum aggregate size used (5 and 8 mm), the following conclusions can be drawn on
the mechanical and durability characteristics of HSC:
•

The use of 5 mm maximum aggregate size and “CEM I 52.5” type showed to have the
best performance for the compressive strength and watertightness properties among
other mixtures.

•

As the maximum aggregate size increased from 5 to 8 mm, lower compressive
strength values were obtained for the same w/c ratio.

•

For the mixtures with the same maximum aggregate size, the increase of the paste
volume decreased the flexural strength, keeping a constant w/c ratio.

•

The drying shrinkage values of HSC mixtures with smaller maximum aggregate size
were higher than those of HSC mixtures with higher maximum aggregate size.
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SUMMARY
Concrete is a composite material that consists mainly of mineral aggregates bound by a matrix
of hardened cement paste. Strength reduction of high strength concrete during and after fire
may be different from that of normal strength concrete. The use of metakaolin as a recent
material in the construction industry proves to be very useful to modify the properties of
concrete. An extensive experimental study was carried out to analyses the post-heating
characteristics of hardened cement paste subjected to temperatures up to 800 °C. Major
parameters of our study were the content (0, 3, 6, 9 or 12 m%) of one type supplementary
material (metakaolin) as a replacement of cement, as well as the value of maximum
temperature of exposure (50, 150, 300, 400, 500, 800 and 900°C). In the experiments
specimens were exposed to the given maximal temperatures and then cooled down to room
temperature. Present studies included analysis of compressive strength.
1. INTRODUCTION
Concrete can be exposed to elevated temperatures during fire or when it is applied by furnaces
and reactors. The behaviour of a concrete structural members exposed to fire is dependent on
physical, thermal, and mechanical deformation properties of concrete of which the member is
composed. The deterioration processes influence the durability of concrete structures and may
result in undesirable structural failures. Therefore, preventative measures such as choosing the
right materials should be taken to minimize the harmful effects of high temperature on concrete.
The high temperature behaviour of concrete is greatly affected by material properties, such as
the properties of the aggregate, the cement paste, and the bond between the aggregate and
cement paste, as well as the thermal compatibility of the aggregate and cement paste.
2. BEHAVIOUR OF CONCRETE IN FIRE
2.1 Physical behaviour
It is generally agreed (Short, Purkiss and Guise, 2001; Colombo and Felicetti, 2007) that
concrete containing siliceous aggregates when heated between 300 °C and 600 °C it will turn
red; between 600 °C and 900 °C, whitish-grey; and between 900 °C and 1000 °C, a buff
colour is present. The colour change of heated concrete results from the gradual water
removal, dehydration of the cement paste, and transformations occurring within the aggregate,
respectively. The most intense colour change, the appearance of red colouration, is observed
for siliceous riverbed aggregates containing iron. This colouration is caused by the oxidation
of mineral components. While siliceous aggregates turn red when heated, the aggregates
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containing calcium carbonate get whitish. Due to calcination process CaCO3 turns to lime and
give pale shades of white and grey (Hager, 2013a).
2.2 Thermal behaviour
Thermal properties that govern temperature dependent properties in concrete structures are
thermal conductivity, specific heat (or heat capacity) and mass loss (Kodur, 2014). The
density of concrete shows only slight temperature dependence, which is mostly due to
moisture losses during heating. However limestone concretes show a significant decrease of
density at about 800 °C due to the decomposition of the calcareous aggregate. The thermal
conductivity of concrete depends on the conductivities of its constituents. The major factors
are the moisture content, the type of aggregate and the mix proportions. The conductivity of
any given concrete varies approximately linearly with the moisture content (Schneider, 1988).
2.3 Mechanical behaviour
The mechanical properties that are of primary interest in fire resistance design are
compressive strength, tensile strength, elastic modulus and stress-strain response in
compression (Kodur, 2014). The mechanical response of concrete is usually expressed in the
form of stress-strain relations, which are often used as input data in mathematical models for
evaluating the fire resistance of concrete structural members (Hager, 2013b).
Generally, because of a decrease in compressive strength and increase in ductility of concrete,
the slope of stress-strain curve decreases with increasing temperature. The strength of
concrete has a significant influence on stress-strain response both at room and elevated
temperatures.
3. METAKAOLIN
Metakaolin (MK) is a recent addition in the list of pozzolanic materials. It is a thermally
activated alumino- silicate produced from kaolinite clay through a calcining process. Unlike
other pozzolans, MK is a primary product, not a secondary product or by-product. This allows
the manufacturing process to be structured to produce the optimum characteristics for the
MK, ensuring the production of a consistent product and a consistent supply. The white color
of MK results in a concrete with lighter color, another advantage making it popular (Mlinárik
and Kopecskó, 2013; Kopecskó and Mlinárik, 2014).
MK enhances the strength and durability of concrete through three primary actions which are
the filler effect, the acceleration of ordinary Portland cement (OPC) hydration and the
pozzolanic reaction with calcium hydroxide (CH). Wild, Khatib and Jones (1996) found that
the filler effect is immediate, the acceleration of OPC hydration has its major impact within
the first 24 h and the maximum effect of pozzolanic reaction occurs between 7 and 14 days. It
was concluded that the optimum replacement level of OPC by MK to give maximum long
term strength is about 20% by weight.
Kostuch, Walter and Jones (2000) discovered that a 10% replacement of cement with MK
reduced the CH content in concrete by 70%, and a 20% replacement reduced it to almost zero
after 28 days. However, the amount of MK required for complete elimination of CH depends
on a number of factors such as purity of MK, Portland cement composition, water/binder ratio
and curing conditions (Oriel and Pera, 1995). The reduction in CH content results in superior
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strength and durability performance, even at elevated temperatures (Lin, Lin and PowersCouche, 1996). Poon, Kou and Lam (2000) prepared normal and high strength concrete (HSC)
mixes incorporating 5%, 10% and 20% MK and compared their performance with the
equivalent silica fume (SF) and fly ash (FA) mixes. They observed that the MK concrete
possessed higher strength, lower permeability and less porosity as compared to the
corresponding SF and FA concretes. In another study in the case of the mortar samples
prepared with 10 or 17 m% MK, the smaller substitution (10 m%) was found more effective,
than the higher substitution of the cement (17 m%). The compressive strength of the samples
with 17 m% substitution is very similar to that of the reference samples (specimens made
without metakaolin addition). The higher dosage of MK is expectedly resulted in the
aggregation of the particles, which could not completely disperse during mixing. The results
of the samples made with SF were the opposite; the higher substitution ratio (10 m%) was
found to be more effective than the smaller substitution ratio (5 m%) (Mlinárik, Kopecskó and
Borosnyói, 2016).
It was observed that the fire resistance of concrete is highly dependent on its constituent
materials, particularly the pozzolans. A number of research studies (Phan, 1996) indicated that
the addition of pozzolanic SCM highly densifies the pore structure of concrete, which can
result in explosive spalling due to the build-up of pore pressure by steam. Since the
evaporation of physically absorbed water starts at 80 °C which induces thermal cracks, such
concretes may show inferior performance as compared to pure OPC concretes at elevated
temperatures.
4. EXPERIMENTAL DETAILS
An experimental program was designed to analyse the post-heating characteristics of
hardened cement paste subjected to temperatures up to 800 °C. Major parameters of our study
were the different dosages (0, 3, 6, 9, 12 or 15 m%) of supplementary material (metakaolin)
of the binder (as replacement of cement) and the value of maximum temperature (50, 150,
300, 400, 500, 800 °C). In the experiments specimens were exposed to the given maximal
temperatures and then cooled down to room temperature. Tests were carried out at room
temperature. Present studies included analysis of compressive strength.
4.1. Materials
Preparing the specimens OPC (CEM I 42,5 N) and metakaolin supplementary material was
used. The water cement-ratio was 0.35. 2 g/kg liquid superplasticizer was applied. Cubic form
cement paste specimens were cast with the size of 30 mm.
4.2. Curing and heating regimes
The specimens were demolded 24 h after the casting and placed in a water tank at 20 °C.
After 7days of water curing, they were transferred to an environmental chamber maintained
at 20 °C and normal humidity. At an age of 90 days, the specimens were heated in a furnace
(20, 50, 150, 300, 400, 500, 800 and 900 °C). Our experimentally applied heating curve was
similar to the standard fire curve up to 800 °C. Specimens were kept for two hours at the
actual maximum temperature levels. Specimens were then slowly cooled down in laboratory
conditions for further observations. During the heat load a program controlled electric
furnace was used. The compressive strength was measured on the heat loaded and, than
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cooled down specimens and the average values of the measurements were analysed. The
specimens were allowed to cool naturally to room temperature, and tested.
5. RESULTS AND DISCUSSIONS
The development of compressive strength as a function of temperature is presented in Fig. 1.
Residual compressive strength of cement stone specimens is shown in Fig. 2 relating to the
concrete composition and the maximum temperature of thermal load, from which the
following conclusions can be drawn: the relative residual compressive strength decreases up
to 150 °C heat loading, then increases up to 300 °C. In the case of higher temperatures than
300 °C the residual relative compressive strength decreases again. Specimens loaded up to
300 °C show higher residual strength comparing with the average strengths measured on
specimens loaded up to 150 °C because the intensive dehydration in the temperature interval
between 60 and 180 °C probably causes the hydration of the unhydrated cement grains in
the microstructure. To sum up these results, the temperature load at 900 °C caused
increasing residual relative compressive strength with the increase of content of
supplementary materials.
In case of cement stone prepared with metakaolin containing binder (to 12 m% related to
the mass of cement) the strength increased due to the temperature load of 800 °C. Addition
of metakaolin was found to be unfavourable for fire resistance of concrete at the age of test
(thermal load was applied at the age of 90 days).

Fig. 1: The compressive strength for the different mixes as a function of maximum
temperature (averages of 5 measurements)
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Fig. 2: Relative residual compressive strength for the different mixes as a function of
maximum temperature (averages of 5 measurements)
6. CONCLUSIONS
Concrete is a composite material that consists mainly of mineral aggregates bound by a matrix
of hardened cement paste. Strength reduction of high strength concrete during and after fire
may be different from that of normal strength concrete. The use of metakaolin as a recent
material in the construction industry proves to be very useful to modify the properties of
concrete. An extensive experimental study was carried out to analyses the post-heating
characteristics of hardened cement paste subjected to temperatures up to 800 °C. Major
parameters of our study were the content (0, 3, 6, 9 or 12 m%) of supplementary material
(metakaolin) of cement and the value of maximum temperature (50, 150, 300, 400, 500, 800
and 900°C). In the experiments specimens were exposed to the given maximal temperatures
and then cooled down to room temperature.
The relative residual compressive strength decreases up to 150 °C heat loading, then increases
up to 300 °C. In the case of higher temperatures than 300 °C the residual relative compressive
strength decreases again. Specimens loaded up to 300 °C show higher residual strength
comparing with the average strengths measured on specimens loaded up to 150 °C because
the intensive dehydration in the temperature interval between 60 and 180 °C probably causes
the hydration of the unhydrated cement grains in the microstructure. To sum up these results,
the temperature load at 900 °C caused increasing residual relative compressive strength with
the increase of content of supplementary materials.
In case of cement stone prepared with metakaolin containing binder (to 12 m% related to the
mass of cement) the strength increased due to the temperature load of 800 °C. Addition of
metakaolin was found to be unfavourable for fire resistance of concrete at early ages (thermal
load was applied at the age of 28 days). This could be explained by the different rate of
pozzolanic reaction of the SCMs.
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SUMMARY
In our paper we analyzed the load bearing capacity of bonded anchors placed in thermallydamaged reinforced concrete. Our primary goal was to facilitate the reinforcing techniques of
reinforced concrete structural elements damaged in fire events. For the tests, 8 mm diameter
threaded rods installed with epoxy adhesive were used, with an embedment depth of 50 mm.
Three levels of thermal loading (200, 300, 400 °C) were applied to the concrete specimens,
with respect to the embedment depth. The mean value of the compressive strength of the
concrete used in the tests was fc = 45.29 N/mm2.
1. INTRODUCTION
In case of thermally damaged buildings, fastening elements should be occasionally inserted in
reinforced concrete structures damaged by the fire. This may be required due to the
replacement of the existing fasteners that have been damaged in the fire or to ensure a
combined function of the additional elements together with the existing thermally damaged
reinforced concrete structural elements (e.g. column jacketing, strengthening of the tension
boom, and reinforcement of the slab with sprayed concrete). There are very few experiments
dealing with the determination of the load-bearing capacity of fasteners placed in thermallydamaged reinforced concrete (Bamonte et al, 2004; Bamonte et al, 2007; Bamonte,
Gambarova, 2005; Bamonte et al, 2012), which became our topic of interest.
1.1 Fire resistance of concrete
The mechanical properties of concrete are changed by the effects of fire. Related research has
been carried out since the 1940s (Schneider, 1988) and it is still actual. Previous studies
indicated that changes in the mechanical properties of concrete are caused by a variety of
chemical and physical changes that occur at different temperatures (Niels, 2005). The extent
of such changes is highly affected by the composition of the concrete.
The change in volume of the various components of concrete varies as a function of
temperature. The cement stone and the aggregate react to temperature increase in completely
different ways (fib bulletin 38, 2007). Consequently, the primary reason for the change in the
strength of concrete is the deterioration of the connection between the aggregate and the
cement stone. This effect is amplified by the dehydration of calcium dioxide and ettringite
deposited on the surface of the aggregate particles (Balázs, Lublóy, 2012). During thermal
loading, as the temperature increases, the compressive strength of concrete is reduced together
with the load bearing capacity.
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In EN 1992-1-2:2004, reduction of concrete strength in case of high temperatures is
characterized by a reduction factor. The evaluation of this factor as a function of temperature
is represented in Fig. 1.

1 – concrete with quartz gravvel aggregate
2- concrete with limestone aggregate

Fig. 1: Reduction factor for characteristic compressive strength as a funcion of the
temperature (EN 1992-1-2:2004)
1.2 Fastening systems
Several post-installed anchors are available with different methods of load-transfer. The
commercially available fastenings can transfer the load to the host material via the following
mechanisms: mechanical interlock, friction or bond (Fig. 2). Furthermore, the most recent
techniques use combined bond and friction (e.g. bonded expansion anchors). In the case of
expansion anchors, the load is transferred by friction. Generally, an expansion sleeve is
expanded by an exact displacement or torque applied on the anchor head during the installation
process. Chemical fastenings are anchored by bond. Bonded anchors can be divided into two
subgroups: capsule or injection systems. The bond material can be either organic, inorganic or a
mixture of them. In this case the loads are transferred from the steel (normally a threaded rod,
rebar) into the bonding material and are anchored by bond between the bonding material and the
sides of the drilled holes (fib MC 2010; Eligehausen et al, 2001; Eligehausen et al, 2006; CEB,
1994; Mallée et al, 2013; Balázs, Józsa, Liptay, 1976; fib bulletin 58, 2011).

Fig. 2: Load transfer mechanisms (Eligehausen et al, 2001)
Load bearing of fastenings can be determined by taking the minimum of ultimate loads
corresponding to different failure modes. In case of tensioned anchors steel failure, concrete
cone failure, pull-out failure and splitting can occur (Fig. 3).
The properties of concrete cone failure mostly depend on the effective embedment depth (hef)
and concrete strength (fck). Cone failure is the optimal failure type, because concrete strength
is completely utilized. It can be either a full cone type or a partial cone type. The ultimate
tensile force corresponding to full cone failure can be calculated as:
(1)
where coefficient k shows whether concrete is uncracked (k = 10.1) or cracked (k = 7.2).
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Fig. 3: Failure modes (fischer, 2010)
2. EXPERIMENTAL PROGRAM
In our experiments, we analyzed the load bearing capacity of anchors placed in thermally
damaged reinforced concrete as a function of thermal load. In the tests carried out earlier
(Bamonte et al, 2004; Bamonte et al, 2007; Bamonte, Gambarova, 2005) undercut fasteners
were used. These studies did not address the behaviour of other types of fasteners, and that is
why we used bonded anchors in our investigations to test the load bearing capacity of the
bonded connection and its damage. During the experiments, the specimens were exposed to
fire load on one side until they reached the desired temperature, then they were allowed to
cool down at laboratory temperature (20 ºC). The day after the fire load, typically after 24
hours, when the specimen had been cooled down, the fastener was inserted in the thermally
damaged specimen. In order to allow the cross-linking of the adhesive, loading of the
fasteners took place after a further 24 hours.
2.1 Tested anchors
One type of bonded anchor systems (epoxy resin) was tested. Bonded anchors were installed
according to the MPII (Manufacturer’s Printed Installation Instructions). The embedment
depth was hef = 50 mm (~6d, where “d ” is the diameter of the anchor), and the diameter of the
threaded rods was 8 mm, the strength class of threaded rods was 10.9.
2.2 Concrete mixture
The concrete mixtures were made by Portland cement (CEM I 42.5 N). The aggregates were
natural quartz sand and quartz gravel and a superplasticiser of BASF Glenium C323 Mix was
also used (Tab. 1). The specimens were held under water for 7 days and then kept at
laboratory temperature (20 ºC) for an additional 21 days.
Tab. 1: Concrete mixture
Materials
Aggregate
Cement
Water
Superplasticizer cem. %
Air
SUM

0/4 mm
4/8 mm
8/16 mm
SUM
CEM I 42,5 N
mw/mc=
Glenium C300

0,45
0,25
0,30
1,00
0,675
0,002

[kg/m3]
833
463
556
1852
290
196
0,58
2338

[l/m3]
315
175
210
700
93,5
196
0,58
10
1000
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Compressive strength properties were tested on additional 3 cubes of 150x150x150 mm.
Uniaxial compressive strength tests were carried out on concrete cubes 28 days after casting.
The results were evaluated in accordance with EN 12390-3:2009 for concrete. The mean
value of the mixture was fc = 45.29 N/mm2.
The dimensions of concrete specimens for pull-out tests were 300x300x150 mm.
2.3 Thermal loading
In laboratory tests, the concrete specimens were exposed to thermal load on one side. An
electric furnace was used to produce this thermal load, with a heating curve shown on Fig. 4.
Based on the measurement data, the curve of the furnace is different from the standard fire
curve according to ISO 834-1, so the experiments cannot be called a standard test. However,
the heating curve of the furnace remained unchanged even after several checks, so it was well
suited for the comparison of the specimens with varying degrees of thermal load, as well as
for the preparation of a possible future standard test.
Thermal loading of the specimens was carried out in three different thermal steps relative to the
embedment depth: 200 °C (Test 1), 300 °C (Test 2), 400 °C (Test 3) (Fig. 4). Three specimens
were tested after being subjected to each of the thermal steps. Temperature was measured in the
face of specimen (T2) and in the embedment depth (T1) by a thermocouple. In case of the
embedment depth, the thermocouple had been placed from the “cold” side of the specimen
through an inspection hole (ø 6 mm). Fig. 4 shows that the specimen is gradually warmed, with
a significantly slower tendency than the furnace. After reaching 100 ºC the temperature
increases for a short time, then water in the concrete vaporizes and starts flowing out from the
concrete. The temperature does not rise because the heat energy is entirely devoted to the
change of state of the water. The arrangement for the thermal loading test is shown on Fig. 5.
We did not observe spalling of the concrete in any of the specimens during the tests. This may
be due to fact that water vapor generated in the concrete was not accumulated due to the
dimension of the specimen and the arrangement of the measurement, thus no moisture barrier
was created. The steam was able to flow out freely though the test hole made for temperature
measurement and the sides of the specimen. Therefore, the results of the test can be used only
in cases where spalling does not occur in the reinforced concrete structure during the fire.

Fig. 4: Temperature increase

Fig. 5: Arrangement of heating for the
specimen
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2.4 Pull-out tests
Our unconfined test setup is shown in Fig. 6. The loading device was displacement controlled
test apparatus, which allowed the recording of residual strength. This setup enabled the
formation of all possible failure modes, the results were not affected by the geometry of the
investigated samples (thickness of the test member, critical edge, placing). The measurement
setup was capable to measure, record and show the applied load and related displacement of
the anchor in real-time. The perpendicular pin-joints ensured the centrality of the acting force.
The displacement was measured by two electronic transducers. Three additional independent
displacement transducers were used to record the deformation of the surface. The load was
measured by a calibrated load cell. The tests were carried out in accordance with the
instructions given in ETAG 001 Annex A. The support distance was greater than 4hef.

Fig. 6: Arrangement of pull-out test
3. THERMAL ANALYSIS
Finite element analysis was used to calculate the change of temperature in the concrete
specimens. The analyses were made in ANSYS Workbench 16.2 software. We used material
properties (temperature dependent density, heat capacity and thermal conductivities) taken
from the current Eurocode standards. Full-size finite element models of one quarter of the
specimens were created by using axis-symmetric boundary conditions. Temperature values
were measured at 11 points (on the surface of the specimen, at the embedment depth, and in 9
points between the surface and the point at the embedment depth).
4. RESULTS
During the experiment, anchors have failed in all cases with pure concrete cone failure. These
failures illustrate that an adhesive bond can be created between the adhesive and the thermally
stressed concrete with a strength that caused a concrete cone failure.
Fig. 7 shows the tensile resistance of the anchors, while Fig 8 indicates the relative residual
resistance values in function of the temperature. In Fig 8 each point of the curve means the
average of three measurements, that are connected by spline fit.
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Fig. 7: Relationship between the tensile resistance
and the temperature in the embedment depth

Fig. 9: Temperature distribution between the
surface of the concrete specimen and the
embedment depth (50 mm)

Fig 8: Relationship between the residual
resistance and the temperature in the
embedment depth

Fig. 10: Compressive strength distribution
between the surface of the concrete
specimen and the embedment depth (50 mm)

Based on the results of the numerical analyses, the isotherm lines can be determined. Changes
in temperature in the layers between the surface and the embedment depth (50 mm) are
represented in Fig. 9. Based on the reduction factors taken from EN 1992-1-2:2004
(see Fig. 1), reduced compressive strength distribution can also be determined from the
temperature distribution (Fig. 10).
Our aim was to develop an analytic method that can follow the results of our tests, therefore
resistance of anchors installed in thermally-damaged concrete was estimated in different
ways. During our tests, concrete cone failure was the general failure mode. In this case Eq. (1)
calculates the resistance in case of normal concretes, therefore we tried to modify this formula
for the case of thermally-damaged concretes. In Eq. (1) the compressive strength was
calculated in two ways. In the first case, residual compressive strength values at ten points in
different depth measured from the surface were calculated according to the Eurocode. Then
their weighted average was determined by using lateral surface areas of truncated cones as
weights, that we go by cutting the original concrete cone by planes parallel to the surface. In
the second case, residual strength of zones where maximum temperature was above 500°C
were neglected, because base on the Eurocode, load bearing capacity of concrete subjected to
temperature loads higher than 500°C should not be taken into account. The value of parameter
k in Eq. (1) is also questionable. Due to high temperatures the matrix loosens, and cracks also
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occur, therefore application of k=7.2 that corresponds to cracked concretes may be needed. To
see the effect of the different calculation methods, in Fig. 11 our experimental results are
represented together with the four calculated curves (with k=10.1 or 7.2, and average residual
strength with or without the zones subjected to temperatures higher than 500 °C).

Fig. 11: Results of the tests and the different calculation methods
5. CONCLUSIONS
In our work we analyzed the load bearing capacity of anchors placed in thermally damaged
reinforced concrete. Our primary goal was to assist the reinforcement work of reinforced
concrete structural members damaged in fire events.
In all pull-out tests, concrete cone failure was observed. Among the failures, no specimen
showed either a pull-out failure or the combination of concrete cone failure and pull-out
failure. This means that the adhesive can create a bond of sufficient quality even in thermally
damaged concrete. The load capacity of anchors created with epoxy adhesive decreased with
increasing temperature during thermal loading.
Load bearing capacity of anchors installed in thermally-damaged concretes were calculated in
different ways. In case of concrete cone failure, we saw that calculated values were closest to
the experimental results if strength of zones that were subjected to temperatures higher than
500 °C were neglected and k=7.2 that corresponds to cracked concrete were applied.
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SUMMARY
To improve the access of disabled citizens to a subway station in the city centre of Stuttgart
new elevators have been installed. The construction required the trimming of the existing
prestressed reinforced concrete beams that were kept intact throughout the construction as
they carry one of the city’s main traffic arteries. Both the re-anchorage and the deactivation of
prestressing tendons were monitored by strain gauges in order to verify that the intended
modifications in the prestressing forces were realized successfully. In addition the project
provided insights into the aspects that need to be considered during the casting of additional
concrete layers and how superfluous prestressing tendons can be deactivated effectively.
Finally results for the long-time monitoring of the bond behaviour for a ribbed tendon without
anchorage device in a neighbouring subway tunnel are shown.
1. INTRODUCTION
The construction industry faces increasing challenges concerning the maintenance, upgrading
and conversion of existing infrastructure. For newly erected structures prestressed reinforced
concrete generally provides a favourable and economic structural solution, as the tendon
profiles and the prestressing forces can be optimized according to the loadbearing and
serviceability requirements. If however at a later stage an alteration in load or support
conditions arises, the subsequent adjustment of the internal prestressing is a demanding task.
The present case study provides some insights into a project where such an undertaking could
be solved effectively. Due to the lack of experience in this field, the changes in prestressing
during construction were monitored with strain gauges. The insights gained through these
measurements and during the long-time monitoring of the bond behaviour for a ribbed tendon
in a neighbouring subway tunnel are shared in the paper.
2. INSTALLATION OF ELEVATORS AT ÖSTERREICHISCHER PLATZ
2.1 Project description
The subway station Österreichischer Platz in the city centre of Stuttgart had to be equipped
with elevators to enable the accessibility by disabled citizens (Novák et. al., 2016). The cross
section of the subway station is displayed in Fig. 1. The precast, prestressed reinforced
concrete hollow beams span across a distance of approximately 17.0 m between the two
drilled pile walls which they are supported by. The station is located at the crossroad of a
pedestrian underpass, a subway tunnel and a federal highway. The prestressed concrete beams
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carry the road that serves as one of the main arterial roads of the city. Therefore they had to be
trimmed while maintaining the traffic on them throughout the entire time of the construction.

Fig. 1: Cross section of the Subway station at Österreichischer Platz in Stuttgart
The beams are prestressed with four Dywidag tendons of 32 mm diameter and an additional
one with 18 mm diameter. The cables run horizontally in the bottom flange of the hollow
section until they are diverted towards the centre of the cross section nearby the supports,
where they end in plate anchorages. Due to the changed support conditions the prestressing
cables had to be re-anchored in a way corresponding to the altered circumstances. Already in
2008 the Civil Engineering Department of the city of Stuttgart, with Prof. Novák from the
University of Stuttgart, initiated a research project, where a special anchorage device for reanchoring the smooth prestressing cables had been investigated by laboratory tests under
static and cyclic loading (Novák et. al., 2008). The new anchorage device consists of steel
wedges which clamp onto the cables, thus ensuring low slippage.
A part of the prestressing cables had to be deactivated, since they would have had adverse
effects on the internal stresses in the section due to the reduced span. The surface of the
tendons is smooth, without ribs, therefore a reliable assessment of the bond behaviour is
extremely difficult. On the one hand the successful anchorage by the installed anchorage
devices needed to be confirmed, not solely under laboratory conditions but in the actual
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structure. On the other hand it had to be examined at the same time, whether the superfluous
cables could be deactivated effectively. To achieve these two goals a monitoring concept
accompanying the construction was developed and implemented.
2.2 Monitoring setup
In order to monitor the prestressing losses in the cables that were to be deactivated, three
strain gauges were installed on a cable in distances of approximately 30 cm from the drill hole
and each other (D0V, D0M and D0H). The successful anchorage mechanism was to be
verified by four strain gauges mounted on four different cables respectively just before the
anchorage devices (D1V, D2V, D3V and D4V). Finally on two of the cables additional strain
gauges were installed behind the anchorage device to investigate the losses in strain without
the anchorage (D1H and D3H). The sampling rate of the measurements was 0.1 s. The layout
plan with the position of deactivation drill holes, strain gauges and anchorage devices is
shown in Fig. 2. The prestressing cables were first exposed by high pressure water jetting.
Thereafter the new special anchorage devices were mounted on the tendons. The strain gauges
were installed before an additional 10 cm concrete layer beneath the beams was casted. The
additional concrete provided the bond between the anchorage elements and the beams.

Fig. 2: Monitoring setup showing the position of deactivation drill holes, strain gauges and
anchorage devices in the layout plan
2.3 Results
The first measurements were carried out on the 12th of February 2015. In this test the
prestressing losses in the deactivated cables had been investigated. The strain gauge with the
identification D0V did not deliver any readings, as it had probably been damaged during the
casting of the concrete. The other two strain gauges which had been positioned even further
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from the drill hole have shown however significant loss in strain. On the 17th of September
2015 the second test was performed, investigating the stresses during the activation of the
anchorage devices as shown in Fig. 3. The four prestressing cables equipped with strain
gauges were in decreasing order successively deactivated with a drill hole each behind the
anchorage device. Around 25 minutes a small decrease in strain at the strain gauge D4V
indicates the moment when the first cable was severed. At roughly 55 minutes a significant
drop in strain of the D3H shows the deactivation of the second tendon, while the strain gauge
D3V positioned in front of the anchorage device only experiences a minor loss. A light
decrease around 77 minutes after the start of the test in the readings of the strain gauge D2V
marks the moment, when the third cable was separated. Finally starting from approximately
100 minutes the last tendon is drilled trough, snapping just before 110 minutes followed by a
loud bang. As can be seen despite the large losses of D1H, its counterpart D1V in front of the
anchorage device shows only a minor decrease in strain.

Fig. 3: Measurements during the activation of the anchorage devices
The German Standard DIN 4227-1 (1979), that was in effect at the time of the construction
of the original structure, limited the permissible stresses to the lower of 75 % of the yield
strength or 55 % of the tensile strength of the prestressing steel. Assuming this limit and
using the material properties provided by the Guideline for the calculation of existing
bridges (Nachrechnungsrichtlinie, 2011), the initial prestress strain can be calculated to
approximately 2900 μm/m. The estimated prestressing losses based on this assumption are
calculated in Tab. 1 for both measurements. The results show, that the anchorage devices
proved effective in reintroducing the prestressing force.
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Tab. 1: Estimated prestressing losses at the strain gauges
Strain gauge
Estimated prestressing loss in %
Strain in μm/m
D0M (drillhole, 60 cm)
-2439.2
84.1
D0H (drillhole, 90 cm)
-1985.2
68.5
D1V (anchorage)
-152.1
5.2
D1H (drillhole)
-1017.4
35.1
D2V (anchorage)
-44.9
1.5
D3V (anchorage)
-21.6
0.7
D3H (drillhole)
-413.8
14.3
D4V (anchorage)
-21.8
0.8
2.4 Experiences gained during construction
As the alteration of existing structures requires special care and considerations a few
insights gained during the construction are worth to be discussed. To ensure the bond
between the existing and newly casted concrete generally an indented interface according to
DIN EN 1992-1-1 (2011) is required. Applications for the retrofitting of bridges via external
prestressing have already shown, that these surface requirements can be met by high
pressure water jetting using a rotating jet, yet they require qualified personal and close
supervision (Novák et. al., 2015). Casting a concrete layer beneath, represents however a
special challenge. It proved essential to pump in the concrete from beneath while providing
sufficient ventilation shafts for the air to escape, especially in cavities i.e. around the
anchorage devices. It is also advisable to monitor the progress in observation windows and
with endoscope cameras.
Another difficult task was the deactivation of the tendons, since the prestressing steel is fairly
hard and submitted to high tension. Moreover the tensile forces should be released as
smoothly as possible to avoid dynamic effects. In addition the almost 100 drill holes required
a straightforward technique. Eventually the most suitable approach proved to be to drill a
concrete core of a minimum of 80 mm diameter until the tendon is reached and thereafter
drilling holes of increasing diameter into the cable. Fig. 4 shows the described observation
window and a deactivation drill hole with the severed tendon.

Fig. 4: Observation window with Perspex cover (left) and severed prestressing tendon at
deactivation drill hole (right)
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3. LONG-TERM MEASUREMENTS AT VIERKERHALLE
In a nearby tunnel along the same subway line a similar project had been considered for a
while, yet up until now it has not been launched. Nevertheless in an attempt to assess whether
the trimming of the beams would be possible, long-term measurements have been carried out
already in 2008. The prestressing cables installed in these beams had a parabolic layout and
were of the type 55,5 t by Züblin, consisting of six oval, ribbed strands of 120 mm² each. In
contrast to the previously described project, a better bond behaviour could be expected due to
the higher roughness. In this case the tendon was severed by drilling a concrete core sample of
a larger diameter through it. The two bottom strands of each tendon had been equipped with
strain gauges in approximately 50 cm distances from each other, with DMS1 and DMS2
located next to the deactivation point and DMS7 and DMS8 positioned furthest away. The
ribbed strands with the mounted strain gauges are shown in Fig. 5.

Fig. 5: Strain gauges mounted on the ribbed prestressing cables
Whereas the DMS8 failed unfortunately, for the remaining seven strain gauges readings were
recorded for a period of up to almost 210 days. The results of this long-term test are displayed
in Fig. 6. It is apparent, that the two strain gauges DMS1 and DSM2 next to the core bore
show significant losses immediately during the drilling. These increase further during the first
three months approximately, thereafter however no additional decrease can be detected. The
strain gauges further away did not experience any significant losses and also after more than
half a year no adverse changes can be observed on them.
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Fig. 6: Long-term measurements recorded after the deactivation of the cables
4. CONCLUSIONS
The construction industry is faced with the task of retrofitting or altering existing
constructions. In case of prestressed concrete structures however special considerations
are necessary, in order to adjust the cable profile and anchorage points to the altered
conditions as far as it is possible. The paper presents a project, where with a new
anchorage device smooth tendons could be re-anchored, while at the same time
superfluous cables could be deactivated. Long-term measurements of another project
show, that in case of ribbed strands even a relatively short bond development length might
suffice to re-anchor the prestressing force.
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INNOVATIVE STEEL FIBERS AND THEIR EFFECT ON FIBER
DISTRIBUTION IN BEAMS – EXPERIMENTAL INVESTIGATIONS
Michael Huss, Viet Tue Nguyen
Graz University of Technology
Lessingstraße 25
8010 Graz, Austria
SUMMARY
This contribution presents experimental investigations on fiber reinforced concrete (FRC). A
new type of straight steel fibers (company Feel Fiber) with a length of 60 mm was used. 12
beams with a length of 6 m, a height of 0.4 m and a width of 0.5 m were produced, in order to
determine the fiber distribution along them. The beams differ in the manufacturing method
(cast in layers or from one side), the fiber content and the way of fiber addition. After
concretes hardening, slices were cut of the beams to determine the number of fibers in the
cross section. The results showed that the number of fibers per unit area scatters about 10 %,
independent of manufacturing method and type of fiber addition. Finally, the results are
discussed and a proposal to modify certain factors in the German and Austrian guideline for
fiber reinforced concrete is made, to take the advantages of this new fiber type into account.
1. INTRODUCTION
The post cracking tensile behaviour of fiber reinforced concrete (FRC) scatters with about 20
– 25% as generally known. The large scattering influences the characteristic material
properties as well as the safety factor negatively. As a result, fiber reinforced concrete is
mainly used in components with high rearrangement capacity and relatively low load, such as
floor slabs or tunnel shells. Investigations by (Müller, 2015; Erdem, 2002 and Gröger et al.,
2012) have shown that the large scattering in the post cracking tensile strength occurs in
normal strength concrete and ultra high performance concrete, independent of fresh concrete
properties. In (Lin, 1996; Holschemacher et al., 2006; Leutbecher, 2007 and Fehling et al.,
2013), the fiber distribution and the fiber orientation are mentioned as reason for the large
scattering. Especially the fiber orientation has been focused in the last years, as can be seen in
(Leutbecher, 2007; Fehling, 2013 and Freytag, 2014). Different methods for positive
influencing the of fiber orientation have been tested by (Bonzel et al., 1984 and Linsel, 2005).
However these methods have proved to be unpractical. Recent findings have shown that the
inhomogeneous fiber distribution is mainly responsible for the large scattering in the post
cracking tensile behaviour.
In this work, the influence of a new fiber type (company Feel Fiber) on the fiber distribution
has been investigated. Fig. 1 demonstrates the Feel Fiber geometry schematically. It is
characterized by anchorages at the end of the fiber and two rough sides as a consequence of
the production process. The number, position and size of these anchors can be adapted
according to the requirements.
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Fig.1: Shape of the fiber
One of the main advantages of this fiber is the straight fiber design. Thus, the influence on the
fresh concrete properties should be smaller compared to hooked fibers. Consequently a more
homogenous fiber distribution is expected and greater amounts of fibers can be used.
2. EXPERIMENTAL PROGRAM
The aim of the experiments was to investigate the fiber distribution in beams, depending on
type of fiber addition, fiber content and manufacturing process. Beams with a length of 6 m,
a width of 0.5 m and a height of ≈ 0.4 m were produced. The experimental program is
shown schematically in Fig. 2.

Fig. 2: Experimental program
Straight steel fibers with a length of 60 mm (df ≈ 0.75 mm) and fiber contents of 30 and 60
kg/m³, respectively, were used. Half of the beams were filled from one side, the other half
was filled in layers. The fibers were added into a truck mixer by conveyor belt but varying
the time of fiber addition. For the beams B1 to B4, the concrete was added in the truck
mixer in advance and the fibers were added afterwards. In contrast to this, the steel fibers
for beams B5 to B8 were completely added in the mixer before the concrete was filled.
Beams B9 to B12 present a third fiber addition procedure. In this process the fibers and the
concrete were alternately added in several steps. One beam was produced for each fiber
addition procedure, fiber content and filling method.
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Fig. 3: Fiber addition via conveyor belt (left) and filling of the beam from one side (right)
3. EXPERIMENTAL SETUP AND PROCEDURE
The used concrete is classified as a C30/37 with a maximum grain size of 16 mm. The amount
of paste got increased for the mixtures with a fiber content of 60 kg/m³, in order to keep the
consistency constant for all test series. The mixing time of the truck mixer was always 8 min.
Two beams were produced with one load of the truck mixer. All beams were compacted with
an internal vibrator at predefined points (distance between points 30 cm).
Six slices were cut from each beam to determine the number of fibers in different cross
sections. The thickness of the slices was 70 mm, in order to get two independent cuts by using
60 mm fibers. The number of fibers was counted on the front side and on the back side of the
slices. Hence, a total of 12 cross sections were investigated for each beam. Fig. 4 shows the
configuration of the cuts as well as the vibration points.
0.5 m

0.4 m

6.0 m

Fig. 4: Beam and configuration of the cuts
The fresh concrete properties were tested parallel to the casting of the beams. The flow spread
was determined accordingly to DIN EN 12350-5. Furthermore, the fiber distribution in the
fresh concrete was carried out accordingly to the German guideline for steel fiber reinforced
concrete (washout-test). Three fresh concrete samples (10 – 15 liters) were taken from the
truck mixer (one of every third of the batch). By measuring the fresh concrete density,
according to DIN EN 12350-4 and the weight of the partial samples, it is possible to
determine the volume of the partial sample. After separating the fibers from the fresh concrete
by magnet, the mass of the steel fiber as well as the steel fiber content of the sample could be
determined.
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Fig. 5: Determination of the flow spread (left) and separation of steel fibers from the fresh
concrete (right)
4. EXPERIMENTAL RESULTS
4.1 Properties of fresh concrete
The mixtures with a fiber content of 30 kg/m³ as well as those with 60 kg/m³ showed a good
flowability of the fresh concrete. The flow spread was in a range of 540 to 630 mm. The
results of the washout-test are shown in Tab. 1. According to the DAfStb guideline for steel
fiber reinforced concrete, the following conformity criteria must be observed:
•

Single value criteria:

m f ,i ≥ 0.80 x mf,ziel

•

Mean value criteria:

m f ≥ 0.85 x mf,ziel

Tab. 1: Fiber distribution in the fresh concrete
Mean
value
Variation
criteria coefficient
mf
[%]
[kg/m³]
mf,ziel = 30 [kg/m³]

Mean
value
Variation
criteria coefficient
[%]
mf
[kg/m³]
mf,ziel = 60 [kg/m³]

Fiber
content
mf,i
[kg/m³]

Fiber
content
mf,i
[kg/m³]
63.1

Fiber addition
after concrete
filling

1. sample

30.3

2. sample

30.7

3. sample

30.8

Fiber addition
before concrete
filling

1. sample

31.0

2. sample

33.4

3. sample

29.2

68.5

Fiber addition
and concrete
filling alternate

1. sample

30.9

68.9

2. sample

32.1

3. sample

31.3

30.6

0.9

68.7

65.4

4.5

65.1

5.9

64.8

5.6

64.4
60.9
31.2

31.4

6.8

1.9

65.9

63.1
62.3

The criteria according to (Deutscher Ausschuss für Stahlbeton, 2010) were fulfilled for all
mixtures. Furthermore, the coefficient of variation (V = standard deviation / mean value) has
been determined, as it can be seen in Tab. 1. The scattering is in a range of 1 – 7 %. On the
basis of these small scatterings, a good fiber distribution in the mixer can be expected for all
fiber addition procedures.

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED REINFORCING AND PRESTRESSING MATERIALS AND TECHNOLOGIES
– 267 –

It is worth mentioning that the sample quantity of 15 litres corresponds to one entire standard
bending beam. Therefore this method does not make it possible to reproduce the scattering in
the local bearing behaviour of standard beams. Due to this fact, it is proposed in (Hadl, 2017)
to determine the sample quantity as a function of the component geometry.
4.2 Fiber distribution in beams
The number of fibers was counted in each cross section of the beam. The mean number of
fibers per cross section [number of fibers / dm²] is shown in Fig. 6 for each beam.
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Fig. 6: Mean number of fibers in the cross sections
It has to be mentioned that the number of fibers in the cross section depends essentially on the
fiber orientation in the component. As shown in Fig. 6, a smaller mean number of fibers was
determined in beams which were filled in layers, compared to beams, which were filled from
one side. This indicates that the fibers align along the flow direction. Consequently, more
fibers cross the beam section. A mean fiber orientation η ≈ 0.55 – 0.60 could be determined in
beams filled from one side, according to the equation of (Hilsdorf et al., 1985) and the model
of (Hadl, 2017). For beams, which are filled in layers, a three-dimensional fiber orientation of
about η ≈ 0.50 was obtained. The determined values corresponds to the statements, which are
given by (Hadl et al., 2015), (Lin, 1996) and (Hadl et al., 2016).
The fiber distribution was calculated, based on the number of fibers in the 12 cross sections.
Therefore, the coefficient of variation was determined as shown in Fig. 7. It can be seen that
the number of crossing fibers scatters in a range of 7 – 12 %. This constitutes a low scattering
in view of test series by (Hadl et al., 2016) and (Hadl, 2017) with comparable fiber addition
procedures, where variation coefficients of ≈ 15% could be determined.
Fig. 7 shows that no fiber addition procedure tends to a larger scattering. But they show a
tendency, that beams which are filled in layers, lead to a more homogenous fiber distribution
than beams cast in layers.
As demonstrated, the new fiber type leads to a relatively low scattering of the fiber
distribution, independent of fiber content, filling method and type of fiber addition.
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Fig. 7: Scattering of the number of crossing fibers – Comparison of the fiber addition
procedures (left) and the filling method (right)
5. CONCLUSIONS AND FUTURE PROSPECTS
This contribution presents the results from an investigation on the effect of a new straight
fiber type on the fiber distribution in beams. The influence of the fiber addition procedure,
the fiber content and the filling method were additionally investigated. The presented results
show that the number of fibers in the cross section of the beams, scatters about 10%,
independent of the manufacturing procedure.
The German as well as the Austrian guideline for fiber reinforced concrete, define 4-pointbending tests for the determination of the material properties. In order to obtain the
characteristic value of the flexural tensile strength (5% – quantile), the mean value is
reduced by a factor of 0.51, which corresponds to a variation coefficient of about 25%.
However, the advantage of a more homogenous fiber distribution cannot be taken into
account with this limitation. As shown in (Hadl, 2017), a scattering of 15 % increases the
factor from 0.51 to 0.7, which means that the design value of the post-cracking tensile
strength is increased by the factor 1.4.
Regarding the further development of this steel fiber type and its influence on the fiber
distribution, an additional experimental program is planned. The future program includes
beams, basements and rising walls in order to consider realistic conditions. Small specimens
according to the German guideline for fiber reinforced concrete will be cut from beams,
basements and walls after casting. Subsequently 4-point-bending tests will be performed, to
obtain the realistic load bearing behaviour of the component. To gather information on the
fiber orientation and distribution, slices will be cut from selected specimens after its
bending test. By using an opto-analytic method the fiber orientation and distribution will be
determined.
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SLABS REINFORCED WITH GFRP COMPOSITE BARS
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SUMMARY
The main goal of the paper is the presentation of research works on static and fatigue
behaviour of LWC (lightweight concrete) deck slab reinforced with GFRP (glass fibre
reinforced polymer) rebars. The structural LWC with lytag type aggregate has been used for
slab casting. The carrying capacity of the slabs as well as fatigue durability have been
checked during experimental tests on three full-scale deck slabs. All slabs were 5,2 m long,
1,9 m wide and 0,18 m deep. One- and two-span arrangements have been applied for static
and fatigue tests in shear and flexure. The research has clearly revealed that bridge deck slabs
made of LWC concrete and GFRP rebars could be viable alternative for conventional concrete
bridge decks with steel rebars. Following the research the first Polish application of LWC
bridge deck slab reinforced with GFRP bars took place on a medium-size road bridge.
1. INTRODUCTION
Corrosion of steel reinforcement is a major durability problem in concrete structures which
leads to shorten the service time of concrete construction such as bridge decks and increases
the maintenance cost. In road bridge system, concrete bridge decks deteriorate faster than any
other bridge components due to de-icing salts and increasing traffic load. Corrosion of steel
rebars causes structural degradation and constant costly repairs. In order to avoid steel
corrosion problem, concrete structures can be reinforced with non-corroding reinforcement
such as GFRP (glass fiber reinforced polymers) rebars. The use of GFRP bars in concrete
structures can lead to increase a service life of bridge, decrease the maintenance cost and
improve effectiveness cost in life-cycle of construction. GFRP reinforcement, as compared to
steel, is resistant to corrosion, lighter and has a higher tensile strength. Moreover, GFRP
rebars are transparent to magnetic fields and electrically non-conductive. Due to their
advantages GFRP rebars are a promising alternative for conventional steel reinforcement
(El-Salakawy et al., 2005; Benmokrane et al., 2006; Benmokrane et al., 2007; Holden et al.,
2014).
Another issue, which is considered in bridge deck construction is a lightweight concrete
(LWC) application. When lightweight concrete is used, the extra decrease of self-weight of
deck (about 30%) which means bridge strengthening in redecking cases, might be obtained.
So far, a major obstacle of application LWC in bridge decks is highly absorptive concrete.
When steel reinforcement is used, it usually leads to faster steel corrosion following by
concrete deterioration. However, when using LWC and GFRP reinforcement, this problem is
solved owing to non-corrosive properties of rebars. Combination of LWC and GFRP offers
synergy of advantages of both materials and leads to more durable, less-weight and cheaper in
terms of LCC (life cycle cost) bridge decks.
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The paper presents the research works on static and fatigue behaviour of LWC deck slab
reinforced with GFRP rebars, which results enabled the first Polish application of LWCGRFP deck slab on medium-size road bridge.
2. EXPERIMENTAL PROGRAM
A total of three full-scale concrete deck slab of 5.14 m long, 1.90 m wide and 0.18 m deep,
were constructed and tested. All slabs were reinforced with top and bottom grids of 12 mm
diameter GFRP rebars spaced at 80 mm in both directions, with concrete cover of 30 mm. The
rebars were fabricated using pultrusion process. The GFRP bars had a sand-coated surface to
enhance the bond performance between the rebars and surrounding concrete. The tensile
strength of GFRP rebars were obtained from appropriate standard test (ACI 440.1R-06) and
amount to about 810 MPa. The structural LWC with lytag type aggregate has been used with
target class LC35/38. The destiny of fresh mix concrete was 1970 kg/m3.
One simply and two continuously GFRP reinforced LWC slabs were tested in shear and
flexure. The continuous slabs comprised of two equal spans, each of 2.4 m, while the simply
supported slab has a span of 4.8 m, as show in Fig. 1.

Fig. 1: Test arrangements - scheme M1, M2 (M3)
The load was applied through a 400x400 mm steel plates at places that represent the LM1
traffic load models as specified by Eurocode 1 (EN 1991-2) (Fig. 2). The static test was
carried out on slab M1 and M2, and fatigue test was carried out on M3 slab.

Fig. 2: Loading scheme LM1
The slab testing was a part of research works on the first Polish road bridge made of FRP
composites, so applied loads corresponded to bending moments induced by the traffic load in
deck slab of the bridge with 1.7 m spaced main girders (Siwowski et al., 2015). According to
this assumption two load levels had been specified for each test scheme, unit force Pk and Pd
characteristic and design load value respectively, see Tab. 1.
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Test scheme
M1
M2

Tab. 1: Load levels for static test
Characteristic load value
Design load value
Pk [kN]
Pd [kN]
34.9
94.5
155.5
324.0

Slab M3 was subjected to constant amplitude of fatigue loading. The cyclic load with
frequency 2 Hz (up 500 000 cycles) and 1.5 Hz (after 500 000 cycles) was applied to test
specimen. The maximum load level Fmax = 222.2 kN (2 × 111.1 kN) correspond to bending
moment caused by weight 210 kN for each axle, as specified in Eurocode 1 (EN 1991-2). The
minimum load level was set as Fmin = 22.2 kN (2 × 11.1 kN).

Fig. 3: Slab specimen M3 under testing
During static and fatigue tests, the deflection, concrete strains and formation of cracks were
recorded and marked.
3. TEST RESULTS AND DISCUSSION
Two different failure modes were observed in the experimental static tests as shown in Fig. 4
and Fig. 5. The M1 slab (simply supported scheme) showed flexure failure (concrete
crushing) at PM1,ul = 220 kN load level, while the M2 slab (continuous scheme) failure in shear
at PM2,ul = 880 kN. Shear crack started at loading point and propagated to middle support.
Basing on static test, the global safety coefficient for ultimate limit state (ULS) were specified
as ultimate to characteristic load ratio. The value of this coefficient for tasted slabs were over
5.0 what seems to be the satisfactory result in terms of bridge safety.
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Fig.4: Flexure failure of M1 slab specimen

Fig. 5: Shear failure of M2 slab specimen
Similar analysis were performed for serviceability limit state (SLS). The experimental value
of deflection and crack width at characteristic load level was compared with allowable value
(Tab. 2). As allowable deflection of slab the value of lt/250 was adopted, where lt is center to
center space between supports and as allowable crack width the value of 0.5 mm was assumed
according to ACI guide (ACI 440.1R-06).
Tab. 2: Comparison of experimental and allowable values for SLS
Crack width [mm]
Deflection [mm]
M1
M2
M1
M2
Maximum test value (a)
0.3
0.3
13.4
1.8
Allowable value (b)
0.5
0.5
19.2
9.6
(a)/(b) [%]
60 %
60 %
70 %
19 %
In fatigue test after 980 500 cycles, there was observed a considerable increase of slab
deflection amplitude. Due to large value of deflection and rapid crack propagation in concrete
the test was stopped (Fig. 6). The main reason of fast increase of crack width and slab
deflection was bond failure between GFRP rebars and concrete. Due to the fact that the
service load of the real bridge will be much lower than applied in fatigue test, the results of
this experiment were accepted as satisfactory.
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Fig. 6: Slab failure pattern after the fatigue test
The full presentation of static and fatigue tests of LWC-GFRP bridge deck slabs is presented
elsewhere (Wiater et al., 2015).
4. APPLICATION ON A ROAD BRIDGE
The prototype LWC-GFRP bridge deck slab exhibited satisfying structural behaviour during
the static and fatigue test, therefore it was decided to implement it for the first time in Poland
on a medium-size road bridge. The bridge was built in Błażowa (south-eastern Poland) along
the local road over Ryjak stream. The bridge superstructure with a simple span of 22.00 m
and a width of 10.44 m, is formed by four simply supported U-shape FRP girders with an
overlying 0.18 m thick lightweight concrete slab reinforced longitudinally and transversely
with two grids of GFRP rebars. The cross-section of the bridge and reinforcement details are
shown in Fig. 7. The deck slab was made from LC35/38 lightweight concrete with lytag type
aggregate and reinforced with two grids of GFRP rebars of 12 mm diameter, spaced at
120 mm in transverse and 150 mm in longitudinal direction. The GFRP reinforcement using
in bridge deck slab was the product of ComRebars Company, the only Polish FRP rebar
manufacturer. The GFRP rebars are made of epoxy-resin and fiber content 75-80% by weight
with braided proces for fiber spiral ribs on the outer surface. The guarantee tensile strength
and elastic modulus of GFRP rebars were 1000-1100 MPa and 50±5 GPa, respectively. The
cocnrete deck slab was designed using an ACI guide (ACI 440.1R-06).

Fig. 7: Cross section of deck slab of the Błażowa bridge
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The concrete mixture volume of 53 m3 was used for casting entire bridge deck slab in onestage continuous process. Concrete mixture was lifted and placed using basket by mobile
crane, what prevented from the damage of lightweight aggregate (Fig. 8).

Fig. 8: Installation and construction of a lightweight concrete bridge deck slab reinforced with
GFRP rebars
The experience from the first Polish application of LWC-GFRP bridge deck slab is very
promising. Technology of casting was similar to one used for the conventional steel
reinforced concrete bridge deck slabs. One of the differences was stiffness of GFRP grids,
which were significantly deflecting under workers, comparing to steel reinforcement. To
ensure the right position of reinforcement during concreting, the extra space elements made of
PVC tubes were used. The other difference was the method of connecting rebars together,
which in case of GFRP rebars was realized by using zip ties (clamping bands).
The bridge construction was completed in November 2015 (Fig. 9). The general characteristic
of the bridge and construction process is described in (Siwowski et al., 2017)

Fig. 9: Completed bridge in Błażowa with LWC-GFRP deck slab
5. CONCLUSIONS
Recent progress in material engineering, allowed for the application of a new, technologyadvanced construction materials, such as high-performance lightweight concrete and FRP
composite. Due to excellent physical and mechanical characteristic in comparison to the
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conventional materials, each of these materials has its field applications in bridge
construction. The main advantage of the lightweight concrete is relatively small density of
hardened concrete, what allows for construction of less-weight and smaller elements. GFRP
reinforcement is used due to high strength and high durability in aggressive environment.
Synergy of LWC and GFRP rebar advantages was motivation to start of aforementioned
research on combination of both materials for bridge decking. Preliminary works showed that
the application of LWC-GFRP deck slab is possible and even advisable. The behaviour of
lightweight concrete slab reinforced with GFRP rebar is similar to conventional steel
reinforced deck slab.
Besides of the first application there is a constant need to test the behaviour of this kind of
bridge structural elements under the service loading. These tests are planned to be carried out
by the Rzeszow University of Technology in the near future. Following the further tests the
verification and modification of design procedure when lightweight concrete is used are going
to be done. These works allow for wider application of LWC-GFRP bridge deck slabs and
optimization of amount of construction material used. The latter is highly expected due to
higher material price in comparison with conventional materials. However, the output of the
research project presented in this paper gives a very promising future for LWC-GFRP deck
slab as application in road bridge construction.
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SUMMARY
Post-earthquake strengthening of damaged structural elements represents an important issue
for all structures placed in seismic areas. In most cases, the lateral resisting system of midand high-rise buildings comprises of Reinforced Concrete (RC) and composite steel-concrete
shear walls, which are prone to damage during earthquakes of high magnitude. The current
paper proposes a modern approach for strengthening of such elements, using high
performance steel Fibre Reinforced Cementitious Composite (FRCC) materials, a technique
that has not been thoroughly investigate and documented. This material was applied in the
shape of thin jacketing for three composite steel-concrete shear walls that had previously been
tested up to failure, in a cyclic loading procedure, simulating the effects of earthquake. The
results for one strengthened specimen are presented hereinafter.
1. INTRODUCTION
In the last decade, some of the modern materials which are being studied extensively in
concrete technology and strengthening solutions, are Fibre Reinforced Concrete (FRC) and
high-performance steel fibre grouts, materials which could replace the arranged longitudinal
and transversal reinforcements made from steel bars, of reinforced concrete structural
members, if the minimum percentage of steel fibres embedded in mass of this kind of
materials are satisfied. FRCC is a modern material, which was developed and used mostly to
increase the mechanical performances and durability of damaged structural members. In most
common studies, after strengthening structural elements, this material has proved significant
increases in bearing capacity, at least 30% higher compared to the initial situation. The
research is limited on this topic, several results being highly visible, dealing with
strengthening of slabs, beams, columns and masonry elements. For reinforced concrete or
composite walls strengthened using FRCC the available research is quite scarce. Most studies
concerning the strengthening of RC structural elements with FRCC approach the benefits
provided by the high tension strength of the material, applying a relatively thin layer of mortar
in sections with the largest stress rate. A study like this was performed by (Lampropoulos et
al., 2016) whose experimental program has proven the high efficiency of strengthening of
concrete beams subject to bending and shear with FRCC. The strengthening of the concrete
beam was accomplished in several ways, placing the mortar in a simple layer of material,
about 50 mm thickness, at the bottom of the tensioned area of beam, on the both sides, and
last at the top in compression zone. After that, the results obtained show a significant increase
of the bearing capacity by up to 30%, practically the material having great potential in
strengthening of such elements. Another important research (Xiuling et al., 2016), studied the
nonlinear behaviour of some concrete columns strengthened with FRCC. The results obtained
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after testing 4 specimens shown an important increase of bearing capacity with 30% higher
than the initial performances of the columns.
2. EXPERIMENTAL PROGRAM
The present study is a continuation of a research performed on steel-concrete hybrid walls
with the intention of studying their performance with that of similar reinforced concrete shear
walls (the latter representing the generally applied solution for mid- and high-rise buildings
placed in seismic areas). The main objective of the current research is to investigate the
behaviour of three steel-concrete hybrid shear walls which were tested up to failure,
strengthened with 2x25 mm thin jacket of FRCC, and then retested to full failure. The results
obtained by completing the experimental research are encouraging, highlighting an enhanced
behaviour of the strengthened walls, especially in comparison to the original FRC.
2.1. Wall specimen characteristics
The experimental specimens are 1:3 scale reinforced concrete and steel-concrete hybrid
elements, with 3000 mm height, 1000 mm width and 100 mm thickness, simulating a three
storey and one bay element from the base in a lateral resisting system of a building structure.
For some of these elements, the traditional steel reinforced concrete has been replaced by
FRC (using longer and thicker steel fibres in comparison to the solution presented
hereinafter). For this type of structural walls, the Composite Steel Fibre Reinforced Concrete
Wall (CSFRCW) notation is used. The thin walls, including the reinforcements and steel
profiles, were build-in a heavily reinforced concrete foundation with 1500 mm length, 400
mm height and 350 mm width. The foundation block was highly reinforced in order to avoid
any circumstances regarding the failure at this level of embedded specimens in testing
procedure. Steel profiles embedded in the core of specimens, have assured the connection
with the concrete by welded headed shear stud connectors placed at every 150 mm on the
length/height of the profiles. The reinforcement placed on the edges of the web panel consist
of 8Ø10 mm vertical bars and Ø8/75 mm horizontal stirrups. Details of the experimental
specimens tested in the laboratory are presented in Fig. 1 and the sectional characteristics of
steel profiles are shown in Tab. 1.
All the specimens were designed in accordance with the principles of existing codes,
Eurocode 2, Eurocode 4 and Eurocode 8. The investigations and specifications for composite
FRC walls are poor and the knowledge related to the nonlinear behaviour of such elements is
limited.
2.2. Material properties
Steel profiles were manufactured by welding steel plates which correspond to S355 steel
quality. The used reinforcements are made from S500C steel grade. To determine mechanical
properties of the steel fibre mixed concrete some cubes and prismatic elements were provided.
After the samples were tested, the established strength class of the concrete was C30/37. For
disperse reinforcement of the concrete, hooked steel fibres were used with a minimum tensile
strength of 1100 MPa, based on the supplier’s data. The steel fibres had 60 mm length and
0.8 mm diameter. For strengthening the damaged specimens, free-flowing high ductility fibrereinforced cementitious mortar with steel fibres (FRCC) material was used. FRCC is a bicomponent material, component A is brass coated steel fibres defined by 13-15 mm length
and 0.2 mm diameter while component B is pre-dosed powder grout made from high-strength
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cement, selected aggregates and special additives. The steel fibres correspond to a maximum
of 6.5% weight of component B.

Fig. 1: Details of experimental specimens before and after strengthening with FRCC
Tab. 1: Sectional parameters of encased steel profiles
Specimen
label
CSFRCW-1
CSFRCW-2
CSFRCW-3
CSFRCW-4
CSFRCW-5

Steel shape Encasement level bf [mm]
2
2
3
2
2

fully
fully
fully
fully
partially

70
70
70
70
70

tf [mm] hw [mm]
5
7
7
7
7

70
56
56
56
86

tw [mm]
5
7
7
7
7

After testing some samples made from FRCC (3 cubes and 6 prismatic elements) the
mechanical properties of this material indicate higher net values than a usually mortar or
concrete used predominantly for building structural elements. The compression strength of the
material was close to 121 MPa. In case of tensile strength, values from 5.46 MPa up to
9.57 MPa were obtained.
2.3. Test set-up and loading procedure
The composite shear walls were tested under constant vertical load (100 kN, corresponding to
a normalised axial force of 1.5%) and quasi-static reversed cyclic lateral loads. The specimens
were anchored with some steel bolts and connecting steel devices in a reaction floor. The
lateral loads were applied alternatively left-right, using two 400 kN hydraulic jacks placed at
400 mm below the top of the specimens. The vertical force was provided by a 250 kN
hydraulic jack placed at the top of the walls. In the Fig.2 experimental testing frame can be
observed.
The recommended ECCS [6] short testing procedure was used for cyclic tests. All the cyclic
load steps, horizontal forces, were applied in displacement control model. Four cycles were
performed before the elastic limit of the specimens was reached. Horizontal forces were
applied until the strength of the specimens decreased to 85% of the peak horizontal load. For
monitoring the behaviour of the specimens, displacements transducers and pressure
transducers were used.
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Fig. 2: Test set-up and loading history diagram
3. EXPERIMENTAL RESULTS AND OBSERVATIONS
3.1. General behaviour and failure modes of elements
The main objectives of this experimental program, in the first part, were to investigate the
possibility to totally replace the traditional reinforcement (steel rebar) placed in the central
area of the composite walls with steel fibres and then, to evaluate the main parameters of the
behaviour, i.e. strength, ductility and stiffness and make some comparisons with the
behaviour of common RC walls and composite shear walls with steel encased profiles. The
aim of the second part of the experimental program, was to retrofit and strengthen (using
FRCC) the specimens which had already been tested up to failure and to investigate if the
initial performance of elements i.e. those before testing can be restored.
Some of the studies performed on the composite steel-concrete walls with traditional
reinforcements placed in the central area of the wall, shown a good behaviour under cyclic
lateral loads, failure modes being ductile, with more than 25% bearing capacity than RC
traditional walls. The failure mode is characterised by yielding of the steel profiles in tension,
plastic deformations in concrete, crushing of the compressed concrete zone and tearing the
tensioned steel profiles. Specimens reach up to 100 mm in drift prior to failure.

Fig. 3: Type of failure modes of steel-concrete composite walls
In the case of the composite FRC walls, which were tested up to failure, the results shown the
brittle failure modes of the elements, which occurred with a diagonal crack and without
yielding of vertical reinforcement and structural steel. Almost all cracks start developing at
15 cm from the edge of the wall, corresponding to the internal face of the steel profiles
embedded in the core of the walls. The cracks appear when the tensile strength of the
concrete is exceeded. Before the elastic limit was reached, only diffused cracks have
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developed. All the specimens (CSFRCW) reach failure at 30-40 mm value of the drift. No
crushing of the compressed concrete zone and tearing the tensioned steel profiles was
observed.

Fig. 4: Specific envelope curves for two tested specimens

Fig. 5: Type of failure modes of steel-concrete composite walls
In terms of bearing capacity, the values registered of the lateral forces applied are quite
similar in both cases and the stiffness of the specimens is slightly similar. The big difference
in behaviour of the elements is represented by their capacity to dissipate energy and their
ductility. In fact, the series of investigations carried out on the composite walls show their net
superior performance in comparison to the specimens which have the traditional
reinforcement replaced by steel fibres. In case of dispersed FRC walls, the observed failure
modes are characteristic of a fragile behaviour, without enabling the yielding capacity of the
steel profiles placed at the extremities, and, compared to the reinforced concrete walls or
steel-concrete composite walls with traditional reinforcement in the central area the overall
behaviour is net inferior. This kind of behaviour is not accepted in seismic area. At the end of
the tests, the specimens before strengthening showed an advanced state of degradation as
illustrated in the figures below.
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Fig. 6: Level of degradation stage, retrofitting and strengthening walls with FRCC
Upon a quick investigation, tested specimens had multiple cracks on the surface oriented in a
random direction, completed by destruction of the concrete in the corners and the buckling of
the steel profiles and reinforcements. After that, retrofitting with high performance mortars
and epoxy materials was done, and walls were strengthened with FRCC in a 2x25 mm thin
jacket. The last step was retesting the strengthened specimens. As can see in the illustrated
figures, many cracks were developed on the FRCC surface, defined by small openings at
different level of encountered drift.

Fig. 7: Cracks developed on the surface of thin jacket FRCC (10–40–90 mm drift)
It was register a maximum 94.5 mm drift and 395.6 kN peak value of lateral induced force.
Specimens before strengthening with FRCC has failed at 30...40 mm value of drift, while
after strengthening, elements do not reach the elastic limit of bearing capacity at this level of
drift, as can see. The failure mode of strengthened specimens has changed, becoming a ductile
one, steel profiles was reaching the plastic capacity in tension and walls registered a high rate
of dissipated energy.
After the tests were done, structural steel profiles were discovered, to observe the level of
plastic strain developed. No pronounced plastic deformation was encountered, steel profiles
had not reach the ultimate state limit under the lateral load, which mean the strengthening was
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successful. Since this is an ongoing project, the conclusions are limited, the available results
could be presented as it is in Tab. 2.
Tab. 2 – Results of tested specimens
Specimen
CSFRCW-1
CSFRCW-2
CSFRCW-2
CSFRCW-3
CSFRCW-3
CSFRCW-4
CSFRCW-4
CSFRCW-5
RCW-6

Steel
shape
2
2
2
3
3
2
2
2
N/A

Testing
phase
Baseline
Baseline
Strengthened
Baseline
Strengthened
Baseline
Strengthened
Baseline
Baseline

Maximum
load [kN]
305.6
N/A
N/A
332.6
395.6
244
N/A
245.6
280

Maximum
drift [mm]
32.18
N/A
N/A
60.57
94.5
40.95
N/A
33.47
108.1

Failure
mode
Shear
N/A
N/A
Shear
Bending
Shear
N/A
Shear
Bending

4. CONCLUSIONS
The performed studies show that initial failure mode of the CSFRCW tested specimens in
bending was fragile, the concrete crushed before plastic capacity of steel profiles was reached
and after strengthening with FRCC applied in a thin layer, rate of dissipated energy and
ductility was increased. The performances of strengthened specimens have to be compared
with performances of traditional reinforced concrete walls. As can see the proposed
strengthening solution was successfully and it could be a possible option at choosing the best
solutions for retrofitting damaged structural members.
5. REFERENCES
Lampropoulos, A. P., Paschalis S. A., Tsioulou O. T. and Dritsos S. E. (2016), “Strengthening
of reinforced concrete beams using ultra high fibre reinforced concrete (UHPFRC)”,
Engineering Structures, Vol. 106, January 2016, pp. 370-384.
Xiuling, L., Juan, W., Yi, B. and Genda, C. (2017), “Cyclic behavior of damaged reinforced
concrete columns repaired with high-performance Fibre-reinforced cementitious
composite”, Engineering Structures, Vol. 136, April 2017, pp. 26-35.
Dan, D., Fabian, A. and Stoian, V. (2011), “Theoretical and experimental study on composite
steel–concrete shear walls with vertical steel encased profiles”, Journal of Constructional
Steel Research, Vol. 67, May 2011, pp. 800-813.
Dan, D., Fabian, A. and Stoian, V. (2011), “Nonlinear behaviour of composite shear walls
with vertical steel encased profiles”, Engineering Structures, Vol. 33, October 2011, pp.
2794-2804.
Boita, I. E., Dan, D., Stoian, V. A., Florut, S. C. and Todea, V. C. (2017), “Composite Steel
Fibber Reinforced Concrete Shear Walls with Vertical Encased Profiles. Experimental
Study”, Conference: 16th National Technical-Scientific Conference on Modern
Technologies for the 3rd Millennium, March 2017.
ECCS. Recommended testing procedure for assessing the behaviour of structural steel
elements under cyclic loads, European Convention for Constructional Steelwork, 1999.

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED REINFORCING AND PRESTRESSING MATERIALS AND TECHNOLOGIES
– 284 –

INNOVATIVE PERFORATED STEEL SHEET REINFORCEMENT:
CORBEL APPROACH
E. Apostolidi1, K. Bergmeister1, A. Strauss1, P. Winkler1, P. Kremnitzer2, C. Rauch2,
B. Schembera3
1
Institute for Structural Engineering, University of Natural Resources & Life Sciences,
Vienna, Austria
Peter-Jordan-Strasse 82, A-1190, Vienna, Austria
2
PORR AG
Absberggasse 47, A-1100, Vienna, Austria
3
FCP – Fritsch, Chiari & Partner ZT GmbH
Marxergasse 1 B, A-1030, Vienna, Austria
SUMMARY
Concrete planar structural elements (plates, walls, etc.) are normally reinforced by
perpendicularly arranged bars in two directions. An alternative innovative perforated steel
sheet reinforcement layout is developed with comparable mechanical properties. Steel sheet
reinforcement is designed with certain layout, size and shape of perforations, a) to allow
concrete flow within the steel sheet and b) to secure a better interaction between sheet and
concrete. Within the steel sheet’s perforations small concrete elements are formed, which are
assumed to act as corbels. In the present paper, more than 30 (2D and 3D) numerical models
of the corbels are calculated and evaluated, as part of a parametrical study. Results indicated
the existence of an optimum correlation of the corbel height (h) to the corbel depth (a),
considering the current numerical results and certain simplifications.
1. INTRODUCTION
Reinforced concrete is one of the most commonly used structural materials in the last decades,
as steel reinforcement achieved to increase significantly the tensile capacity of concrete,
which only had high compressive strength. Initially, steel bars were used as reinforcement for
concrete, but recently, steel in form of fibres, grids, cables, etc. has also been introduced in
reinforced concrete elements. For planar structural elements (such as slabs, walls, etc.) it is
common to place two layers of steel bars, arranged perpendicularly to one another, to achieve
a biaxial load bearing capacity of the element. An innovative idea is that steel reinforcement
in form of a planar reinforcing element could be embedded in concrete and replace common
steel reinforcing bars (Wille, 2008), as indicatively shown in Fig. 1(a).

(a)

(b)

(c)

Fig. 1: Reinforcing system of a perforated steel sheet (a) in 3D view, (b) detail of a bulged
perforation, & (c) concrete corbel formed within the bulged openings of the steel sheet
(Apostolidi & Strauss, 2014)
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This novel reinforcing system is designed to have similar load bearing capacity with the
reinforcing bars, minimizing the thickness of the composite element and particularly the steel
to a final thickness of around 1 to 2 mm (Wille and Tue, 2013). To ensure an efficient
interaction between the two materials, openings with bulged edges (Fig. 1(b)), are introduced
in the steel sheet (Mucha, 2003). The bulged perforations facilitate the concreting procedure,
allowing the concrete to pour through the openings. More importantly, within the bulged
perforations a concrete element is formed, assumed to act as a corbel and is considered as the
main shear transfer mechanism between steel and concrete (Fig. 1(c)). The bond behaviour
between steel sheet and concrete is mainly governed by mechanical interlock and bond action
has only a small contribution. For the steel sheet to have a sufficient load bearing capacity,
some main influential parameters should be defined, such as the steel tensile strength, the
layout and shape of perforation and the sheet thickness. Based on a decision making process,
a certain perforation system is developed and briefly presented.

(a)

(b)

Fig. 2: Railway supporting RC Slabs to be reinforced with the innovative steel shet
reinforcement. (a) 3D view, and (b) constructional detail for the placement of the sheet
reinforcement (Rauch, 2014)
The target of the development of this innovative reinforcement is to replace conventional bar
reinforcement in prefabricated railway slabs, shown in Fig. 2(a). This slab track system,
where the train rails are fixed on, is developed and patented by the construction company
PORR AG and in order to optimize and accelerate the slab production, the idea of the steel
sheet reinforcement placement, as presented in Fig. 2(b) is investigated. A national and
international patent of this perforated steel sheet as reinforcement is available.
In the present paper, the focus will lean on the shear transfer mechanism between the two
materials, the steel and the concrete, which is assumed to be achieved through the mechanical
interlock of concrete corbels. Case specific assumptions, limitations and constrains are
discussed, through the development of a 3D finite element model of the corbel. A parametric
study, considering several geometrical properties of the corbel, is presented and leads to an
optimum correlation between the corbel’s height and depth that will further facilitate the
overall development of the perforated steel sheet layout.
2. DESIGN OF THE STEEL SHEET
The design process of the innovative sheet reinforcement is a rather complex task and is based
on consecutive decision-making steps, trying to combine theoretical and practical aspects, as
well as findings from previous researchers (Mucha, 2003; Wille, 2008; Wille and Tue, 2013).
The development of this innovative perforated steel sheet was initially based on the concept
of replacing the minimum bar reinforcement (Ø10/100mm) in a 1 m2 reinforced concrete slab
(Fig. 3). Therefore, the thickness of the steel sheet, the size and position of the perforations
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and the steel material properties had to be defined. To facilitate the production and the
placement on site, the sheet should be as thin as possible, however the maximum tensile
resistance decreases proportionally with the thickness (Wille and Tue, 2013). Also, the size
and shape of the openings further affects the overall bearing capacity of the sheet, along with
the layout and the orientation of openings on the steel sheet. Finally, the bulging of the
openings is achieved through mechanical deformation, therefore it should be smooth to avoid
plastic deformation of steel and provide sufficient area for the pouring of the concrete.

(a)

2

(b)

Fig. 3: Schematic depiction of a 1 m slab with thickness of 0.15m, (a) minimum bar
reinforcement (Ø10/100mm), & (b) indicative equivalent steel reinforcement (perforation
50 x 50mm, every 50 mm) (Apostolidi & Strauss, 2014)

(a)

(b)

(c)

Fig. 4: (a) Initial sheet specimen (750 x 750 mm), (b) sheet fixed in wooden mould during
concreting procedure. (Apostolidi et al., 2014). (c) Steel sheet layout after preliminary
numerical and experimental investigations (Rauch, 2014)
Through a series of preliminary numerical investigations, correlating the sheet thickness (varying
between 0.7 mm and 1.5 mm) with the steel grade (tensile strength varying between 260 MPa and
520 MPa), shape of openings (parametric studies between circular, elliptical and quadratic
openings with rounded edges) and size of openings (diameter and width/length varying between
35 mm and 65 mm), a first steel sheet layout with bulged quadratic openings that have rounded
edges, positioned in parallel to the main axes of the steel sheet was produced, as shown in Fig.
4(a). A series of preliminary experimental tests followed, in an effort to determine an appropriate
concrete type for the final composite element and to consider some practical aspects during the
production of the steel sheet and of the composite RC element. As shown in Fig. 4(b), the initial
steel sheet was used for the first production of a RC element and through this process an
appropriate concrete type of C45/55 with maximum aggregate size of 1.6 cm was chosen. After
these tests, the introduction of secondary openings to facilitate the air path coming out of the
mould during concreting was decided. These ventilating openings were positioned between the
main bulged openings and placed parallel to the main axis of the steel sheet, leading to the layout
presented in Fig. 4(c). Considering the procedure described above and given these specific
geometrical and material limitations, a series of 3D finite element models is going to be developed
in an effort to verify the shear transfer mechanism between sheet and concrete and to chose the
optimal dimensions and inclination angle of the bulged edges around the steel perforations.
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3. CORBEL APPROACH – MECHANICAL INTERLOCK
The introduction of bulged edges around the openings of the steel sheet serves mainly to the
shear transfer between the steel and concrete, as already mentioned above. Therefore the
inclination angle (y°) of the bulged part around the openings is important for even stress
distribution in concrete, when a force is transferred from steel to concrete. In the present paper,
the concrete elements formed within the bulged edges of the perforations, are assumed to
behave as unreinforced concrete corbels (Fig. 1(b), 1(c)). The composite element should be
designed in such a way, so that brittle failure in these concrete bulges is avoided. Therefore, the
shear and tensile capacity of these concrete elements needs to be verified for the maximum
horizontal shear force to be applied from the sheet to each concrete corbel. Corbel is usually a
short cantilever, with a ratio of depth over height (t/h) less than 1.0 (see Fig. 5). In this case of
an unreinforced corbel, the transfer of the shear force (Fsd) from the steel to the concrete
depends on the geometrical properties of the corbel and on the concrete’s material properties
(Heydel et al., 1995). Fig. 5 presents the forces acting on the corbel based on the simple strut-tie
model, along with the stress (σ) and strain (ε) distribution on the section along the face of the
main concrete core. Fsd is the shear force, Hsd is the tension force applied on corbel along with
shear load (≥0.2 Fsd) and Zsd is the tensile reaction force. The target is to define the maximum
values of the horizontal shear force Fsd,max and the maximum tension force Zsd,max that
simultaneously develop on each corbel without any type of failure to occur in the concrete.

Fig. 5: Shear force transfer from steel sheet to concrete. Stress (σ) and strain (ε) distribution
on the section, where the corbel starts projecting from the face of the main concrete core
Based on the design compressive strength of the concrete, the maximum shear force (Fsd,max) to
be received by the concrete corbel is given by Eq. (1) and it is equal to VRd2, which is the
maximum design value of the shear force without any compression failure in the element
(Heyden et al., 1995):
(1)
Where: ν = 0.7-fck/200 ≥ 0.5 (reduction factor), fck is concrete’s characteristic compressive strength,
fcd is concrete’s design compressive strength, bw is the corbel’s width and d is the effective depth of
the corbel, which due to the absence of tensile reinforcement is equal to the overall depth of the
corbel h. The maximum tensile force to be received by the concrete is given by Eq. (2):
(2)
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Where AΤension is the corbel’s cross sectional area in tension, fctm is concrete’s mean tensile
strength and x is the height of the compression zone (shown in Fig. 5). According to the
simple strut-tie model, the tensile strength Zsd is given as a function of Fsd and Hsd (≥0.2 Fsd),
through Eq. (3) (Heyden et al., 1995):
(3)
Where ac is the distance from the centre of load to the nearest face of concrete’s main core, ah
is usually the distance between the centre of reinforcement and the load application face, but
in the present case it is equal to the sheet thickness and zo is the height of the lever arm given
by Eq. (4) (Heyden et al., 1995):
(4)
Based on Eq. (3), one could calculate the shear force value Fsd* that corresponds to the
maximum tensile force to be received by the concrete corbel, with the aid of Eq. (5):
(5)
To enable the use of these basic equations about the force transfer in these concrete corbels,
the target of this work is to create a 3D finite element model, that will assist the definition of:
a) an optimum correlation between the depth and the height of a corbel, b) the approximate
height of the tension zone in an unreinforced corbel and c) an optimum inclination angle
around the openings.
4. MODEL GENERATION & PARAMETRICAL STUDIES
Considering the corbel approach described above, a series of numerical models were created
with the support of the FE software ATENA 3D (Beneš et al., 2016; Červenka and Červenka,
2017), see Fig. 6(c). The parametrical studies of the models include the investigation of the
maximum shear load (Fsd), the height of the tensile zone (h-x), the optimum correlation
between the height (h) and depth (t) of the corbel and finally, the influence of the inclination
angle (y), as shown in Fig. 6(a).

(a)

(b)

(c)

(d)

Fig. 6: (a) Constant dimensional properties and investigated parameters of the model,
(b) support and loading conditions in the models, (c) sectional and 3D view of a meshed
model, and (d) Different 3D view presentation of the maximum crack width of 0.1 mm
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For comparison purposes between the various models, some dimensional properties were kept
constant, such as a model width of 4 cm, a concrete core depth of 2 cm (regardless of the
corbel’s depth) and a concrete stripes’ height above and below the corbel of 2cm each
(Fig. 6(a)). Further constant properties throughout the model were: (a) the concrete type of
C45/55, as it was defined in the preliminary experiments, (b) the boundary conditions of the
model, as shown in Fig. 6(b), and (c) the meshing in tetrahedral elements of 2.5 mm side size,
automatically generated by the software. A characteristic model with the aforementioned,
meshing and boundary conditions is presented in Fig. 6(c). The load was uniformly
distributed on the top area of the corbel, along the y direction (Fig. 6(b) and (c)), and it was
increased stepwise until failure. The failure criterion was a maximum crack width of 0.1 mm,
so the loading step, where the maximum accepted crack width is measured, leads to the
maximum failure load F0.1mm of each model.
Tab 1: Values of the investigated parameters used in the models
Parameter
Units
Values
h (Corbel’s height)
mm
30; 40; 50; 60; 100
t (Corbel’s depth)
mm
2,5; 5; 10; 15
y (Inclination angle)
°
45; 60; 75; 90
Based on the geometrical restrictions of the corbels (mentioned in §2), the chosen values of
the parameters under investigation are presented in Tab. 1. The combination of all these
values led to the simulation of 80 different FE Models. The most characteristic results and
their evaluation follows in the next section.
5. RESULTS & EVALUATION
In each of the simulated models, the results to be evaluated are the crack width, the stress
distribution and the failure load F0.1mm. The crack propagation in each model can be
schematically presented in various ways, with the aid of the ATENA Studio interface (Beneš
et al., 2016). In Fig. 6(d), different 3D views of a cracked model, with crack width up to
0.1 mm are presented. Based on the failure criterion described above, the failure load F0.1mm is
calculated as a concentrated load in kN and the effect of the corbel’s height, depth and
inclination on these load is evaluated.

(a)

(b)

Fig. 7: (a) Calculated failure load (F0.1mm) over corbel’s depth (t), for increasing corbel’s
height (h) ,and (b) Calculated failure load (F0.1mm) over corbel’s height (h), for increasing
corbel’s depth (t). Constant y=75°
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In Fig. 7, a correlation of the failure load (F0.1mm) with the corbel’s depth (t) and height (h) for a
constant inclination angle of 75 ° is presented. Fig. 7(a) shows the results of the failure load
over corbel’s depth and the curves with darker blue colour correspond to higher corbel height
values. Fig. 7(b) presents and inversed correlation, where the values of the corbel’s height are
along the x-axis and the curves with darker green colour represent higher corbel’s depth values.
In both Figures, it can be noticed that for a corbel depth t = 2.5 and 5 mm, the height of the
corbel h has no impact on the failure load. For values of t between 5 mm and 11-12.5 mm, the
failure load reaches a maximum value, which is different for each corbel height h. So, each
curve or corbel height corresponds to a specific corbel depth that leads to the maximum failure
load and this increases with the corbel height.

(a)

(b)

Fig. 8: Correlation of corbel’s height with the inclination angle: Calculated failure load
(F0.1mm) over corbel’s height (h), (a) for t=10 mm and (b) for t=5 mm.
In Fig. 8, there is an effort to correlate all the investigated parameters t, h and y, and their impact
on the failure load. Fig. 8(a) is a diagram of the corbel’s height over the corresponding failure
load, where the curves with darker orange colour represent higher inclination angles. Solid and
dashed lines correspond to a corbel depth of t=10 and 5 mm, respectively. Regardless of the t
value, it is noticed that the resulting failure load values for y=75° and 90° are almost the same.
However, it seems that the impact of the y is higher for a corbel depth of t=10 mm, as the
distances between the solid curves are larger that the respective dashed ones. Again, Fig. 8(b) is
an inversed depiction of Fig. 8(a), where the corbel angle’s values are along the x-axis. The darker
blue colour corresponds to higher t values and solid and dashed lines represent a cobel height of
h=60 and 30 mm, respectively. In Fig. 8(b), it is worth noting that for t=2.5 and 5 mm, the height
has almost no impact on the failure load values, as solid and dashed lines almost overlap. Another
obsernation would be that for both h=60 and 30mm, the maximum failure loads occurred for
t=10mm, while for the highest corbel depth t=15 mm, the F0.1mm values were much lower.

(a)

(b)

Fig. 9: FE model with h=50mm, t=10mm and y=75°, (a) Stress distribution, (b) definition of
the tension zone based on the stress distribution
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The last Fig. 9(a) presents the stress distribution in a model with h=50 mm, t=10 mm and
y=75°. Compression and tension in the model are depicted with blue and red-yellow colours,
respectively. To be able and use the corbel assumption equations presented in §3 and to
further compare analytical with numerical results, the height of the tension zone should be
defined. In Fig. 9(b), the height of the tensile zone can be defined as a percentage of the
corbel’s height and for this specific model was found equal to 0.752 h.
6. DISCUSSION
A novel perforated steel sheet reinforcement element has been developed to be adopted in
structural elements and undertake the existing forces. Through the bulged perforations in the
steel sheet and the concrete corbels, that are assumed to be formed within the openings, a
mechanical interlock between the steel sheet and the concrete has been developed. A
parametrical study on a series of 3D FE models leads to optimum pairs values for corbel
height and depth that resulted to the maximum failure load (e.g. for h=50mm the optimum
t=11 mm, leading to F0.1mm=14.4 kN and an inclination angle of y=75°). The results presented
above can serve as a solid ground for further comparison between analytical and numerical
results, which will lead to generalisation of the use of corbel equations in structural elements
reinforced with this innovative perforated steel sheet.
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MEANS OF EPOXY AND A COMBINATION OF EPOXY AND
MECHANICAL ANCHORS
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PO Box 17011, Doornfontein, 2028 South Africa
SUMMARY
The flexural capacity of reinforced concrete structural elements can be increased by bonding
carbon fiber reinforced polymer (CFRP) plates to the tension surface creating a composite
structural element. Debonding of the CFRP plate from the concrete surface is the most likely
failure mechanism of the composite structural element. This research study compares the
bond strength between a multi-directional CFRP (MD-CFRP) plate and a unidirectional
CFRP (UD-CFRP) plate to the concrete surface. A single shear pull off test is used to
establish if additional mechanical anchorage to epoxy bonded MD-CFRP or UD-CFRP plates
to concrete would have a combining capacity. The testing was conducted for the following
three conditions (1) CFRP plate epoxy bonded to a concrete block; (2) CFRP plate
mechanically bonded to a concrete block; (3) CFRP plate epoxy and mechanically bonded to
a concrete block.
1. INTRODUCTION
Bonding plates externally to the tension surface of reinforced concrete structural elements, by
means of epoxy, to resist tension forces larger than derived from for applied loads is referred
to as composite structural elements. Multi-directional carbon fiber reinforced polymer (MDCFRP) or unidirectional carbon fiber reinforced polymer (UD-CFRP) plates can be used for
this purpose. Debonding of the plate from the concrete surface is the most likely failure
mechanism and it occurs instantaneously without prior warning. Mechanical anchors can be
installed, in addition to the epoxy bonding, which would (1) prevent instantaneous debonding;
(2) increase the ductility of the CFRP plate to the concrete surface; (3) increase the bond
strength between the CFRP plate and the concrete.
This research study compares the influence of additional mechanical anchors to the strength
of epoxy bonded MD-CFRP and UD-CRFP plates to the concrete surface. The following
experimental single shear pull off tests are presented to establish the basis for the combining
capacities of an epoxy bonded CFRP plate with additional mechanical anchorage: (1) CFRP
plates epoxy bonded to a concrete block; (2) CFRP plates mechanically bonded to the
concrete block; (3) CFRP plates epoxy and mechanically bonded to the concrete block.
2. EXPERIMENTAL PROGRAM
To determine the differences in bond strength between the MD-CFRP and UD-CFRP plates
and the surface of the concrete block, the single shear pull off test with near end supported
CFRP plates were utilized as described by Yao et al. (2004). Due to the available laboratory
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equipment the setup of the single shear pull off test was done in a vertical plane, as indicated
in Fig. 1, instead of a horizontal plane as described by Yao et al. (2004).
Concrete blocks, 150 mm wide, 150 mm high and 750 mm long were used as test specimens
onto which the MD-CFRP (1.2 mm wide x 50 mm thick) and UD-CFRP (1.2 mm wide x 50
mm thick) plates were bonded. The concrete blocks, bonded to the MD-CFRP plates, had an
average concrete cube strength (fcu) of 25.4 MPa and the concrete blocks bonded to the MDCFRP plates, had an average cube strength (fcu) of 45.7 MPa. The surface of the concrete
blocks were prepared for bonding by removing the cement laitance by means of scabbling to
expose the well bonded large aggregate. Pro-Struct 617LV primer was applied to the concrete
blocks which penetrates the concrete surface and Pro-Struct617NS epoxy was applied to the
surface of the CFRP plates, which were then firmly pressed onto the concrete blocks to obtain
a good bond. The bonded length for both the MD-CFRP and UD-CFRP plates was 550 mm.
The mechanical bond was achieved by drilling holes into the concrete block and installing
Hilti M10 HAS-(E) chemical anchors. Epoxy was placed between the washer (50 mm
diameter and 4 mm thick) and the nut was torqued to 20 Nm to provide a friction connection.
The CFRP plate was pulled from the concrete block at a rate of 0.02 mm/s. The slip was
measured by means of two linear resistive positive transducers (LRPT) which were bolted to
the CFRP plate and measured to the loaded surface of the concrete block.
Fig. 1 indicates the layout of single shear pull off test, with the near end supported CFRP plates.
P

P

P

bsteel

Lsteel

bc

50 mm wide CFRP
plate

Lm
10 mm Mechanical
anchor with 50 x 4
mm thick washer
150 x 150 x 750
mm long Concrete
block

(a)
(b)
(c)
Fig. 1: Single shear pull off test with the near end supported (a) Schematic front view (b)
Schematic side view (c) Image of complete set-up
Tab. 1 indicates the number of prepared experimental pull-off test samples and the type of
bond between the MD-CFRP and UD-CFRP plates and the concrete block.
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Tab. 1: Number of pull-off specimens constructed
Specimen Name,
MD-CFRP Plate
Bonded to Concrete
Block
EB1(MD-CFRP)
EB2(MD-CFRP)
EB3(MD-CFRP)
EB4(MD-CFRP)
EB5(MD-CFRP)
EB6(MD-CFRP)
MB1(MD-CFRP)
MB2(MD-CFRP)
MB3(MD-CFRP)
MB4(MD-CFRP)
EMB1(MD-CFRP)
EMB2(MD-CFRP)
EMB3(MD-CFRP)
EMB4(MD-CFRP)
-

Specimen Name,
UD-CFRP Plate
Bonded to Concrete
Block
EB1(UD-CFRP)
EB2(UD-CFRP)
EB3(UD-CFRP)
EB4(UD-CFRP)
EB5(UD-CFRP)
EB6(UD-CFRP)
MB1(UD-CFRP)
MB2(UD-CFRP)
MB3(UD-CFRP)
EMB1(UD-CFRP)
EMB2(UD-CFRP)
EMB3(UD-CFRP)
EMB4(UD-CFRP)
EMB5(UD-CFRP)
EMB6(UD-CFRP)

Type of Bond Between
CFRP Plate and the Concrete
Surface

Epoxy bonded

Mechanically bonded

Epoxy and mechanically
bonded

3. EXPERIMENTAL RESULTS
Experimental results obtained from the single shear pull off tests of CFRP plates from the
concrete blocks (1) epoxy bonded, (2) mechanical bonded and (3) a combination of epoxy and
mechanical bond are indicated as load-deflection graphs in Fig. 2, 3 and 4 below:

(a) MD-CFRP Plate
(b) UD-CFRP Plate
Fig. 2: Load deflection graphs of single shear pull off tests of MD-CFRP and UD-CFRP
plates epoxy bonded to the concrete block
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(a) MD-CFRP Plate
(b) UD-CFRP Plate
Fig. 3: Load deflection graphs of single shear pull off tests of MD-CFRP and UD-CFRP
plates mechanically bonded to the concrete block

(a) MD-CFRP Plate
(b) UD-CFRP Plate
Fig. 4: Load deflection graphs of single shear pull off tests of MD-CFRP and UD-CFRP
plate’s epoxy and mechanically bonded to the concrete block
4. DISCUSSION OF THE EXPERIMENTAL RESULTS
Single shear pull off tests with the near end supported CFRP plates were performed for both
MD-CFRP and UD-CFRP plates attached to the concrete blocks with the following bonding
mechanisms: (1) CFRP plate epoxy bonded to a concrete block; (2) CFRP plate mechanically
bonded to a concrete block; (3) CFRP plate epoxy and mechanically bonded to a concrete
block. The maximum single shear pull-off forces are listed in Tab. 2.
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Tab. 2: Maximum single shear pull off forces
MD-CFRP Plates
Specimen Name

Pexper
(kN)

EB1(MD-CFRP)
EB2(MD-CFRP)
EB3(MD-CFRP)
EB4(MD-CFRP)
EB5(MD-CFRP)
EB6(MD-CFRP)
MB1(MD-CFRP)
MB2(MD-CFRP)
MB3(MD-CFRP)
MB4(MD-CFRP)
EMB1(MD-CFRP)
EMB2(MD-CFRP)
EMB3(MD-CFRP)
EMB4(MD-CFRP)
-

30.6
35.2
31.9
32.5
29.3
35.2
27.8
13.1
22.1
23.3
55.5
59.9
55.9
60.7
-

UD-CFRP Plates
Pexper
Average
(kN)

32.5

21.6

58.0

Specimen Name,
Bonded to Concrete
Block
EB1(UD-CFRP)
EB2(UD-CFRP)
EB3(UD-CFRP)
EB4(UD-CFRP)
EB5(UD-CFRP)
EB6(UD-CFRP)
MB1(UD-CFRP)
MB2(UD-CFRP)
MB3(UD-CFRP)
EMB1(UD-CFRP)
EMB2(UD-CFRP)
EMB3(UD-CFRP)
EMB4(UD-CFRP)
EMB5(UD-CFRP)
EMB6(UD-CFRP)

Pexper
(kN)
27.2
27.2
37.4
25.7
42.1
42.5
23.9
16.5
25.4
29.2
29.8
35.0
37.0
35.4
35.7

Pexper
Average
(kN)

33.7

21.9

33.7

The maximum average single shear pull-off force for MD-CFRP plates (32.5 kN) epoxy
bonded to concrete is 3.6% lower than the maximum force for UD-CFRP plates (33.7 kN).
This difference is insignificant and the shear pull off forces of MD-CFRP and UD-CFRP
plates are considered the same.
The maximum average single shear pull-off force for MD-CFRP plates (21.6 kN)
mechanically bonded to concrete is 1.4% lower than the maximum force for the UD-CFRP
plates (21.9 kN). This difference is not significant and the shear pull off forces of MDCFRP and UD-CFRP plates can also be considered the same.
Comparing the difference between mechanical and epoxy bonding, the maximum average
single shear pull-off force for CFRP plates mechanically bonded to concrete (21.6 kN for
MD-CFRP and 21.9 kN for UD-CFRP) is 21.8 kN and for epoxy bonded CFRP plates (32.5
kN for MD-CFRP and 33.7 kN for UD-CFRP) is 33.1 kN. The epoxy bonded plate yield a
significantly stronger bond (52% stronger) than a mechanical only bond.
MD-CFRP plates bonded to concrete by means of epoxy bonding (32.5 kN) and mechanical
bonding (21.6 kN) yield a total pull-off force of 54.1 kN (32.5 kN + 21.6 kN). This total
pull-off force (54.1 kN) compare well to the experimentally measured combined epoxy and
mechanical pull-off force of 58.0 kN. It could therefore be concluded that the epoxy and the
mechanical bonding mechanisms of MD-CFRP plates to concrete have a combined effect.
UD-CFRP plates bonded to concrete by means of epoxy bonding (33.7 kN) and mechanical
bonding (21.9 kN) yield a total pull-off force of 55.6 kN (33.7 kN + 21.9 kN). This total
pull-off force (55.6 kN) does not compare well to the experimentally measured combined
epoxy and mechanical pull-off force of 33.7 kN. It could therefore be concluded that the
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epoxy and the mechanical bonding mechanisms of UD-CFRP plates to concrete does not
have a combined effect.
5. CONCLUSIONS
The data collected from this experimental study, comparing the combined epoxy and
mechanical pull-off force of a bonded UD-CFRP plate to a bonded MD-CFRP plate by
means of a single shear pull off test, disclose the following: (1) No significant difference
could be found in the pull-off forces between the MD-CFRP plates (32.5 kN) and the UDCFRP plates (33.7 kN), both epoxy bonded to the concrete. (2) The pull-off forces of MDCFRP plates (21.6 kN) and UD-CFRP plates (21.9 kN) from concrete can also be
considered the same. (3) Epoxy bonded CFRP plate yields to a significantly stronger bond
than a mechanical only bond. (4) The pull-off forces of epoxy and mechanically bonded
UD-CFRP plates, does not show a composite action. (5) The pull-off forces of MD-CFRP
plates show composite action.
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SYNTHETIC FIBRES
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SUMMARY
The pull-out behaviour is one of the distinctive features of fibre reinforced concrete. Few
analytical models for the pull-out of synthetic fibres can be found in the literature. Moreover,
the existing models are not supported by comprehensive experimental investigations. In this
research experimental investigations were made. First, the one-sided and two-sided pull-out
phenomena were compared to each other. Then the effect of the mortar strength, fibre surface
and the anchoraged fibre length were examined for one-side anchoraged samples. None of the
available analytical models for synthetic fibres could be fitted well to the experimental data. A
model suggested for steel fibres with a modified friction law (τ-s relation) was used to gain
the most precise approximation for the pull-out of synthetic fibres. After specifying the
appropriate model the critical anchorage length was determined.
1. INTRODUCTION
There are well-based, theoretical, smeared models for designing FRC beams (ACI 1998; ACI
2002; CNR-DT 2006; Lee et al. 2011; ÖVBB 2008; Vandewalle et al. 2002), however, these
models cannot be used well in the analysis of experimental results because of the high deviation
of the data. The existing, smeared models can provide only the approximate average of the loaddisplacement curves which does not fit well to the discrete results of the experimental samples.
Another disadvantage of the existing models is that because of the high deviation of the input
data numerous experiments have to be carried out to gain an appropriate approximation for the
real load-displacement curves. To overcome these drawbacks of the existing models a new
analytical beam model was suggested according to Tóth, Pluzsik and Juhász (2017) which takes
into consideration the real distribution of the fibres in the cross-section of the FRC beam. With
the help of this new model experimental beam results can be compared to each other by a fictive
pull-out force eliminating the high deviation caused by the different amounts and distribution of
fibres in the critical cross-section. The pull-out behaviour is one of the distinctive features of
fibre reinforced concrete. The more we know the phenomenon of the pulling out the better we
understand the mechanical behaviour of the FRC material. It can usually be observed that fibres
are mainly pulled out rather than torn in the cracked cross-section of a FRC beam (Tóth, Pluzsik
and Juhász, 2017). The higher ductility of FRC compared to plain concrete and the residual
tensional strength after the first crack is due to the frictional stresses acting on the interface of
the fibres and the concrete during the slipping of the fibres in the cracked zone.
In the new beam model according to Tóth, Pluzsik and Juhász (2017) the fictive pull-out force
was assumed to be constant. The aim of this work is to choose a more appropriate analytical
model for the pull-out of synthetic fibres which can be built in the beam model to improve it
and to gain a more precise approximation of the experimental load-displacement curves for
FRC beams.
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Few analytical models for the pull-out of synthetic fibres can be found in the literature (Wang
and Backer, 1988; Lin, Kanda and Li, 1999). The existing models are not supported by
comprehensive experimental investigations. A more detailed analysis can be found for steel
fibres (Zhan and Meschke, 2014), however, the question arises whether the existing models
can be applied for synthetic fibres.
2. TESTING METHOD, EXPERIMENTAL RESULTS
Although the pull-out of fibres in a FRC beam is determined mainly by the bonding of the fibre
surface and the mortar in the concrete, it is affected by a lot of other factors (aggregate type,
porosity, efficiency of the compaction, chemical admixtures, etc.). Thus, there is no simple,
determinable relation between the concrete strength and the maximum pull-out force. To
eliminate the uncertainties mentioned above, mortar samples were used in the experiments. The
samples were prepared based on the requirements of EN 196-1 standards in the Miskolc Cement
Laboratory of CRH. Two series of the samples were prepared with five different cement contents
in both. The standard cement content was changed in the samples by refilling the missing cement
part with limestone powder (Tab. 1). The water-mix ratio (mix means cement and limestone) was
held on 0.5 (standard value) in all samples while the water-cement ratio changed proportionally
with the reducing of the cement content. In the first series five two-side anchoraged and five oneside anchoraged samples were made for each different cement content and for both fibre types,
respectively. In the second series one-sided samples were made with three different anchoraged
lengths, five different cement contents and two fibre types, respectively. Five pieces of samples
were made from every similar case (similar anchoraged length, cement content and fibre type).
Tab. 1: Experimental samples
Experimental samples - five pieces of every similar case
All of the mix prepared from 1250 g standard sand (according to EN 196-1), sum total
450 g CEM I 42,5 R cement and limestone powder and 225 g water, water-mix (cement and
limestone) ratio 0.5
Cement Limestone
Anchoraged
Sign of the
content
powder
Anchoragement type
Fibre type
length
sample
of the
content of
[mm]
mix [g] the mix [g]
150_20
150
300
waved/ribbed
20
one-sided/ two-sided
225_20
225
225
waved/ribbed
20
one-sided/ two-sided
300_20
300
150
waved/ribbed
20
one-sided/ two-sided
375_20
375
75
waved/ribbed
20
one-sided/ two-sided
450_20
450
waved/ribbed
20
one-sided/ two-sided
150_15/
150
300
waved/ribbed
15/20/25
one-sided
150_20/150_25
225_15/
225
225
waved/ribbed
15/20/25
one-sided
225_20/225_25
300_15/
300
150
waved/ribbed
15/20/25
one-sided
300_20/300_25
375_15/
375
75
waved/ribbed
15/20/25
one-sided
375_20/375_25
450_15/
450
waved/ribbed
15/20/25
one-sided
450_20/450_25
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The experiments took place in the polymer laboratory of TUB according to the measure
method used in case of fibre reinforced plastic. The speed of the pull-out was 10 mm/min.
The pull-out tester was the ZWICK/ROELL Z005 universal material testing machine.
Because of the restriction of the length of this paper not all the experimental results are
presented here, only representative samples are shown. The curves in the following figures are
calculated as an average of 3-5 similar samples.

Fig. 1: Ribbed and waved fibres and experimental F-u curves for one-sided case, cement
content: 300 g, anchoraged length: 20 mm
Two fibre types which had different surface characteristics (ribbed, waved) were examined
(Fig. 1). In Fig. 1 the pull-out curves of the two types of fibres are compared in case of onesided samples, with 300 g cement content and 20 mm anchoraged length. Although the ribbed
fibres had higher maximal force in all cases, after the maximum force the waved fibres
behaved more favourably in the descending part of the pull-out function. The speciality of
ribbed fibres furthermore was the systematic jumps in the descending part of the curves as a
result of the surface shaping. Aside from the above differences the curves for both fibre-types
had similar main features in all examined cases. Ultimately, these fibre-types can be modelled
by the same theoretical model.
A one-side anchoraged sample can more easily be carried out in the laboratory, however,
according to the literature (Wang and Backer, 1988) the phenomenon of the two-sided pullout, which really occurs in the cracked cross-section of an FRC beam, has significantly
different features. In the present experiment fifty two-sided and fifty one-sided samples were
made with various cement contents as well (Tab. 1, Fig. 2) to examine the differences
between the one-sided and two-sided phenomena.

Fig. 2: One- and two-sided samples in pull-out tester
In Fig. 3 as a typical example the one-sided and two-sided samples with 300 g cement content
and 20 mm anchoraged length are compared to each other for both ribbed and waved fibres.
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The maximal forces of one-sided samples were higher, which can be caused by the eccentric
pull-out. However, the main features of the curves were similar in all examined cases.
Contrary to Wang and Backer (1988) the results of the present experiments show that the twosided pull-out phenomenon can be modelled by using one-sided pull-out samples with the
reduction of the maximum force.

Fig. 3: One- and two-sided pull-out with 300 g cement content and 20 mm anchoraged length
Then the effect of the mortar strength (compressive strength) was examined.

Fig. 4: Mortar strength/Maximal slipping force – Cement content relationship of two-sided
pull-out tests, anchoraged length: 20 mm
Increasing the amount of cement in the mortar resulted in higher mortar strength (Fig. 4). The
increasement was approximately linear for lower cement content. (In case of higher cement
content the increasement in the strength was less.) However, the relationship between the
maximal slipping force and the cement content (or the mortar strength as well) cannot be
modelled linearly (Fig. 4). Moreover, in case of high cement content adding more cement
resulted in lower maximal slipping force. The dispersion of the samples was high. In this
experiment mortar samples were made in laboratory circumstances. In case of not mortar but
concrete matrix the dispersion of the results would be even higher. So, there is no general rule
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to describe the relationship between the maximal slipping force and the cement content,
laboratory test is required in all cases.
To examine the applicability of the existing theoretical models 150 one-side anchoraged samples
were made with different mortar strength, fibre surface and anchoraged fibre length (Tab. 1).
3. THEORETICAL MODEL
Few analytical models for the pull-out of synthetic fibres can be found in the literature (Wang
and Backer, 1988; Lin, Kanda and Li, 1999). A more detailed analysis can be found for steel
fibres (Zhan and Meschke, 2014). In Fig. 7 the existing models are compared to the experimental
results for the one-sided case, with 300 g cement content and 20 mm anchoraged length.
To choose the appropriate model, the relation of the maximal slipping force and the length of
the anchoraged fibre segment were examined in Fig. 5 by comparing the theoretical curves
with the experimental results. It can be seen in Fig. 5 that the suggestion of (Lin, Kanda and
Li, 1999) did not predict well the maximal slipping forces.

Fig. 5: Maximal slipping force – Anchoraged length relationship
The model of (Zhan and Meschke, 2014) gave a better approximation for the maximal force
(first part of the slipping). However, none of the existing analytical models could be fitted
well to the descending part (second part of the slipping) of the experimental curves (an
example is shown in Fig. 7). The theoretical curve of (Zhan and Meschke, 2014) was
calculated by solving the differential equation (1).
(1)
The feature of the resulting F-u curve depends on the friction law (τ-s relation) which is
substituted in the differential equation in (1). The friction law for steel fibres according to
Zhan and Meschke (2014) is given in (2,4) and in Fig. 6. In (Lin, Kanda and Li, 1999) a
constant τ0 is assumed while in (Wang and Backer, 1988) the function of the slipping stress is
a second order parabola. Instead of these friction laws a modified model of Zhan and
Meschke (2014) is suggested in (3,4). Substituting (3) to (1), the resulted F-u curve fit better
the experimental curves (Fig. 7).
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(2)

(3)
where:

(4)

Fig. 6: Frictional stress – relative displacement relationship

Fig.7: Modelling experimental curves (cement content: 150/300 g, anchoraged length:
20 mm) with analytical models
Tab. 2 Non-changeable parameters
Em

30000 Mpa

vm

0.2

E
df
R/r
sref
a

7000 Mpa
0.78 mm
50.8
0.25 mm
0.1
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Tab. 2 contains the parameters used in the calculation.
In the experiments some fibres were torn (Fig. 8). With the help of the modified theoretical
model, the critical length of anchorage could be calculated (Tab. 3) from equation (5):
(5)

Fig. 8: Torn and pulled out ribbed fibres of samples with 450 g cement content
Tab. 3: Critical length of anchorage
Cement
Fibre types
Fmax [N] τ [MPa]
content [g]
150
2.5
225
3.4
Waved fibre
280
300
4
375
4
450
4
150
2
225
3
Ribbed fibre
180
300
3.4
375
3.8
450
3.8

Lcrit [mm]
45
33
28
28
28
37
24
21
19
19

4. CONCLUSIONS
Detailed experimental investigation was performed to examine the pull-out phenomenon of
synthetic fibres. Contrary to the literature, the experiments revealed that the two-sided pullout problem has the same features as the one-sided pull-out one, but the maximum pull-out
force is bigger in the one-sided case. None of the available analytical models for synthetic
fibres (Wang and Backer, 1988; Lin, Kanda and Li, 1999) could be fitted well to the
experimental data. The model suggested for steel fibres according to Zhan and Meschke
(2014) also failed the prediction of the experimental results. This model (Zhan and Meschke,
2014) with a modified friction law (τ-s relation) is suggested to use in beam modelling (Tóth,
Pluzsik and Juhász, 2017) to gain the most precise approximation not only for the pull-out of
synthetic fibres but for the load-displacement curves for FRC beams. The suggested model
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gave acceptable approximation in all examined cases for different mortar strength, fibre
surface and anchoraged fibre length.
5. LIST OF NOTATIONS
a [-]:
free parameter of parabola
2
A [mm ]: cross sectional area of fibre
df [mm]: diameter of fibre
E [MPa]: elastic modulus of fibre
Em [MPa]: elastic modulus of mortar matrix
Fmax [N]: maximal force
G [N/mm3]: relative bond modulus
L [mm]: embedment length
Lcrit [mm]: critical length of embedment
R/r [-]:
matrix-fibre size ratio
s [mm]:
slip (relative displacement)
sref [mm]: reference slip
u [mm]: displacement of the fibre
vm [-]:
Poisson’s ratio
τ0 [MPa]: asymptotic frictional strength
τmax [MPa]: bond strength
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INFLUENCE OF UNIDIRECTIONAL CFRP PLATE PULL-OFF
STRENGTH BONDED TO CONCRETE BY MEANS OF EPOXY AND A
COMBINATION OF EPOXY AND MECHANICAL ANCHORS
Cronje Bruwer
University of Johannesburg, Department of Civil Engineering Technology
PO Box 17011, Doornfontein, 2028, South Africa
SUMMARY
The flexural capacity of reinforced concrete structural elements can be increased by epoxy
bonding external reinforcement in the form of unidirectional carbon fiber reinforced polymer
(UD-CFRP) plate/s to the tension surface, thus creating a composite element. Dedonding of
the UD-CFRP plate from the concrete surface is the most common failure mode. This
experimental study investigates if additional mechanical anchorage to the epoxy bonded UDCFRP plate will have a combining effect. Single shear pull off tests was conducted for the
following three bonding mechanisms (1) UD-CFRP plate epoxy bonded to a concrete block;
(2) UD-CFRP plate mechanically bonded to a concrete block; (3) UD-CFRP plate epoxy and
mechanically bonded to a concrete block. The experimentally determined pull-off forces is
also compared to the theoretically calculated forces.
1. INTRODUCTION
The technique of externally bonding steel plates to the tension surface of a reinforced concrete
structural element by means of epoxy, creating a composite element was developed in the
1960’s. In recent years UD-CFRP plates instead of steel plates are used due to better rust
resistance and lighter weight.
A structural composite member’s capacity is based on the interaction between the bonded
plate and the concrete surface. Debonding of the plate, occurs instantaneous due to cracks in
the tension zone of the concrete, obliterate this interaction between the bonded plate and the
concrete. This experimental study investigate if additional mechanical anchorage to the epoxy
bonded UD-CFRP plate will have a combining effect, therefore (1) prevent instantaneous
debonding of the plate from the concrete surface; (2) increase the ductility of the bond
between the plate and the concrete surface; (3) increase the bond strength between the plate
and the concrete surface.
The following experimental single shear pull off tests was conducted to establish the basis for
the combining bonding capacities of epoxy and mechanical anchorage of the UD-CFRP plates
to the concrete surface (1) plate epoxy bonded to a concrete block; (2) plate mechanically
bonded to a concrete block; (3) plate epoxy and mechanically bonded to the concrete block.
Yao et al. (2004) theory was used to compare the theoretically calculated forces to the
experimental pull-off forces of the UD-CFRP plates epoxy bonded to the concrete block.
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2. EXPERIMENTAL PROGRAM
The single shear pull-off test, with the near end supported, as described by Yao et al. (2004)
was used to determine the differences in bond strength between the UD-CFRP plate and the
concrete block. The available laboratory equipment compel the setup of the single shear pulloff test to be done in a vertical plane, as indicated in Figure 1, instead of a horizontal plane as
described by Yao et al. (2004).
Concrete blocks, 150 x 150 x 750 mm long, were constructed and used as test specimens onto
which the UD-CFRP plates were bonded. The average cube strength (fcu) of the concrete
blocks is 45.7 MPa with a cylinder strength (f'c) of 36.6MPa.
The concrete surface was prepared by removing the cement laitance by means of scabbling to
expose the well bonded large aggregate. Pro-Struct 617LV primer was applied which
penetrate the concrete surface onto which the Pro-Struct617NS epoxy could bind. The epoxy
was applied to the UD-CFRP plate and firmly pressed to the concrete block for 24 hours to
provide a good bond.
The mechanical bond was established by drilling a 12 mm hole through the UD-CFRP plate
into the concrete block to install a Hilti M10 HAS-(E) chemical anchor. Epoxy was placed
between the washer, 50 mm diameter and 4 mm thick, and the nut of the mechanical anchor
was torqued to 20 Nm to ensure a friction connection between the UD-CFRP plate and the
concrete surface.
The pull off rate of the UD-CFRP plate from the concrete block, for the single shear pull-off
test, was 0.02 mm/s. The slip was measured by means of two linear resistive positive
transducers (LRPT) which were bolted to the UD-CFRP plate and measured to the loaded
surface of the concrete block as indicated in Fig. 1.
P

P

P

bUD-CFRP

LUD-CFRP

bc

50 mm wide UDCFRP plate

Lm
10 mm Mechanical
anchor with 50 x 4
mm thick washer
150 x 150 x 750
mm long Concrete
block

(a)
(b)
(c)
Fig. 1: Single shear pull-off test with the near end supported (a) Schematic front view (b)
Schematic side view (c) Image of complete set-up

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED REINFORCING AND PRESTRESSING MATERIALS AND TECHNOLOGIES
– 308 –

Tab. 1 indicates the number of specimens prepared to be tested by means of the single shear pulloff test and the type of the type of bond between the UD-CFRP plate and the concrete block.
Tab. 1: Number of pull off specimens prepared
Specimen
name
EB1
EB2
EB3
EB4
EB5
EB6
MB1
MB2
MB3
EMB1
EMB2
EMB3
EMB4
EMB5
EMB6

Bonded UD-CFRP plate
Plate
Bonded
Plate
Length
Thickness Width
(bUD-CFRP) (LUD-CFRP)
(tUD-CFRP)
(mm)
(mm)
(mm)
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550
1.2
50
550

Type of bonding
Epoxy bonded
Epoxy bonded
Epoxy bonded
Epoxy bonded
Epoxy bonded
Epoxy bonded
Mechanically bonded
Mechanically bonded
Mechanically bonded
Epoxy and mechanically bonded
Epoxy and mechanically bonded
Epoxy and mechanically bonded
Epoxy and mechanically bonded
Epoxy and mechanically bonded
Epoxy and mechanically bonded

3. TEST RESULTS AND DISCUSSIONS
The experimental results obtained from the single shear pull-off tests (1) epoxy bonded, (2)
mechanical bonded and (3) combined epoxy and mechanically bonded UD-CFRP plates to the
concrete is indicated in the load-deflection graphs in Fig 2, 3 and 4 below:

Fig. 2: Load deflection graph for single shear pull-off test, 50 x 1.2 mm UD-CFRP
plate epoxy bonded to concrete
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Fig. 3: Load deflection graph for single shear pull-off test for 50 x 1.2 mm UD-CFRP
plate mechanically bonded to concrete

Fig. 4: Load deflection graph for single shear pull-off test for 50 x 1.2 mm UD-CFRP
plate epoxy and mechanically bonded to concrete
The maximum pull-off forces and deflections for (1) epoxy bond (Pexper,EB); (2) mechanical
bond (Pexper,MB) and (3) combined epoxy and mechanical bond (Pexper,EMB) obtained from the
single shear pull-off test are listed in Tab. 2.
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Tab. 2: Maximum single shear pull-off forces and deflections
Name
EB1
EB2
EB3
EB4
EB5
EB6
MB1
MB2
MB3
EMB1
EMB2
EMB3
EMB4
EMB5
EMB6

Epoxy
Bond
Pexper,EB yexper,EB
(kN)
(mm)
27.2
1.97
27.2
1.39
37.4
1.14
25.7
1.45
42.1
1.61
42.5
1.27

Mechanical
Bond
Pexper,MB yexper,MB
(kN)
(mm)

23.9
16.5
25.4

6.18
2.94
6.37

Combined Epoxy
And Mechanical Bond
Pexper,EMB
yexper,EMB
(kN)
(mm)

29.2
29.8
35
37
35.4
35.7

1.71
2.17
2.03
2.36
2.46
1.26

The average pull-off forces at which debonding of the UD-CFRP plates from the concrete
surface occur is (1) Pexper,EB is 33.7 kN for epoxy bonding,, (2) Pexper,MB is 21.9 kN for
mechanical bonding and (3) Pexper,EMB is 33.7 kN for combined epoxy and mechanical
bonding. The epoxy bond is 54% stronger than the mechanical bond indicating that an epoxy
bond create a stronger bond than a mechanical bond. The combined of epoxy and mechanical
bond yield a maximum pull-off force of (Pexper,EMB) is 33.7 kN, almost the same as for an
epoxy only bonding (Pexper,EB) 33.7 kN. It is therefore evident that no increase in the pull-off
force could be obtained by combining the epoxy and mechanical bond even if a 50 mm
diameter washer providing a friction connection was used.
The average deflection at which debonding of the UD-CFRP plate from the concrete surface
occur is (1) yexper,EB is 1.47 mm for epoxy bonding; (2) yexper,MB is 5.16 mm for mechanical
bonding and (3) yexper,EMB is 2.00 mm for combined epoxy and mechanical bonding. Since
debonding occur at 2.00 mm (yexper,EMB) for a combined epoxy and mechanical bond and at
1.47 mm (yexper,EB) for an epoxy bond it is evident that the combined epoxy and mechanical
bond have a more ductile failure mode.
4. COMPARING THE MAXIMUM EXPERIMENTALLY TESTED PULL-OFF
FORCES TO THE THEORETICALLY CALCULATED FORCES
Comparing the experimental pull-off forces of the UD-CFRP plates (Pexper,EB), epoxy bonded
to the concrete block, to the theoretically calculated forces (Ptheory,EB), Yao et al. (2004) theory
was used. Equations 1, 2, 3 and 4 makes provision for both fiber reinforced polymer (FRP)
and steel plates.
(1)
α = 0.427 for best fit value
α = 0.315 for 95th percentile
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(2)

(3)
(4)
in which ECFRP and f 'c are in MPa, tCFRP and Le are in mm.
The comparison of the experimental pull-off forces (Pexper,EB) of the UD-CFRP plates, epoxy
bonded to the concrete block, to the theoretically calculated forces (Ptheory,EB) is indicated in
Tab 3.
Tab. 3: Comparing the experimentally tested (Pexper,EB) to the theoretically calculated
(Ptheory,EB) pull-off forces.
UD-CFRP plate
Name

tCFRP
(mm)

bCFRP
(mm)

LCFRP
(mm)

EB1

1.2

50

550

EB2

1.2

50

550

EB3

1.2

50

550

EB4

1.2

50

550

EB5

1.2

50

550

EB6

1.2

50

550

βw
1.1
2
1.1
2
1.1
2
1.1
2
1.1
2
1.1
2

f'c
(Mpa)
36.6
36.6
36.6
36.6
36.6
36.6

Le
(mm)
181.
0
181.
0
181.
0
181.
0
181.
0
181.
0

β1
1.0
1.0
1.0
1.0
1.0
1.0

α
0.42
7
0.42
7
0.42
7
0.42
7
0.42
7
0.42
7

Ptheory,EB
(kN)

Pexper,EB
(kN)

Ptheory,EB
/
PexperEB

26.1

27.2

0.96

26.1

27.2

0.96

26.1

37.4

0.70

26.1

25.7

1.02

26.1

42.1

0.62

26.1

42.5

0.61

The theoretical calculated pull-off force (Ptheory,EB) produce the best comparison to the
experimentally tested pull-off force (Pexper,EB) with the best fit value (α) of 0.427). The
experimental test results (Pexper,EB) for UD-CFRP plates yield average pull-off forces 18.8%
higher than the theoretically calculated results.
The comparison of the experimental pull-off forces (Pexper,MB) of the UD-CFRP plates,
epoxy bonded to the concrete block, to the theoretically calculated pull-off forces (VRd,s ) is
indicated in Tab. 4.
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Tab. 4: Comparing the experimentally tested (Pexper MB) to the theoretically calculated (VRd,s)
pull-off forces.
Name

MB1
MB2
MB3

Bolt
Diameter
M10
M10
M10

VRd,s
(kN)
13.70
13.70
13.70

Pexper,MB
(kN)
23.90
16.50
25.40

Failure Mode
UD-CFRP plate bearing
failure
UD-CFRP plate bearing
failure
UD-CFRP plate bearing
failure

Ptheory,MB
/
Pexper,MB
0.57
0.83
0.54

The experimental tested pull-off forces (Pexper,MB) of UD-CFRP plates from concrete,
mechanically bonded, yield average forces of 60.1% higher than the shear strength (VRd,s), as
per the Hilti catalogue. Since the CFRP plates is uniformly directional weaved it have no
shear resistance, the only shear resistance provided is from the friction connection provided
by the 50 mm washer torqued onto the UD-CFRP plate.
5. CONCLUSIONS
The data collected from this experimental study disclose that: (1) The combination of epoxy
and mechanical bond (Pexper,EMB) to concrete yield pull-off results similar as to epoxy bonding
(Pexper,EB) only. It is therefore evident that no increase in the pull-off force could be obtained
by combining the epoxy and mechanical bond. (2) Debonding for combined epoxy and
mechanical bond (yexper,EMB) occur at a larger deflection as for an epoxy bond (yexper,EB) only,
which indicate that a more ductile failure mode can be achieved by adding mechanical
anchors to an UD-CFRP plate bonded by means of epoxy only. (3) The experimental test
results (Pexper,EB) for UD-CFRP plates yield average pull-off forces 18.8% higher than the
theoretically calculated results. (4) The experimental tested pull-off forces (Pexper,MB) of UDCFRP plates from concrete, mechanically bonded, yield average forces of 60.1% higher than
the shear strength (VRd,s), indicating that the only shear resistance is provided from the 50mm
washer torqued onto the UD-CFRP plate providing a friction connection.
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LONG-TERM PROPERTIES OF FRP REINFORCEMENT
Katarína Gajdošová, Róbert Sonnenschein, Peter Paulík, Jaroslav Halvoník
Faculty of Civil Engineering, Slovak University of Technology in Bratislava
Radlinského 11, 810 05 Bratislava, Slovakia
SUMMARY
Mechanical properties of FRP reinforcement significantly change in time. Results of previous
experimental programs showed the ratios of stress level at creep rupture to the initial strength
to be in range of 0.18 to 0.93 for different types of FRP reinforcement. The reduction as a
result of environmental action on durability is in the range of 0.5 – 1.0 of the initial tensile
strength. The unfavourable change in properties limits the use of these materials. Reduction of
the initial tensile strength according to durability and creep rupture significantly reduces the
final cross-section resistance of a structural member reinforced with FRP reinforcement. This
change in properties is only extrapolated from short-term tests. Long-term measurements are
needed to verify these statements.
1. INTRODUCTION
FRP (Fibre Reinforced Polymer) reinforcement becomes widely used for strengthening
structures with insufficient reliability level and for reinforcing new structures in special
conditions, where traditional steel reinforcement is not suitable, e.g. in environment with
chloride ions, when non-conductivity is needed or when the reinforcement in concrete should
not affect magnetic fields.
The characteristics of FRP reinforcement are dependent on factors such as fibre volume, type
of fibre, type of resin, fibre orientation, dimensional effects and quality control during
manufacturing (ACI 440.1R-03). The resin acts as a matrix bonding the fibres together and
transferring the load applied to the composite between each of the individual fibres. The resin
also protects the fibres from abrasion and impact damage as well as severe environmental
conditions (water, salts, alkalis) which affect the durability of FRP products (Benmokrane,
2015). The commonly used fibres are carbon (that form Carbon Fibre Reinforced Polymer –
CFRP), glass (forming GFRP), aramid (forming AFRP) and basalt (forming BFRP) fibres.
Glass fibres are the cheapest ones but the less durable due to high chemical sensibility to
alkali environment. Carbon fibres tend to show the best resistance. CFRP and AFRP
reinforcement is also insensitive to chloride ions. Carbon and glass fibres do not absorb water
which affects in better fatigue strength. The most discussed problem of non-metallic
reinforcement is the behaviour during elevated temperature – which is the problem of resin.
Carbon fibres themselves are not sensitive to high temperature and that is why CFRP shows
the most favourable behaviour. CFRPs are in addition not affected by ultraviolet rays.
Durability of FRP reinforcement is not only influenced by component properties but also by
the interface between them. The transfer of shear and transverse forces at the interface
between reinforcement and concrete, influencing the bond, and between individual fibres
within the composite are the resin-dominated mechanisms. Fibre-dominated mechanisms
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control properties such as longitudinal strength and stiffness of FRP reinforcement (Ceroni,
2006).
2. LONG-TERM PROPERTIES
To date, there is not enough information about long-term behaviour of FRP reinforcement,
because they are not used for a long time and structures with FRP reinforcement or
strengthening systems do not reach their service life, yet.
From long-term properties of FRP reinforcement, the next three are the most important:
durability, creep rupture and fatigue. The durability of FRP reinforcement is affected by alkali
environment in concrete and moisture access. The creep rupture phenomenon appears after a
period of time when FRP is subjected to a constant load and suddenly fails. The creep rupture
and the fatigue strength both depend on fibre type in FRP reinforcement.
Long-term properties of FRP reinforcement are, according to various standards, calculated
from short-term properties by introduction of reduction factors. Properties reduced according
to these requirements are very low and the use of FRP reinforcement seems not to be
effective. It has to be stated, that reduction factors for long-term properties were not yet
measured experimentally, they are only extrapolated in time from short-term tests. Some
experimental investigation ten years after application of FRP reinforcement does not
contribute these assumptions.
2.1 Durability
The lack of design rules for the use of FRP for reinforcing and strengthening of concrete
structures is also related to durability design. Thus the experimental tests for durability have
long duration, accelerated methods are usually used. To this date, no real-time test data exist
for the conversion of accelerated test results. The specification of durability characteristics of
FRP reinforcement is also complicated by its structure, because it depends on the
characteristics of fibres, matrix and their interface.
The influences on durability are divided to the effects of external environment and to the
effects of concrete environments (applicable for the use of FRP for reinforcing).
The most important effects of external environment are thermal conditions, ultraviolet rays
and chemical attacks. The elastic modulus and strength of FRP reinforcement decrease with
high temperatures and sustained load. Under service temperature of concrete structures (from
–20 to +60 °C) the reduction of modulus of elasticity is negligible for CFRP, however slight
reduction occurs for AFRP and GFRP. After exposure of ultraviolet rays, AFRP
reinforcement showed 13 % reduction of tensile strength, GFRP 8% reduction and CFRP no
reduction. The combined effect of ultraviolet and moisture exposure showed even greater
reduction in material characteristics. From chemical effects, the acid attack is the most
dangerous, but there is a lack of data in this field (fib Bulletin 40).
In comparison with steel reinforcement the effect of concrete environment can harm FRP
reinforcement. The usual benefit of concrete in protecting steel reinforcement could cause
FRP reinforcement degradation. Carbon fibres tend to show the best resistance to alkali
environment followed by aramid and glass fibres, the deterioration in alkali environment of
which is well known (Ceroni, 2006). Here is the importance of the matrix in the role of
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protection agent. The summary of results from Sweden for tensile strength reductions
obtained for GFRP bars in alkaline solutions, concrete and water at 60 °C and 20 °C is shown
in Fig. 1 (Dejke, 2001). It can be seen that after one year, the reduction in tensile strength
starts steady in case of alkali environment. Also monitoring of bridge desks in Canada shows
smaller degradation of GFRP rebars as assumed according to accelerated test methods.
Another effect of the concrete environment to fibres is the presence of moisture. Carbon and
glass fibres cannot absorb water, while water absorption in aramid fibres causes reversible
decrease in tensile strength, the modulus of elasticity and fatigue strength (Ceroni, 2006).

Fig. 1: Effect of environment on GFRP exposed to alkali, concrete and water
To take account of tensile strength reduction due to environmental actions, the reduction
factors are used in existing guidelines.
2.2 Creep rupture
FRP reinforcement subjected to a constant load over time can suddenly fail after a time period
called the endurance time. This phenomenon is known as creep rupture. The endurance time
of FRP reinforcement decreases as the ratio of the sustained tensile stress to the short-term
strength increases. The endurance time also decreases with the effects of high temperature,
ultraviolet radiation exposure, high alkalinity, wet and dry cycles, and freezing-thawing
cycles (ACI 440.1R-03). Carbon fibres have a very good resistance to creep rupture. Aramid
fibres are more susceptible to this phenomenon and glass and basalt fibres are the most
susceptible ones. Nevertheless, the susceptibility of the resin is the biggest problem.
A few series of creep rupture tests were conducted on FRP reinforcement with different fibres
(carbon, aramid, glass, basalt). Usually the tests lasted for a time of 100 h and the results were
linearly extrapolated to 500,000 h (more than 50 years).
Results of the experimental program of Yamaguchi et al. (1997) showed the ratios of stress
level at creep rupture to the initial strength to be 0.29 for GFRP, 0.47 for AFRP and 0.93 for
CFRP. In another extensive investigation (Ando et al. 1997) the percentage of stress at creep
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rupture versus the initial strength after 50 years was found to be 0.79 for CFRP and 0.66 for
AFRP. Seki et al. (1997) reported the ratio of 0.55 for GFRP. A 50-year ultimate creep
rupture strength coefficient of 0.18 was found by Banibayat and Patnaik (2014) to be suitable
for BFRP reinforcement (fib Bulletin 40).
There are two possibilities to avoid creep rupture – adjust the material resistance of FRP
reinforcement or limit the stress level in FRP reinforcement under sustained stresses.
2.3 Fatigue
The fatigue stress limit is the stress level below which a material can be stressed cyclically for
an infinite number of times without failure. Glass fibres individually are not prone to fatigue
failure. GFRP reinforcement may loose of about 10 % of the initial static strength per decade
of logarithmic lifetime in presence of cyclic tensile loading. CFRP composites are at least
vulnerable to fatigue failure. Their fatigue strength is 3-4 times higher than that of
prestressing steel. At one million cycles, the fatigue strength is usually between 50 and 70 %
of the initial static strength. For AFRP, the fatigue strength after 2 million cycles was reported
of about 54 and 73 % of the initial static strength (Ceroni, 2006), (fib Bulletin 40).
3. REDUCTION OF MATERIAL PROPERTIES DUE TO LONG-TERM EFFECTS
The durability properties and environmental conditions consideration are established by
reduction factors summarized in Tab. 1.
Limitations according to sustained load and creep rupture phenomenon are summarized in
Tab. 2.
Tab. 1: Durability reduction factors (fib Bulletin 40)
ACI 440.1R-06
NS3473
CSA-S806-02 CHBDC-2006
JSCE

CFRP

GFRP

AFRP

0.95 ffu
1.00 ffu
0.75 ffu
0.87 ffu

0.75 ffu
0.50 ffu
0.50 ffu
0.77 ffu

0.85 ffu
0.90 ffu
0.60 ffu
0.87 ffu

Tab. 2: Long-term stress limitation factors
ACI 440.1R-06
Yamaguchi et al. (1997)
Ando et al. 1997

Seki et. al (1997)
Banibayat and Patnaik
(2014)

CFRP

GFRP

AFRP

BFRP

0.55 ffu
0.93 ffu
0.79 ffu
-

0.20 ffu
0.29 ffu
0.55 ffu

0.30 ffu
0.47 ffu
0.66 ffu
-

-

-

-

-

0.18 ffu

For illustration of FRP composite reinforcement action in a simply supported one-way
reinforced concrete slab, the example shown in Fig. 2 was chosen. FRP reinforcement
characteristics are shown in Tab. 3.
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Tab. 3: Properties of FRP reinforcing bars
CFRP
3100
170
1.20

Tensile strength [MPa]
Modulus of elasticity [GPa]
Limit strain [%]

GFRP
1000
50
2.20

AFRP
2100
83
2.90

BFRP
1500
41
2.50

The input parameters of a chosen example:
• slab thickness: 250 mm
• reinforcement bars diameter: 6 mm
• reinforcement characteristics: see Tab. 3
• concrete cover: 20 mm
• concrete class: C25/30
• effective span of a slab: 6000 mm
fk = 8.6 kN/m

2

leff = 6.0 m

MEk = 38.7 kN.m

Fig. 2: Example of a one-way slab
Tab. 4: Comparison of calculated resistance moments with consideration of durability and
long-term reduction factors
CFRP

GFRP

AFRP

BFRP

63.7

56.8

54.3

54.3

Calculated short-term
resistance (MRd
[kNm]):
ACI 440.1R-06
NS3473
CSA-S806-02
CHBDC-2006
JSCE
assumption
average
ACI 440.1R-03 (2003)
Yamaguchi et al.
(1997)
Ando et al. (1997)
Seki et. al (1997)
Banibayat and Patnaik
(2014)

60.7
63.7

-4.8%
0%

48.3

-24.3%

Resistance including durability [kNm]
43.0
-24.3%
46.4
-14.6%
28.9
-49.1%
49.0
-9.8%
28.9

-49.1%

33.0

–
–

-39.2%

–

55.7
–
57.1

-12.6%
44.1
-22.4%
47.5
-12.5%
–
–
–
–
–
–
33.02 60.8%
-10.4%
36.2
-36.3%
44.0
-19%
–
Resistance including durability and long-term effects [kNm]
31.9
-49.9%
7.4
-87.0%
13.5
-75.1%
–
53.3

-16.3%

45.5

-28.6%
–
–

10.7

-81.2%
–

20.1

-64.6%
–

21.0

-61.3%

–

29.3

-46.1%

–
–

–
–

6.04

-88.9%
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4. CONCLUSIONS
According to reduction factors summarized in Tab. 1 and Tab. 2 it can be concluded, that the
existing design guidelines for FRP reinforcement strictly limit their usability according to
durability effects and creep rupture phenomenon.
The results from the calculated example of a one-way slab (Tab. 4) show the reduction of
cross-section resistance in the range of 5 – 50 % for durability and 20 – 90 % for additional
long-term properties depending on the used FRP reinforcement type.
Nevertheless, it cannot be stated that FRP composites will not reliably satisfy their function in
the structure and that structures with FRP reinforcement will fail before reaching their service
life because the values of residual stresses are only extrapolated from short-term tests and we
need real experience in time to decide about real long-term degradation of these materials.
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RESEARCH ON THE NEW CFRP PRESTRESSING SYSTEM FOR
STRENGTHENING OF RC STRUCTURES
Bartosz Piątek, Tomasz Siwowski
Rzeszow University of Technology
al. Powstańców Warszawy 12, 35-959 Rzeszów
SUMMARY
The paper presents a research on the new Polish CFRP prestressing system for strengthening
of reinforced concrete structures. The system is called Neoxe Prestressing System II (NPS II).
NPS II consists of two main elements: a special steel anchorages mounted on both ends of
a single CFRP strip and a tensioning device. The anchorage is made of two steel plates. CFRP
strip end is fixed between steel plates through bonding by epoxy resin and gripping by bolts.
The tensioning device compatible with anchorages can generate maximum prestressing force
of 170 kN. The research on NPS II comprised a series of static and fatigue tests on anchorages
themselves, system mounted on strengthened beams as well as on-site, i.e. on actual RC
bridge. The system has been examined, its efficiency has been confirmed in laboratory and
in-field tests and now it is ready for use in strengthening purposes.
1. INTRODUCTION
One of the best method to increase load bearing capacity and stiffness of reinforced concrete
structures subjected to bending is the external prestressing with CFRP strips. Thanks to great
mechanical parameters of CFRP strips and high efficiency of prestressing effects, this
technology can be a good alternative to conventional strengthening methods and it has
recently been more often used for practical application. Tensioning of CFRP strips allows to
increase load bearing capacity and stiffness of strengthened structural elements and enhances
composite material utilisation in comparison with passive externally bonding technique. The
first externally bonded prestressing system has been developed by Leonhardt, Andrä
& Partners. This system is known as Sika Leoba Carbodur II. The first on-site application of
externally bonded prestressed CFRP strips was carried out using this system on a prestressed
concrete bridge in Germany in 1998 (Andrä, Maier, 2000). Nowadays we can observed
a dynamic development of CFRP prestressing systems worldwide. There is a lot of systems
available on the market, for instance Sika StressHead (Berset et al., 2002) , S&P systems
(Suter, Jungo, 2001; Michels et al., 2013) or Tenroc (Haghani et al., 2015). Still a great
number of solutions have been currently testing and developing in laboratories all over the
world (Aslam et al., 2015). This technology is also fast developing in Poland. The first Polish
system has been developed in Road and Bridges Research Institute based on Sika Leoba
Carbodur II idea (Łagoda, 2004). The next Polish system, Neoxe Prestressing System (NPS),
has been developed by Neoxe company and tested in laboratories of Rzeszow University of
Technology (Siwowski et al., 2010). This paper presents the results of a research programme
on the second generation of the Neoxe Prestressing System (NPS II). The main goal of
creating a new system was increasing of tensioning force, which could be applied on the
strips. For this purpose many research have been conducted. During this study the new types
of anchorages and tensioning device have been developed.
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2. DESCRIPTION OF THE NEW SYSTEM
The Neoxe Prestressing System II consists of two main elements: a special steel anchorages
mounted on both ends of a single CFRP strip and a relevant tensioning device. The system
uses high-strength UHS 614 strips of cross-section 1.4×60 mm with the ultimate tensile
strength 3200 MPa, modulus of elasticity 160 GPa and the strain at failure about 2%. There
are two kinds of anchorages: an active anchorage combining with a tensioning device and
a passive one. The strips with determined length are delivered on site as ready-to-install, i.e.
with two steel anchorages mounted on both strips ends. The anchorage is made of two 2 mm
thick steel plates welded together along edges to create a pocket, in which CFRP strip end is
fixed. The end of the strip is placed in the steel anchorage pocket and bonded with special
epoxy-based glue. It is followed by gripping of both materials (steel plates and CFRP strip inbetween) with small high-strength bolts with 6 mm diameter. The anchorages transfer the
tension force from tensioning device to the strip by internal bonding, screw gripping and
friction simultaneously. The anchorage has two functional areas: external and internal
(Fig. 1). The strip is clamped, bonded and gripped within the internal area. The external area
comprises small holes for attaching the plate to the concrete surface by anchors and threaded
holes for mounting the tensioning device (in the active anchorage only).

Fig. 1: Active anchorage
The tensioning device comprises three separately installed components: guide rails, carriage
(bolted to the active anchorage) and hydraulic jack (Fig. 2). The hydraulic jack can generate
maximum prestressing force of 170 kN. Thanks to device body division to three small and
light parts (the heaviest element weights 37 kg) its installation on-site is very fast and easy.

Fig. 2: Tensioning device
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3. TESTS OF ANCHORAGES
In order to develop steel anchorages with required carrying capacity many research have been
conducted. In the first phase tests on small specimens have been performed in order to find
optimal method of preparing steel surface, composition of epoxy-based glue and type and
arrangement of mechanical fasteners. The second phase concerned full scale anchorage
specimens. Technology of performing anchorages was developed based on first phase tests.
The tests of static carrying capacity were conducted in five series (two or three specimens in
each of them). Specimens tested in subsequent series were subjected to small modifications
aimed at increasing the carrying capacity of anchorages. The modifications mainly comprised
several attempts to enhance the bonding shear capacity of both glued steel surfaces and to
check the different arrangement small bolts. In the final solution CFRP strip is overlaid by
epoxy adhesive before mounting between steel plates and the arrangement of bolts as
presented in the Fig. 3 is used. All specimens were made as a one-sided anchorage and the
free ends of strip were protected by aluminium plates and placed in the jaws of the testing
machine (Fig. 4).

Fig. 3: Final arrangement of the holes in the anchorage

Fig. 4: Anchorage specimen view
The anchorage specimens were subjected to axial tensile test in testing machine Instron J1D
1200 kN. The tests were conducted under displacement control at a rate of 2 mm/min. During
the tests increment of force and displacement were measured. The measurement of these
values was provided by using the set of sensors built in the testing machine.
Fig. 5 shows the load – displacement plots for the maximum value of the failure force of each
series. Thanks to successive modifications in manufacturing anchorages the noticeable
increase of failure force was obtained. Still development of anchoring technology for
followed specimens allowed to obtain value of failure force of almost 200 kN in the last two
series. Variability coefficients equal to 1.7% and 0.4% in the last two series indicate that the
tested anchorage specimens had a high level of homogeneity. The collected results of static
tests were presented in Tab. 1. The value of the failure force is applied to establish the
efficiency of the anchorages defined as ratio of maximum failure force of the anchorage to the
CFRP characteristic tensile strength (force), which is 276 kN for the UHS 614 CFRP strips.
Thanks to applied modifications repeatable anchorage efficiency higher than 70% could be
obtained. It is a sufficient value for post-tensioning system for strengthening concrete
structures because optimal strengthening effects are obtained with strip prestressing level
equals about 60% of CFRP tensile strength (Meier, 1995).
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Fig. 5: Maximum load – displacement plots for five series
Tab. 1: Collective testing results of five series of anchorages
Failure load of each specimen:
P1

P2

P3

Mean failure
load

[kN]

[kN]

[kN]

[kN]

[kN]

[-]

[-]

S1S

175

174

166

171

5,2

3,0%

62%

S2S

147

161

208

-

-

-

-

S3S

177

221

-

199

31,3

15,7%

72%

S4S

189

194

188

190

3,2

1,7%

69%

S5S

199

198

-

199

0,8

0,4%

72%

Series No.

Standard
deviation

Variability
coefficient

CFRP
efficiency

4. TESTS OF STRENGTHENED RC BEAMS
In order to verify of system efficiency tests on the strengthened reinforced concrete beams
were conducted. Beams had a rectangular cross-section with dimensions of 0.50×0.42 m and
6.0 m length. They were made of C45/55 concrete and B500SP steel. Longitudinal
reinforcement bars were the 25-mm-diameter and stirrups the 12-mm-diameter. The scope of
the study included six beams. The first of them was the reference beam (B1). The second
beam (B2) was strengthened with two CFRP strips with dimensions of 60×1.4 mm, which
were passively glued to beam’s tensioned surface. The third beam (B3) was strengthened with
the same strips but additionally anchored by system anchorages. The next three beams (B4B6) were strengthened with pre-tensioned strips with various prestressing level and anchored
by system anchorages (Tab. 2).
Tab. 2: Specification of tested beams
Prestressing level

Prestressing force

Initial CFRP strain

Initial CFRP stress

Anchorages

[-]

[kN]

[-]

[MPa]

[-]

B1

-

-

-

-

-

B2

-

-

-

-

No

B3

0% ffu

-

-

-

Yes

B4

30% ffu

81

6,0‰

960

Yes

B5

40% ffu

108

8,0‰

1280

Yes

1600

Yes

Beam

134
10,0‰
B6
50% ffu
ffu – CFRP tensile strength (for the Neoxeplate UHS 614 strips ffu=3200 MPa)
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The studies were conducted on a special test stand. The span length of beams was 5.6 m.
Loading was carried by a hydraulic actuator Instron Schenck with maximum pressure force
630 kN. Four point bending scheme was applied by means of spreading the load from the
actuator by steel traverse beam. During the tests continuous measurement of load,
displacements of beams, strains of upper and lower surfaces of concrete and steel bars in the
constant bending moment range, as well as strains along CFRP strips, were measured. In the
subsequent steps of loading cracking of concrete was controlled. The failure modes were
checked and identified in detail.
The results of beam tests were collected in Tab. 3. For each beam values of cracking, yielding
and ultimate load as well as strengthening efficiency were noted. The strengthening efficiency
is defined as ratio of increase of ultimate load of strengthened beam to ultimate load of
reference beam. The ultimate load is defined as the maximum value of bending moment
occurred during the test. In the strengthened beams ultimate load is connected with failure of
strengthening system. Moreover, in the table maximum CFRP strains at failure and CFRP
utility level were given. CFRP utility level is ratio of maximum stress occurred in CFRP strip
to ultimate strength of CFRP. In the last column ductility of the beams was presented.
Ductility is calculated as ratio of deflection at failure to deflection at yielding.
Tab. 3: The results of tested beams
Beam

Cracking
moment

Yielding
moment

Ultimate
moment

Strengthening
efficiency

CFRP strain
at failure

CFRP
utilization

Ductility

[kNm]

[kNm]

[kNm]

[-]

[-]

[-]

[-]

B1

55

266

272

-

-

-

1,84

B2

70

318

332

22%

5,9‰

30%

1,35

B3

72

321

361

33%

7,8‰

39%

2,78

B4

111

371

424

56%

15,8‰

79%

3,52

B5

120

394

415

53%

16,4‰

82%

2,17

B6

136

419

428

57%

16,7‰

84%

1,15

Strengthening of the beams caused increasing of cracking and yielding moment as well as
ultimate moment. It influences the improving of serviceability parameters of beams:
a reduction of deflection and cracking. Deflection reduction can be observed in Fig. 6, where
load-deflection plots in the middle of span for each beam were presented.

Fig. 6: Load – deflection plots for all tested beams
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Beams strengthening by the passive strips resulted in a small reduction of deflection of the
beams and increase of these ultimate load by 22% and 33% for beams B2 and B3
respectively. The usage of the anchorages in beam B3 effects on appearance of additional,
emergency phase of work (after debonding up to failure). The anchorages caused increasing
the ultimate load of 9% compared to beam without anchorages, increasing the CFRP utilities
level and changing the failure mode. Thanks to the use of tensioned CFRP strips ultimate load
of tested beams was increased about 55% in relation to reference beam. Value of ultimate
load was similar for each prestressed beam. Prestressing level has therefore no important
effect on increase of ultimate carrying capacity. However, it significantly affects the yielding
moment (Tab. 3) and ductility of the beams. With increasing prestressing level increases the
value of yielding moment. Increase of this value compared to reference beam was 39% and
58% for beams B4 and B6, respectively. Beams with higher prestressing level exhibited lower
ductility. It is connected with behaviour of beam during failure. When the prestressing level is
higher, then failure is more abrupt. Failure mode of each prestressed beam was similar.
Failure was caused by debonding of CFRP strips from concrete surface followed by slipping
from anchorages. In certain cases slipping CFRP strips from anchorages was accompanied by
CFRP failure.
The most important results from the point of view of strengthening system are significant
increase of ultimate load (strengthening efficiency about 55%) and improving of
serviceability: reduction of deflection and cracking. The system is characterized by a high
level of utilization of the composite material. In the prestressed beams utilization of CFRP
strips was about 80%. The results of the tests of beams, strengthened by Neoxe Prestressing
System II, confirm generally known conclusions about the behaviour of reinforced concrete
beams strengthened with prestressed CFRP strips. Therefore, they proved that the new system
works properly.
5. APPLICATION ON-SITE
The last stage of research on the new strengthening system was practical on-site application at
the existing RC bridge. The bridge is simply supported beam with cantilevers. The length of
the middle span is 16.0 m and the length of both cantilevers is 5.5 m. Superstructure consists
of four main RC beams braced by crossbeams and deck slab, all of them cast monolithically.
The girders have a rectangular cross section with dimensions of 0.5×1.2 m. An angle between
longitudinal axis of the bridge and the river is 50°.
In order to increase the bridge carrying capacity, the strengthening by prestressed CFRP strips
of main RC beams in tension regions was designed. The strips were located at the bottom
surfaces of beams in the main span and at the top surfaces of slab deck above beams over the
supports and in the cantilevers. The location of strips in both cross-sections was presented in
Fig. 7. Each strip was tensioned with force of 75 kN, which corresponded to strains equal
about 5.6‰. A total of 48 CFRP strips were used to strengthen of the bridge.
The strips with the anchorages were prepared at the factory and delivered for the construction
site in a bobbins. Installation was started following preparation of concrete and strips surfaces.
For each strip at first passive anchorage was mounted to the concrete surface, then the
tensioning device was installed at active side, adhesive was applied on the CFRP strip and the
strip was tensioned up to designed value of prestressing force. After tensioning, active
anchorage was mounted and the tensioning device could be removed. In the last step strip was
pressed to the concrete surface and excess of adhesive was removed.
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Fig. 7: Cross-section of strengthened bridge
The bridge was subjected to static load tests before and after strengthening works. The aim of
the test was to evaluate the efficiency of strengthening the existing RC bridge using the NPS
II system. During the tests beam’s deflection in the middle span were measured along with
strains of concrete, reinforcing bars and CFRP strips in the middle section of the span. Two
trucks with a weight of 38 tons each were used for the tests.
There were no significant changes of the beam deflections due to strengthening with
prestressed strips. The deflection in the first stage (performed before strengthening) and the
second stage (after strengthening) was equal to 2.0 and 1.8 mm for beam B1 (outer) and B2
(inner) respectively. Such a result could be expected, because strengthening of RC beams
(with quite large cross-section) by CFRP strips has negligible effect on their stiffness. The
strip in fact cannot improve beam’s moment of inertia and thus the stiffness of the beam. No
reduction of beam deflection could be explained by the fact that the capacity utilization of the
beams under applied load was very small. The beams were not cracked and in I phase of RC
beam work the deflection change may be imperceptible. However, inducing a larger
utilization of the beams was unreachable due to bridge geometry (span length of 16.0 m and
angle 50°). The detailed analysis of the results was performed by comparison of the strains
(stresses) measured under load. The effectiveness of the strengthening of the bridge beams
can be checked based mainly on reducing the stress in the reinforcing steel. The mean value
of tensile stress in the steel reinforcement bars obtained in the first stage was on average
28.3 MPa. In the second stage this stress was reduced to 21.8 MPa. Therefore, the average
reduction of the stresses in the reinforcing steel due to strengthening was equal 23%.
The test results indicate that despite a slight utilization of the beam’s carrying capacity, it was
possible to observe the effects of the strengthening. In the second stage, after beams
prestressing by the CFRP strips, there were significantly lower stresses in reinforcing bars
than before strengthening. Moreover, strains noted in CFRP strips indicate that the strips were
effectively incorporated into the cooperation in carrying loads. Based on the results it can be
concluded that the strengthening of the bridge by NPS II system was performed properly, and
its use was quite effective (at least at the expected level). The installation of the strips on the
bridge was performed very efficiently. All elements of the system, both anchorages and
tensioning device, passed the exam on the construction site. Strengthening was carried out at
a rate of approximately 4 strips daily.
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6. CONCLUSIONS
The new Polish CFRP prestressing system for strengthening reinforced concrete structures
was shortly presented in the paper. After examination on RC beams in the laboratory and
practical application on-site the system is ready to use for strengthening purposes.
Comparing the NPS II system to another CFRP prestressing solutions available on the market
authors observe the following advantages of the new system thanks to applied strip anchorage
method:
•
•
•
•
•
•

the method comprises adhesive bonding with bolt gripping and friction action and thus
sums up the advantages of these three joining methods;
effects of prestressing are transferred to the strengthened structure just after mounting of
active anchorage, without need to wait for adhesive curing;
anchorages are mounted in factory and fully tested before delivering to construction site;
geometry of steel anchorages can be designed to suit existing rebar layout and strip type;
cutting the grooves in concrete is not required with this method;
the method eliminates risk of the strip slippage during strengthening on-site and
guarantees constant strip tension during setting of adhesive.
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SUMMARY
The use of Fibre Reinforced Polymer (FRP) bars as internal reinforcement for concrete
structures is increasing in civil engineering, due to their advantageous properties, e.g. being
insensitive to electrolytic corrosion. In this paper two experimental studies are presented,
investigating the bond development of FRP bars. The first series aimed to study the effect of
modulus of elasticity of FRP bars on the bond behavior with concrete. Two types of FRP bars
were used with similar properties (surface and diameter), but with different modulus of
elasticity. Four different concrete compositions were prepared. The second series meant to
study the effect of surface characteristics of FRP bars. Three types of GFRP bars were used
with the same nominal diameter of 16 mm and similar tensile strength and modulus of
elasticity, however with different surface characteristics: sand coated and two types of
indented surfaces.
1. INTRODUCTION
Over the last centuries steel reinforced concrete was the most widely used structural material
in construction. Nevertheless, it is well known that, under certain environmental conditions,
the corrosion of steel reinforcement can lead to the deterioration or even to the collapse of
structural elements, requesting expensive repairing and strengthening. This detrimental
property of the steel reinforcement directed the interest on alternative reinforcing materials
(Cosenza et al., 1995; Focacci et al., 2000; Lublóy et al., 2005; Guadagnini et al., 2004;
Balázs, 2008; Raicic et al., 2015; Veljkovic et al., 2017).
Using FRP material can be one possible way to replace the corrodible steel reinforcement.
FRP bars have various advantageous properties, such as high tensile strength and resistance to
electrochemical corrosion.
To manufacture FRP bars different fibres (glass, carbon, aramid and recently basalt) are used.
Fibres are bound together with diverse resins (polyester, vinyl ester and epoxy). Mechanical
properties as well as their surface characteristics of FRP rebars can be considerably different
from that of the conventional steel reinforcements. Such non ferrous rebars provide excellent
resistance to environmental factors such as freeze-thaw cycles, chemical attack etc.
Tensile strength and elastic modulus of FRP bars are governed mainly by the type of fibre, the
volumetric ratio of fibres (usually 60-70 V%) and the angle between the fibres and the
longitudinal axis of the rebar. Tensile strengths of FRP rebars are in the range of 450 to
3 500 N/mm2, between 35 000 and 580 000 N/mm2 in terms of Young's moduli and in the range
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of 0.5 to 4.4% in terms of failure strains (fib, 2007). Furthermore, the mechanical and physical
properties of FRP bars can be tailor made to fit any specific application the best. The most
important difference between FRP and steel rebars is that FRP bars have linear elastic behavior
up to failure without any plasticity and considerable release of elastic energy (fib, 2007).
There are many examples of structural applications indicating the speed and convenience of
strengthening and repairing of concrete structures using advanced composites as cost effective
solutions (Balázs and Borosnyói, 2001b). Furthermore, there are structures reinforced with
FRP rebars that have been in service in aggressive environments in various parts of the world
for more than 20 years, without considerable structural problems (Nanni et al., 2014).
One of the fundamental aspects of structural behavior of RC elements which are reinforced
with FRP bars is the bond development. The bond stress transfer between reinforcement and
the surrounding concrete is the basis of the theory of reinforced concrete (Robert and
Benmokrane, 2010; Borosnyói, 2014). Without a proper transfer of stresses between concrete
and rebar, reinforced concrete structures would not be viable (Balázs and Borosnyói 2001a;
fib 2007; Baena et al., 2009). This paper presents two experimental series to study the bond
behavior of FRP bars in concrete.
Bond strength calculation in CSA S806-12
In CSA-S806-12 (CSA, 2012) the following equation (Eq. 1) is proposed for bond stress
calculation, that takes into account different factors:
(1)
where: k1 - bar location factor, k2 - concrete density factor, k3 - bar size factor, k4 - bar fibre
factor, k5 - bar surface profile factor, dcs - the smaller of the distance from the closest concrete
surface to the center of the bar being developed; or two-thirds of the center-to-center spacing of
the bars being developed, f’c - compressive strength of concrete, db - nominal diameter of FRP.
The recommended values for k4 parameter are: 1.0 for CFRP and GFRP; 1.25 for AFRP bars.
The proposed values for k5 parameter are: 1.0 for surface-roughened or sand-coated surfaces;
1.05 for spiral pattern surfaces; 1.0 for braided surfaces; 1.05 for ribbed surfaces; 1.80 for
indented surfaces.
Based on authors’ previous experimental studies and available data in literature from various
researchers, the proposed values seem to be not totally appropriate in all cases. Present study
has directed to verify and if needed to propose new values of k4 and k5 parameters, based on
the experimental results.
2. EXPERIMENTAL PROGRAM
Pull-out test was chosen to compare the bond behavior of different FRP rebars in various
concrete compositions. Although, the stress condition developed in concrete during pull-out
tests can differ from that developed in reinforced concrete elements, pull-out test is a powerful
method to study and compare the effect of diverse factors on bond behavior, owing to its
simplicity and ease of application.
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150 mm edge length, metallic cubic molds were used to produce the pull-out specimens. The
bars were vertically placed in the molds as that the bond length of rebars was in the lower part
of the molds. Concrete was poured with the FRP bars in position inside the mold. After
concreting, the specimens were kept in the molds in laboratory ambient condition for one day.
Thereafter, the concrete cubes were stripped, marked and placed under water for 6 days. After
this period of time the concrete specimens were taken out of water and kept under laboratory
ambient conditions until testing.
In Fig. 1 (left) the rebars are presented with the prepared embedment (bond) length, being five
times the rebar diameter (5Ø) in all cases. In Fig. 1 (right) a photo of the pull-out test setup is
visible. The FRP bars are placed into a metal frame and gripped into testing machine (lower
part of the pictures). This part is considered as the loaded end of the concrete test specimen
and the relative displacement between the FRP rebar and concrete is measured with three
Linear Variable Differential Transducers (LVDT). At the other end, which is usually referred
to as free end, the slip is measured with one LVDT.
The pull-out tests were performed by using a servo-hydraulic testing machine with a capacity of
600 kN. Displacement control was selected to capture post-peak behavior. The load was applied
at a rate of 1 mm/min and measured with the electronic load cell of the testing machine. An
automatic data acquisition system was used to record the data transmitted by LVDTs. Three
nominally identical specimens for each configuration were tested (Sólyom and Balázs, 2016).

Fig. 1: Left: CFRP and GFRP bars prepared with 5Ø embedment length. Right: pull-out test setup
Two different experimental series were performed and described herein. The first series aimed
to study the effect of modulus of elasticity of FRP bars on the bond behavior in concrete.
Two types of FRP bars were used in current experimental work. They have similar properties
(sand coated surface, 9.5 mm in diameter), however owing to the different fibre types (carbon
and glass) their modulus of elasticity and tensile strength differs. Manufacturer’s specification
of the FRP bars include a minimum guaranteed tensile strength of 880 MPa for Glass Fiber
Reinforced Polymer (GFRP) and 1356 MPa for Carbon Fiber Reinforced Polymer (CFRP)
and a nominal tensile modulus of elasticity of 42.5 GPa for GFRP and 127 GPa for CFRP
respectively (VRod, 2013).
Four different concrete compositions were prepared (symbols: C1, C2, C3 and S1). The mean
value of the concrete properties at the day of testing (28 days) varied from 40.3 to 67.2 MPa
in regards of compressive and 2.91 to 4.13 MPa in regards of tensile splitting strength. The
values were obtained by testing three similar specimens (150 mm cubes and both in diameter
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and height 150 mm cylinders, respectively). C1 concrete composition gave the lowest
concrete strength, while S1 provided the highest. C stands for traditional, whereas S
represents self-compacting concrete.
The second series meant to study the effect of surface characteristics of FRP bars on the bond
behavior in concrete.
Three types of GFRP bars were used in current experimental work. They have the same
nominal diameter (16 mm), characteristic tensile strength over 1000 MPa and a modulus of
elasticity between 55-60 GPa (Schöck, 2013). However, they possess different surface
characteristics: sand coated and two types with indented surface.
C2 concrete composition (47.2 MPa compressive and 3.40 MPa splitting tensile strength,
respectively) was used to prepare the concrete for the second series.
3. RESULTS AND DISCUSSION
Experimental results are summarized in Tab. 1 to Tab. 3, including the individual and the
mean of individual bond strength values, the loaded and free end slips at maximum bond
stress, as well as standard deviations and coefficient of variations for the previously
mentioned properties. The bond stiffness is also presented in the last column. In particular,
each of the individual bond strength values (τb,max) are calculated by dividing the maximum
load (Fult) by the sheared surface (Eq. 2), considering a uniform bond stress distribution along
the bond length (lb) of the FRP bars.
(2)
3.1. Effect of modulus of elasticity of FRP bars on bond behavior in concrete
CFRP and GFRP bars (Fig. 1 left) were used to study the effect of modulus of elasticity of FRP
bars on bond behavior. FRP bars had similar properties (such as 9.5 mm diameter and sand coated
surface characteristics) but the moduli of elasticity differed due to the different fibre types.
Tab. 1: Pull-out test results, CFRP SC #3 (Ø10) bars
Bond strength
Symbol

C1

C2

C3

S1

Loaded end slip

τb,max

Aver- St.Dev Coef. of
age
Variation

[MPa]

[MPa] [MPa]

[%]

Slip
[mm]

Free end slip

Aver- St.Dev Coef. of
age
Variation
[mm] [MPa]

[%]

[mm]

1

19.82

2

20.25

3

17.86

0.245

0.057

1

14.30

0.163

0.038

2

17.29

3

15.14

1

12.60

2

19.30

1

16.47

2

15.25

3

17.18

0.261

Slip

19.31

15.57

1.27

1.54

6.58%

9.90%

0.196

0.213

4.74

29.72%

0.291
0.199

0.234

0.259

0.034

0.125

14.50%

48.13%

0.97

5.98%

0.254
0.169

[%]

[N/mm3]

0.112

0.054

0.100

0.038

38.16%

82.61

0.051

0.011

22.45%

60.18

0.065

0.004

5.48%

65.15

0.038

0.002

5.43%

62.58

0.060
0.245

0.065

26.50%

0.358
16.30

[mm] [MPa]

0.130

0.400
15.95

Aver- St.Dev Coef. of
Bond
age
Variation stiffness

0.067
0.062
0.036

0.260

0.095

36.43%

0.039
0.040
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Owing to the size of pull-out specimen, the centric placement and diameter of the FRP bars,
bond failure always happened by “pull-out” of the FRP bar, no splitting cracks were observed.
The bond failure in most of the cases was brittle at relatively low slip values, by interlaminar
shear failure at the surface between fibres and sand coating. However, for higher strength
concrete compositions in case of GFRP bars, bond failure happened also through gradual pullout of the bars, reaching high slip values.
In Fig. 2 it can be observed that CFRP bars have higher bond strength regardless the concrete mix
or type. The ratio between bond strength of CFRP and GFRP sand coated bars varies between 1.22
and 1.70. Furthermore, the bond stiffness of CFRP bars are always higher (about double) than in
case of GFRP bars (Tab. 1 and Tab. 2). The bond stiffness is defined by calculating the inclination
of the ascending branch of the bond stress-slip diagram (which was assumed linear) considering
the loaded and slip diagrams. This can be particularly important in Serviceability Limit State (SLS)
design, since crack opening is dependent on the slip value associated to the bond stress level.
Higher bond strength values associated with higher modulus of elasticity can be explained with
the fact that higher modulus involves less elongation at the loaded end of the bond length,
consequently lower will be the damage at the bond surface, which can result in higher average
bond strength.
Tab. 2: Pull-out test results, GFRP SC #3 (Ø10) bars
Bond strength
Symbol

C1

C2

C3
S1

Loaded end slip

τb,max

Aver- St.Dev Coef. of
age
Variation

[MPa]

[MPa] [MPa]

[%]

Slip
[mm]

Free end slip

Aver- St.Dev Coef. of
age
Variation
[mm] [MPa]

[%]

0.397

Slip
[mm]

1

12.87

2

18.85

3

10.60

0.255

0.052

1

9.54

0.255

0.040

2

8.30

3

9.63

1

8.21

2

17.86

1

9.24

2

12.70

14.11

9.16

4.26

0.74

30.21%

8.08%

0.566

0.188

6.82

52.33%

10.97

2.44

22.26%

0.238
0.509
0.297
0.296

[mm] [MPa]

[%]

[N/mm3]

0.038
0.406

0.256

0.156

0.069

38.34%

27.03%

0.326
13.03

Aver- St.Dev Coef. of
Bond
age
Variation stiffness

0.134

0.022

0.075

0.052

69.45%

34.76

0.026

0.012

48.04%

35.74

0.054

0.028

52.38%

34.87

0.057

0.018

32.25%

36.98

0.016
0.374

0.192

51.36%

0.297

0.001

0.20%

0.034
0.074
0.044
0.070

Fig. 2: Effect of modulus of elasticity of FRP bars (CFRP: 127 GPa, GFRP: 42.5 GPa, with
same diameter, surface pattern and producer) on bond strength in concrete
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3.2. Effect of surface characteristics of FRP on bond behavior in concrete
The surface of FRP bars can be considerably different from that of steel, furthermore,
mechanical properties are different also. Various surface types involves different bond
mechanisms and failure modes. While in case of steel bars bond failure happens by crushing
the concrete in front of the ribs, this is usually not the case for FRP bars. Bond failure can
happen either at the surface of FRP and concrete, or inside the FRP (interlaminar shear
between fibres and outer surface) (fib, 2007).
Results of the experimental work, performed to study the effect of surface characteristics
(sand coated and two types of indented surface finishing) are summarized in Tab. 3.
Furthermore, for better visualization the bond characteristics of GFRP bars, with different
surface characteristics are presented in terms of bond strength values (Fig. 3) and bond stressslip diagram (Fig. 4) as well.
The ratio between the bond strength of GFRP sand coated and differently indented bars varies
between 1.22 and 1.88. Furthermore, the bond stiffness of GFRP bars also varies depending
on the surface characteristics.
Bond failure happened through pull-out of the FRP bar in case of centrally placed bars (Fig. 3
right), however, when the bars were placed eccentrically to the concrete cover 1Ø (bar
diameter) splitting failure was observed (Fig. 3 left). Furthermore, bond failure mode was
significantly affected by the surface type: sand coated bars failed in a brittle manner at low
slip values, while indented bars failed in a gradual manner. In terms of bond strength, highest
values were reached when sand coated bars are considered (Fig. 3).
In case of sand coated bars, the surface of the FRP bars sheared off, while the concrete failed
in case of indented bars (owing to the geometry of the FRP indentation).
Tab. 3: Pull-out test results, GFRP sand coated and indented 16 mm diameter bars
Bond strength

Indented 2 Indented 1

Sand c.

Symbol

Loaded end slip

Free end slip

τb,max

Average

St.Dev

Coef. of
Variation

Slip

Average

St.Dev

Coef. of
Variation

Slip

Average

St.Dev

[MPa]

[MPa]

[MPa]

[%]

[mm]

[mm]

[MPa]

[%]

[mm]

[mm]

[MPa]

[%]

[N/mm3]

0.247

0.024

9.78%

36.05

0.319

0.068

21.32%

31.19

0.917

0.069

7.49%

10.23

1

23.24

0.718

2

22.36

3

23.43

0.652

0.220

1

20.02

0.581

0.317

2

17.69

3

19.03

0.765

0.388

1

11.21

1.138

0.957

2

11.84

3

13.69

23.01

18.91

12.25

0.57

1.17

1.29

2.47%

6.18%

10.53%

0.545

0.473

1.138
1.316

Coef. of
Bond
Variation stiffness

0.266
0.638

0.606

1.198

0.088

0.148

0.103

13.71%

24.38%

8.59%

0.256

0.252

0.957
0.838
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Fig. 3: Effect of surface characteristics of GFRP bars on bond strength. Eccentric (left) and
centric (right) pull-out tests. Surface types from left to right: sand coated; indented type 1 and
indented type 2

Fig. 4: Bond stress-slip diagrams for GFRP bars with different surfaces

4. CONCLUSIONS
This paper presents two experimental series to study the bond behavior of CFRP and GFRP bars
in concrete, focusing on the effect of two factors: modulus of elasticity and surface characteristics
of FRP bars, respectively. Different concrete compositions and different FRP bars (See Ch. 2)
have been used in the study. Based on the test results the following conclusions can be drawn.
Effect of modulus of elasticity
•

Bond strength was always higher for the bars with higher modulus of elasticity (CFRP). It
highlights the importance of the need for revision of parameters proposed to take into
account the effect fibre type of FRP bars in available guidelines (i.e.: k4 in CSA S806-12).

•

Bond stiffness is also affected by the modulus of elasticity of FRP bars, and it increases
with the increase of Ef.
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Effect of surface characteristics
•

The bond strength of sand coated GFRP bars was higher than the ones for indented
surfaces. Furthermore, bond strength was considerably different in case of two indented
surface types. This leads to a conclusion that generalization of parameters taking into
consideration only the surface type might not be straight forward. Subgroups within the
same surface types might be necessary, or a standardized test method should be defined to
be used for determination of such a parameter (i.e.: k5 in CSA S806-12).

•

The slope of the ascending branch (bond stiffness) of the bond stress-slip diagrams varies
when similar FRP bars with different surface characteristics are used. However, the
variation within the same surface type (with different finishing materials) can be even
larger than among different surface types.

•

Failure mode is affected by the surface characteristics. In case of sand coated bars the
most common failure is through a sudden shearing off of the whole FRP surface, however
in case of indented bars the bond failure happens by gradually pulling out the FRP bar
reaching high slip values.
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SMALL BRIDGES UP TO 32.5 M SPAN IN UHPC-CONSTRUCTION –
BRIDGE SYSTEMS WITH AESTHETIC REQUIREMENTS
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A-8010 Graz
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SUMMARY
Due to its durability and resource-conserving use, the UHPC building material is the ideal
prerequisite for infrastructure construction. Due to the high degree of pre-fabrication, system
bridges with spans of up to 35 m can be realized. The focus is on construction-specific design
and the aesthetic shape language. In cooperation with the SDO ZT GmbH and the concrete
precast elements manufacturer Franz Oberndorfer GmbH & CO KG, the bridge system
construction is to be developed and implemented in three stages. The described system design
attempts to make the enormous advantages of the material UHPC noticeable to the observer
through material-compatible design. This development work is to contribute positively to the
image of this new building material and to further applications.
1. GENERAL
Bridge systems, which are currently offered on the market by various manufacturers, are
offered in the materials steel, aluminum and wood. Fig. 1 shows various bridge systems
customary on the market. In addition to the material, the truss-like building block system
represents the primary characteristic of these bridges.

Fig. 1: On the market available bridge systems with steel and aluminium
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The present paper deals with the project idea, with the specifics in the prefabrication of the
components, with the examples already carried out. It deals with system bridge development
with ultra-high performance concrete (UHPC) and the special properties derived from the
material in terms of material efficiency and durability. The idea and approach of this type of
bridge has arisen through the implementation of an interesting solution of a UHPC-shell
bridge (Olipitz, 2015 a) in Carinthia (Austria). Starting from this implementation, which
essentially corresponds to the UHPC 325 type, simplifications were made in the manufacture
and assembly, and a system bridge series UHPC 125, UHPC 225 and UHPC 325 were
developed, whereby the combination of numbers always had the maximum achievable span
Lsp (12.5 m, 22.5 m and 32.5 m) of this bridge type (Fig. 2 and Fig. 3). As the span widens,
the type of prestressing and the geometrical stiffness are changed, resulting in high-slender
and elegant designs. The bridge form is always an open bridge solution with 15 ° inclination
of the UHPC-walls to the outside and on the other hand has the advantage that there are small
heights of the constructions, on the other hand, the construction can be experienced by the
user on the bridge and thus the performance of this material becomes noticeable. This first
advantage also leads to the fact that due to the low constructional heights, no ramps on the
abutments are required. Furthermore, the trough shape offers the advantage that the railing
construction is an integral part of the load-bearing structure and is used for design purposes.
In the case of the UHPC 325, the high slenderness can only be achieved by utilizing
geometric stiffnesses from the shell-bearing effect. The system design allows modular
construction with almost the same formwork geometry. This provides the prerequisite for
mass production and competitiveness against conventional bridge systems. The static mode of
operation is based on the principle of an arch-tie-model (Fig. 3) and can be ideally
implemented by flat UHPC-boards in ideal combination with prestressing cables.

Fig. 2: UHPC bridge system series open bridges (trough shaped) with variable spans
The UHPC system bridges are characterized by the fact that they are integral bridge systems
without bearings and transition structures, which avoids expensive maintenance parts. The
increasing span leads to static measures of the UHPC-walls, which are reflected in the
different shapes and assemblies. The type UHPC 125, which is designed up to a span of
12.5 m, has a plane-parallel surface (without ribs) with a thickness of 50 mm. The low wall
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thicknesses are possible due to the favorable load-bearing capacity as an arch-tie-model. The
openings are arranged in such a way that the printing sheet (see Fig. 3 in green) can be formed
with slenderness ratio L/H = 4 to 8. Only in the case of a span of more than 12.5 m, in the
UHPC 225 type, ribs with a thickness of 100 mm arranged on the outer side of the UHPC
walls are required, resulting in a total thickness of 150 mm. The rib arrangement follows the
strut arrangement of a truss. The slenderness ratio of the truss are for this type L/H = 7-13.
The arrangement of the bearing nose is identical to all three types on the inside of the UHPCwalls, which has a thickness of 100 mm and has a height of 300 mm for UHPC 125, and a
height of 400 mm for UHPC 225 and UHPC 325. The roadway slaps (decking see subchapter
2.2 and 2.3) are placed on the inside of the bearing nose acting as support platform.

Fig. 3: Statical mode of functioning and exterior logic of the bridge system types

Fig. 4: Development of the cross sections per type
The ribs with a thickness of 100 mm arranged on the outside are executed with UHPC 225
and UHPC 325, the rib on the bottom flange of the UHPC-walls forming a fusion of the rib
arranged on the outside and the bearing nose as base on the inside. The plane-parallel overall
thickness of the bottom flange for these two types is 250 mm and is used for the
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accommodation of the strands in the immediate bond (UHPC 225) or for the insertion of
sheaths for the post-bond (UHPC 325). In the case of UHPC 325, the arrangement of the
outer-side ribs corresponds to the static requirement of a frame support. The frame leg is
made of a slap with in-situ concrete (d = 40 cm, see subchapter 3.1.) with a positive pitch,
which is also used as a prestressing block for the load introduction of the pretension forces
during assembly. The UHPC 325 consists of two UHPC-wall elements per longitudinal side
which are subsequently joined together on the construction site by pretensioning over wet
joints and successfully applied at the Paulifurt bridge (Olipitz, 2015 a). The buckle arranged
in the plan view in the axis of symmetry with an angle of β = 2.7° leads to the positive mode
of action of a space shell of the beam of frame. This ensures the buckling stability of the
UHPC-walls. The slenderness ratios of the UHPC 325-walls are L/H = 11-16.
2. ELEMENTS OF THE BRIDGE SYSTEMS
In the following text the individual components of the system bridges, which are essentially
repeated for all three types, are described. Chapter 3 discusses some special features of the
UHPC 325 type. These are due to the changed static mode of operation and the multipart as
well as for the UHPC walls and for the abutment situation.
2.1 UHPC-walls
As can be seen in Fig. 4, differences in the cross section between UHPC 125, UHPC 225 and
UHPC 325 result in that the two at least mentioned types have additional reinforcing ribs
arranged on the outer side according to the static requirement in the longitudinal direction (see
fig. 3). The cubatures per meter ([m³/lm] per profile) are for UHPC 125 on average (o.a.) 0.08
m³/lm, for UHPC 225 o.a. 0.16 m³/lm and for UHPC 325 o.a. 0.19 m³/lm. The material of the
UHPC-walls is chosen for all types with C 130/155, whereby the fiber lengths should be
lf = 12 or 16 mm, respectively, in order to ensure post-fracture resistance of σcf,d = 10 to
14 N/mm². The elements are only provided there with reinforcement, where tensile forces
from lifting forces occur.

Fig. 5: UHPC-wall elements
The UHPC walls have a thickness of 50 mm outside the ribs and are provided with
corresponding openings through the load flow. These opening geometries duplicate within
one type, so that with a small number of typed shapes for frameworks, the opening is found
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and can be accommodated flexibly into the formwork geometry for different bridge lengths
Lw. The UHPC-elements are concreted in the vertical position, whereby the outer and inner
surfaces have a smooth structure. Plan-parallel vertical formwork edges with distances of
150 mm (UHPC 125) and 250 mm (UHPC 225 and UHPC 325) allow simple manufacture
in the factory. For the UHPC 125, specially shaped UHPC wedges are required due to the
15° inclined and smooth outer surfaces in the installed state for the attachment of the
roadway elements (decking). This permits a horizontal arrangement of the screw position.
The total number of UHPC-wedges or the built in parts for the mounting of the roadway
boards results in a road width of b = 3.5 m with n = 1.4 pcs per m² of bridge area. For
UHPC 225 and UHPC 325 types, UHPC-wedges are not required due to the vertical rib
geometry in the region of the screws.
2.2 Decking elements
The roadway panels (Fig. 6) are full precast element parts with system widths of b = 2.40 m
and are mounted on the system depentend supporting nose of the UHPC-walls. The roadway
panels are bolted to the UHPC-walls, with the screwing joint at a distance of e = 80cm. The
road surface is with a roof-shaped drainage axis extending in the road axis, the plate thickness
being in the roadway axis d = 12 cm and at the edges d = 16 cm. The quality of the concrete
of the elements is C50/60. In order to ensure a steel connection, a ½ IPE 180 carrier is potted
into the precast panel and is closed at both ends by a flange plate with welded threat nut.

Fig. 6: Decking elements with HPC
In addition to the bridge length Lw (Fig. 6), the angle of intersection α between the abutment
axis and the bridge axis can also be arbitrarily adapted. The angular adjustment is
geometrically accomplished by longitudinally displacing a UHPC-wall side along the
longitudinal axis of the bridge and leads to parallelogram-shaped roadway plate geometries.
The axial dimension e = 80 cm of the bolted connection of the pavement panels with the
UHPC-walls is maintained with an oblique-angled arrangement.
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2.3 Abutment beam
The abutment beam (Fig. 7) is produced as a trapezoidal cross section with air inclination
with concrete HPC 50/60. The task of the abutment beam consists, on the one hand, of
establishing a rigid connection with the substructure, on the other hand, by means of specially
provided built in parts, to ensure the stabilization of the UHPC-walls in the assembly process.
For fixing the abutment beam with the substructure, sheaths for the grouting of steel mandrels
∅ 30 mm are provided.

Fig. 7: Geometry of the abutment beam for a skew bridge
3. SPECIFICS ON UHPC 325 AND THE TRANSFER TO UHPC-SHELL.
CONSTRUCTION
3.1 Frame leg with in-situ concrete
Due to the static design of a frame construction and the two-part design of the UHPC-walls,
(Fig. 8) the side abutment walls, which have a positive pitch, are made with in-situ concrete.
In contrast to the other two embodiments, the prestressing is selected with a subsequent bond
(posttensioned prestressing). This makes it possible to manufacture the UHPC-walls as twopart elements and to interlock them on site. The required prestressing force to absorb the
frame moment is introduced into the UHPC-precast elements via the frame leg with in-situ
concrete, thus enabling the controlled load introduction.
The positive inclination of the frame leg leads tendency compared with frame constructions
without a pitch to lower horizontal forces and thus to the possibility of flat foundations. The
transition of the frame leg into the foundation should be articulated, but a connection with
conventional reinforcement with plug-in rings is sufficiently ductile to accommodate the
bearing rotations.
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Fig. 8: Fabrication and design of the frame leg with in-situ concrete
3.2 Joint design
A further special feature of this type is the formation of the system-depentend joints, which is
to be developed from the experience of the project Paulifurt (Olipitz, 2015 a) as a wet joint
(Fig. 9). The design of dry joints allows almost no tolerances and is more cost-intensive to
manufacture. The wet joint allows the tolerance compensation, whereby a corresponding postlimit stiffness has to be taken into account.

Fig. 9: Design of the wet joints and coupling joints for prestressing
A further special feature is the type of prestressing with subsequent bonding (posttensioned
prestressing). This is preferable to pre-stress without bonding (pretensioned prestressing). The
joints and transitions of the sheaths must be tested for leak tightness for the later grouting with
the cement matrix. The project Paulifurt (Olipitz, 2015 a; Olipitz, 2015 b) (Fig. 11) has shown
that expensive sealing rings can be dispensed with due to the high prestressing. A particularly
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neuralgic point is the transition of the sheats from the frame leg with in-situ concrete to the
UHPC-precast element section, which has been solved only by a specially designed overlapping
construction. The insertion of the strands into the casing should be carried out symmetrically
from both sides, as is the tensioning of the litz wires so as to obtain a minimum of prestressing
losses from friction.
3.3 Geometrical stiffness through shell effect
UHPC components are very thin-walled components whose high slenderness (ratio) can only
be achieved by utilizing geometric stiffnesses. Thus, the buckling stability of the upper flange
in the UHPC 325-walls in the field center can only be achieved by the buckle (bend) in the
ground plan. This possibility of geometrical stiffness can also be achieved in the case of
spatial shell elements with flat UHPC-plates. In Fig. 10, on the basis of a cantilever
construction, rotationally symmetrical roof structures, such as those known e.g. can be
provided for canopies. The challenge lies in the joining of the UHPC-plate elements, which
can be solved from the author's point of view by means of steel elements with grouting.

Fig. 10: Shell effect (geodesics) of the frame and other tiled slaps in buildings
4. CONCLUSIONS
Due to their characteristics bridge systems with UHPC represent a quite competitive
alternative to previously implemented bridge system solutions. They offer the advantage of a
resource-saving efficiency when used in a material specific correct application and also
enable sustainable infrastructure projects. In the case of material specific correct application
and utilization of the static advantages, beautiful shaped system bridges and buildings can be
created by expressing the inner logic through the external appearance. This is perceived by the
viewer as a harmonious building structure (e.g. in Fig. 11).
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Fig. 11: Paulifurt bridge in Carinthia in Austria
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SUMMARY
The ASFINAG took the opportunity to propose constructing a trough on the planned new
section of the S7 Fürstenfeld expressway as a pilot project for testing new modified forms of
concrete with increased AHWD components in a practical situation. The basic motivation was
to significantly reduce the surface reinforcement previously used to distribute any potential
cracks at an early stage. Reinforcement employed for crack control will largely be dispensed
with and considerable costs saved by using a suitable indexing procedure which specifies a
required crack index that errs on the safe side, using modern concrete concepts and obtaining
appropriate guidance from concrete specialists.
1. INTRODUCTION
Sufficient protection against water penetration in watertight trough structures without seals, in
German shortly called “Weiße Wannen”, is currently regulated through the provision of a
corresponding minimum surface reinforcement in the current guidelines of the Austrian Society for Construction Technology. The reinforcement regulations were determined in the revised version in 2009 in accordance with Eurocode 2 with the help of measurement diagrams
with the goal of reducing the crack width in the case of early restraint cracking to between
0.15 mm and 0.25 mm depending upon the construction class (OeVBB 2009).
Simultaneously with the publication of the revised guideline “Weiße Wanne”, a research project with the Austrian Research Promotion Agency FFG with the title “Optimisation Weiße
Wanne West” was proposed in order to investigate the influence of modified concrete with
increased amounts of AHWZ (effective additives prepared hydraulically) to reduce hydration
heat on early restraint cracking. The material behaviour of modified concrete during the setting process was tested using large samples and the results verified by means of a numerical,
thermo-mechanical 3D FEM simulation (Nietner, Schmid 2003). Through the introduction of
a crack index, which showed the ratio of the tensile stress present in the component to the
permitted tensile stress at marked points, the aim was to calculate a corresponding safety criterion for preventing crack using modified sorts of concrete and therefore to dispense with the
reinforcement normally employed for crack control in accordance with the principle “avoidance instead of limitation of cracks”. In addition, material cooling costs in Austria can be reduced with this new process alongside the savings in reinforcing steel. Reducing the clinker
component can also make a considerable contribution to reducing CO2 emissions, thus supporting more sustainable construction. The results were correspondingly published following
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the completion of the research project in December 2011 (OeBV 2011). Additional publications have been released, e.g. (Huber 2012).
In order to incorporate new knowledge into practice in a timely manner, the Austrian motorway and expressway operator ASFINAG provided a trough structure as a pilot project for the
new Fürstenfelder Schnellstraße S7 project. The planned trough structure at the RudersdorfWest intersection provides the ideal preconditions for testing the new procedure thanks to the
nearly reinforcement-free type of construction, short block lengths and the challenging local
aggregates.
2. PROJECT DESCRIPTION
The previous project, the routing, began in January 2003 with the aim of achieving a primary
street connection from the current A2 South motorway to the Hungarian border. The civil
engineering works planning was given the go-ahead in 2005.
The western section of the S7 Fürstenfelder Schnellstraße between Riegersdorf (A2) and Dobersdorf branches off from the A2 Southern motorway near the planned Riegersdorf intersection. The route runs eastward north of the communities of Großwilfersdorf, Altenmarkt and
Fürstenfeld to the intersection with Rudersdorf West, leading to the approximately 2.9 km
long Rudersdorf tunnel via a trough structure. The eastern section of the S7 to be realised later
is located there and leads to the border (see Fig. 1).

Fig. 1: Planned route S7 Fürstenfelder Schnellstraße
The trough structure as a pilot project is located at the Rudersdorf West intersection (see the
red circle in Fig. 1). The Rudersdorf West intersection to be newly established is planned as a
roundabout with two bridge constructions, corresponding to the ramp constructions connected
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to the main roadway. The trough structure for the main roadway with the object name S7.24b
will be approx. 845 m long and extend to the western portal of the Rudersdorf tunnel. It is an
average of 32 m wide in the centre and immersed in the groundwater up to the tunnel portal to
a depth of approx. 6.30 m in blocks measuring 12.50 m in length. The water level measurement was determined in geotechnical-hydrogeological reports under consideration of a safety
margin of approx. 2.00 m and the height of the existing upper edge of the site. The bottom
slab will be up to 1.80 m thick in order to withstand the high groundwater pressure. The walls
of the trough structure are generally 80 cm thick and taper above the measurement water
level. The overview of the trough structure and a standard profile are visible in Fig. 2, 3 and 4.
In general, a optimised concrete called BS1COPT should be used in the entire trough structure with the exception of the trough blocks under the roundabout. An initial inspection and
the key figures to calculate the crack index for BS1COPT are requested from the contractor. It
is presumed that the procedure for the required testing of BS1COPT will take approx. six
months. As a result, the contractor must submit their planned concrete composition for the
optimised concrete BS1COPT to the client for approval at latest six months before the first
installation of BS1COPT and prior to the first inspection. This will provide the contractor
with sufficient time for the optimal composition of the concrete based upon the guidelines.
In order to ensure the construction process mandated by the client, the first sections of the
trough structure (roundabout bridges, block KV-1 to KV-5, see Fig. 3) will be produced using
conventional construction methods with concrete in accordance with (OeVBB 2009). The
optimised concrete BS1COPT will be used for the additional blocks (B1 to B21 as well as
B22 to B64). Possible colour differences due to the change in construction material will be
accepted and/or welcomed as a visible comparison of various procedures.
Certain delays must be tolerated over the course of the approval process for this construction.
This pilot project is unique in Austria and is expected to be realised as soon as the remaining
legal conditions are satisfied.
3. VERIFICATION OF THE PROCEDURE
In the course of revising the guideline of “Weiße Wanne”, a new analytical verification
method on the basis of the deformation compatibility for measuring watertight constructions
was presented (Schlicke 2014). A Master’s thesis verified the procedure for the S7 Rudersdorf-West trough structure with reduced surface reinforcement. A measurement-relevant
macro crack formation was ruled out, which under certain circumstances could have resulted
in leaks in the structure (Kainer 2015).
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Fig. 2: Map of project area S7.24b trough structure Rudersdorf West

Fig. 3: Longitudinal section S7.24b trough structure Rudersdorf West
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Fig. 4: Cross section S7.24b - block joint B35/36 km 11+244,000
4. S7 PILOT PROJECT – TENDER DESIGN
In 2012, the planning of the Rudersdorf West trough was completed on the basis of the March
2009 edition of the OeVBB-guideline, to the extent that tender design with the creation of the services directory was possible. Due to the conditions with ASFINAG, beginning in February 2012,
ASFINAG decided in autumn 2012 to conduct the Rudersdorf West trough as a pilot project.
The basis for the decision of ASFINAG to plan, tender and realise “Weiße Wanne Rudersdorf
West” as a pilot project with the optimised concrete C25/30(56)/BS1COPT were comprehensive investigations into optimised concrete including the related reinforcement savings which
resulted from numerical verification of the calculated crack index. The presumptive tender
requirements, subject to changes, with regard to the use of the optimised concrete will be described in the following subchapters:
4.1

Concrete - Supplemental information in the tendering project

Directly following the awarding of the order, the contractor must present the planned concrete
composition, the implementation and the entire inspection schedule for the first inspections
for BS1COPT to the client for approval. The key figures necessary to calculate the crack index are to be presented to the client at latest 6 weeks after the beginning of the first inspection
or at latest 3 months after the awarding of the order. The client will then conduct the calculation of the crack index. The permissible crack index is determined with a max. 0.70. The temperature increase based on ONR 23303 in the concrete may amount to a maximum of 16 K at
variance with the OeVBB-guideline, point 5.1.3, Tab. 5/2.
The maximum fresh concrete temperature is limited to 22°C, the maximum concrete structure
temperature is limited to 45 °C (walls) and 50 °C (concrete slab). These requirements are
valid for the use of all “Weiße Wanne” concrete of the Rudersdorf West trough structure.
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In the course of making the offer and prior to the awarding of the order, the contractor must
present to the client a concept for the measures regarding the cooling of the fresh concrete. In
order to determine the cooling measures, the annual figures for the daily air temperature
(measuring point Fürstenfeld of the Zentralanstalt für Meteorologie und Geodynamik) will be
added to the tender as supplements for the years 2002 to 2015. For the optimised concrete
C25/30(56)/BS1COPT, the verification of the exposure class XF4 in hardened concrete (beginning of inspection after 28 days and after 90 days) is to be conducted by an accredited testing institution. If the verification has been provided after 28 days, the inspection after 90 days
is no longer necessary.
An internal verification of the XA2L exposure class can be omitted due to the selection of a
concrete coverage that is 10 mm higher on the earth side (“sacrificial layer”) and the verification of the XC4 exposure class. In accordance with ÖNORM B 1992-1-1, there is a minimum
concrete coverage cmin,dur = 40 mm and cmin,dur = 30 mm for the exposure class XD1 (earth
side) for exposure class XD3 (roadway side). This value will be increased by 5 mm for the
planned usage duration of 100 years. The tolerance allowance amounts to cdev = 5 mm. The
nominal mass of the concrete coverage thus amounts to 50 mm for the entire object. Defects
(wet areas, cracks, etc.) that can occur despite compliance with the requirements of the
OeVBB-guideline and those of the client are to be remedied by the contractor at their expense
up to the extent indicated in table 3/1 of the OeVBB-guideline.
4.2

Reference concrete, guidelines and quality assurance

4.2.1 Composition of reference concrete
The following raw materials were selected for the composition of the reference concrete,
whereby the lowest content of cement is to be selected in order to limit the crack widths with
BS1COPT.
•
•
•
•
•

Cement CEM I 42.5 N C3A-free, Lafarge, Retznei plant
AHWZ Fluamix C, Lafarge, Retznei plant
Total water quantity
Aggregates quarzitic 0/4, 4/16, 16/32 Holler gravel plant, Königsdorf
Additives FM, LP, Mapei-Betontechnik

215 kg/m³
115 kg/m³
150 l/m³

With this concrete composition, the most favourable values for the stability and safety against
temperature stress cracks were achieved. Due to the test results, this concrete composition
will be used as “reference concrete” against which other concrete compositions with other raw
materials can be compared.
4.2.2 Initial assessment and conformity checks BS1C and BS1COPT
For all concrete sorts and concrete of exposure class XF4, the creation of a concrete concept
with a comprehensive test procedure will be required in conjunction with the initial assessment and for the verification of the crack limitation. Due to lack of space a detailed listing of
all tests will not be provided.
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4.3

Calculation of the crack index

The finite element modelling (see Fig. 5) with the calculation of the crack index for the pilot
project “Wanne Rudersdorf West” will be conducted by the client. The theoretical frameworks
for the verification are described in (Nietner, Schmid 2003) as well as in (Schlicke 2014) and
(Kainer 2015) in expanded form. The calculation values for the crack index are herein not
described in detail. The temperature development will be determined on the basis of the initial
values, the development of tension as well as the maximum crack index and the development of
tension for various conditions (see Fig. 6 and 7). The temperature criteria for the avoidance of
separating cracks are defined depending upon the required crack index.

Fig. 5: Calculation model (foundation block 35)

Fig. 6: Concrete temperature summer
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Fig. 7: Concrete temperature winter
4.4 Comparison of the reinforcements
Reinforcement drawings for conventional BS1C concrete and optimised concrete BS1COPT
were created for standard cross sections in order to reach a decision for the “Weiße Wanne
Rudersdorf West” pilot project. The reinforcement plans are the object of the tender and offer
a savings potential of approx. 15% for BS1COPT in comparison with an execution with
BS1C in accordance with the guideline.
5. CONCLUSIONS
The Wanne Rudersdorf West pilot project of the S7, Fürstenfelder Schnellstraße should be the
basis for the fourth revision of the guideline conducted by the Austrian Society for Construction Technology. The experience gained from this project, including the additional investigations (Schlicke 2014), and verification calculations (Kainer 2015) should contribute to the
formation of an economical, high-value and sustainable construction method.
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SUMMARY
The contribution discusses the difference between quality and durability of monolithic and
prefabricated reinforced concrete elevated parking garages. The concept of a composite
concrete to concrete structure makes it possible to reduce the total volume of the structure and
thus its price when compared to a monolithic building. Other benefits of the prefabricated
structure include reduced execution time, smaller construction site area, and increased quality
and durability of the completed building. It appears that prefabrication helps to reduce scatter
in basic variables including material and geometrical properties as well as durability-related
characteristics. After six years of operation the garages show no major defects and serve well
their purpose.
1. DURABILITY OF REINFORCED CONCRETE GARAGES
Durability of building structures is significantly affected by the quality of used materials and
quality of the workmanship. Good quality execution is therefore necessary in conjunction
with the optimum project with respect to structural and technological solution. Concept of the
whole structure and its key details must be designed optimally with regards to structural but
also to operational costs, both in the context of designed durability of the building.
The principal factor in design is purpose of the building determined by requirements and
conditions of the client. This implies loading of the structure during execution and operation.
It is not only stress by static or dynamic mechanical actions due to self-weight and imposed
loading, but also actions caused by changes of temperature or humidity and impacts of
surrounding environment, which often leads to deterioration of construction materials.
Garages (parking houses) represent rather a specific type of civil engineering structures.
Though methods of their construction have been significantly improved over the last two
decades in the Czech Republic, serious defects are quite frequently observed and expensive
repairs or upgrades are needed.
One of the causes of such difficulties is attributable to insufficient initial costs allocated for
execution, resulting in numerous complications when execution fails to fully comply with
structural design. The most important issue which finally draws interest of the owner of the
building is damage to vehicles caused by leakage from cracks in floor structures (Vacek et al.,
2016).
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Fig. 1: View of optimized garages
2. CASE STUDY AND CONCEPT OF TECHNOLOGICAL OPTIMISATION
Parking house was designed as a six-floor building (one basement and five floors, including
the roof) of ground plan dimension 52 × 69 m. Structural height of the floor level is 2850 mm,
clearance under beams 2250mm and clearance for walking by the column under the edge of
cantilever is 2100 mm.
Entrances, exit and arrival to the building are located next to the staircase core. Separate
closed garages and storage room were designed in the area of underground atypical floor
level. Internal vertical communication for vehicles between individual parking levels is
provided by a two-lane ramp in the shape of helix – rondel, with new cylindrical fire reservoir
designed in its centre. The parking house with a capacity of 450 vehicles was initially
designed in the tender documentation as a monolithic system.
After the tender, the structural design including foundation system was changed, preserving the
original layout, but aiming to optimize life-cycle costs, use of technologies and reduce structural
volume. The height of the building was reduced (smaller floor depths, lower heights of
continuous girders). Originally designed horizontal floor structures were changed to slabs with
slope (Fig. 1) even at the price of increased initial costs of both the contractor and the designer.
Special attention was paid to designing execution phases in order to minimise time and allow
for assembly in restricted building site conditions. Design of the building consisting of
monolithic and precast parts required careful attention to connections. Execution time was
significantly reduced as the structural concept made it possible to execute the monolithic and
precast components in parallel.
3. DESIGN OPTIMISATION
3.1 Foundations
Originally designed foundation had insufficient resistance for an additional load of
500 kN/m2 – characteristic value – required for the new monolithic-precast structure.
Strengthening was not feasible due to insufficient information from engineering and
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geological surveys made during the previous phases of the project. Additional geological
survey revealed a layer of loose backfills of remarkably variable thickness up to 7 m.
Alternatives to provide for foundations with enhanced load-bearing capacity included:
•
•

Flat foundations on footing of increased dimensions allowing for a 300 kN/m2 additional load
Deep foundations on bored piles with grillage

The critical comparison of the two alternatives suggested that the deep foundations be more
appropriate in the case under consideration. The main reasons included insufficient resistance
of soils for flat foundations and expected excessive uneven settlements.
3.2 Structural system
Structural solution of the parking house was revised taking into consideration technological
optimisation for a contractor selected for execution. The change to a hybrid concrete-concrete
(monolithic-precast) system included the following:
•
•
•
•

Ribs of floor slabs were replaced by continuous girders.
Grid structures in the area of connection to the rondel were simplified – two columns were
replaced by prestressed girders.
The rondel – columns with girders and external parapets – was cylindrically shaped with
opening.
Horizontal floor structures were modified to slabs with slope.

The change of monolithic to prestressed components and inclination of floor slabs were
crucial for the increased quality of building (Fig. 2).
3.3 Final design
Vertical bearing structure of the parking house is formed by the module system with
dimensions of 8.25 × 7.60 m. Horizontal structures were designed as a composite hybrid
concrete-concrete structure; a major part of the structure is precast while the ramp is mostly
monolithic. Impermeable concretes for structures of peripheral underground wall along the
access communication, fire tank and underground collector for connection of fire tank to the
main office building were applied.

Fig. 2: The finished structure with apparently inclined floors
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Fig. 3: Layout of the building
Basic components of the structural system include (Fig. 3):
•
•
•
•
•
•
•
•

Parking house frame structure
Continuous five-storey columns with cantilevers
Double inner continuous girders 250 × 600 mm with span of 7.6 m
Main prestressed girders 350 × 600 mm with span of 12.3 m
Simply supported girders 600 × 575 mm with integrated parapets
Continuous filigreed floors of height of 200 mm, spanning 8.25 m
Precast parapets of the slab in Axes A and G
Crossing ramp (rondel): floor slab of depth of 240 mm spanning 7.95 m and girders of
height of 1390 mm spanning 10.4 m

Tab. 1 provides comparison of concrete volumes of the structure above foundations for the
different design strategies.
Tab. 1: Comparison of volumes of the above-foundation structure [m3]
Component
Original Monolith Precast Total
Frame columns
530
227
212
439
Frame horizontal members
3500
1682
1196 2878
Rondel vertical
280
180
8
188
Rondel horizontal
630
546
0
546
Total
2635
1416 4051
4940
4. EXECUTION
Construction procedure was strongly influenced by restricted conditions on site with the
only access communication, very limited possibilities of material storage and necessity to
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keep the fire tank (Fig. 3) in operation – first the existing one and then the new one.
Possibility of space division and therefore also independent realisation of technologically
and functionally separated parts of the structure were necessary to meet the time frame.
Execution was divided into the following phases (see also Figs. 3 to 5):
•
•
•
•
•
•
•
•
•

Construction of the collector of buried services and substructure of the water tank
Planking and strutting of excavation pit (first part), underground foundation for rondel
and first part of frame
Assembly of the crane
Construction of staircase core and substructure of internal part of rondel
Assembly of the first part of frame and independent construction of water tank and
monolithic rondel
Reconnection of the original fire tank to a new water reservoir
Demolition of fire tank, planking and strutting of excavation pit second part and
underground foundations for the second part of the frame
Assembly of the second part of the frame
Dismantling of the crane and completing of all floors between axes 4 and 5 (Fig. 3)

Interesting technological part was the execution of additional concrete works in the field 4-5
after dismantling of rail crane at the end of shell construction. Time for execution of this
section was limited to one week under adverse weather conditions disabling use of common
filigree slabs with assembly supports for relevant technological periods. Therefore, filigree
girder beams Montaquick with pressed concrete line were additionally designed and used
and individual floors were concreted within two days working step. Shell construction under
condition of uninterrupted operation of the fire tank was executed within only four months
in a winter period.

Fig. 4: The new fire water tank (left); execution of the precast frame (right)
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Fig. 5: View of prefabricated structures and reinforcement before concreting floors
5. IMPLICATIONS
DURABILITY

FOR

PARTIAL

FACTOR

DESIGN

AND

FORESEEN

The quality of execution has a substantial effect on reliability verifications with respect to
Ultimate Limit States ULS, Serviceability Limit States SLS and Initiation (Durability) Limit
States ILS. Following the basic standards for such verification (EN 1990, 2002; EN 1992-1-1,
2004; ISO 13823, 2008), the distinction between monolithic and precast concrete can be made:
•

•

•

ULS: Detailed guidance on how to apply the reduced factors for concrete and reinforcing
steel γC and γS, respectively, considering reduced uncertainty in geometry and reduced
variability of concrete strength is provided in Annex A of (EN 1992-1-1, 2004). Detailed
numerical procedure for updating partial factors was recently provided in (Caspeele et al.,
2013 and 2017; Sykora et al. 2013). (EN 1992-1-1, 2004) makes it possible to reduce the
partial factors up to γc = 1.30 and γs = 1.05, tacitly assuming a common target reliability
level for medium consequence class (EN 1990, 2002). However, such reductions should
be adopted with caution as it can lead to low reliability levels (Holicky et al., 2016).
SLS: For garages, a limiting crack width is assumed to be 0.2 mm in (EN 1992 -1-1, 2004;
fib, 2013). The structure was designed to meet this criterion under a quasi-permanent load
combination; this has been achieved by additional reinforcement. Overall structural
performance with respect to crack widths is considerably enhanced by use of prestressed
elements (reduced effects of constrained shrinkage, improved curing).
DLS: increased quality of precast members is recognised in (EN 1992-1-1, 2004) by
allowing reducing a minimum concrete cover. Moreover, concrete cover of precast
members is mostly of better quality compared to monolithic members and is more
resistant against ingress of unfavourable agents (Malioka, 2009).

6. CONCLUSIONS
The parking house is serving after 5 years of daily operation successfully its purpose. During
inspection, no defects or failures were found, even no tear and wear of for example
pavements, which might have impact on reduction of its durability or which might call for
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need of premature construction maintenance or repairs. Current conditions of the structure are
demonstrated by Figs. 2, 6 and 7.

Fig. 6: Roof of garage with the parking floor after five years of service

Fig. 7: The floor surface of the third floor of the garage after five years of service
Exceptionally successful outcomes resulted mainly from close cooperation of the designer and
contractor during the design phase and by execution of compact, aesthetic and highly economical
structure. The gained experience suggests that in structural design, it is beneficial to:
•
•
•
•

Respect operating requirements and site conditions
Suitably modify shape of the structure as was demonstrated here by the inclined surface of
parking areas
Divide the building into functionally and technologically different parts that may then be
executed in parallel
Increase durability and serviceability of the structure by using prestressed elements (to
avoid leakages) and ensure structural robustness by monolithic concrete.

When compared to the originally designed monolithic structure, the case study shows the
following benefits of the monolithic-precast system:
a) The hybrid system made it possible to reduce a total volume of concrete and thus weight of
the structure (in particular slender precast columns and floor monolithic-precast structures
with lower depths), see Tab. 1.
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b) Reduced time of execution in a constrained construction site:
• Simultaneous execution of precast and monolithic structures
• Precast structural members with large volumes of concrete decreased an amount of onsite operations
• Hybrid floor structures executed without additional supports.
c) Increased durability and serviceability:
• Inclined floor structures ensure proper drainage
• Minimised constrained shrinkage by segmentation of staircases and of the rondel that
support the hybrid floor structures.
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THE SANNA-BRIDGE – “TEMPORARILY SUSPENDED” SUPERSTRUCTURE SAFELY LANDED
Herbert Weier
Swietelsky Baugesellschaft m.b.H.
A- 1040 Wien, Wiedner Hauptstrasse 56
SUMMARY
In order to ensure proper access for construction of the Perjen tunnel, it was necessary to erect
the 166 m long Sanna bridge in the region of the western portal. The construction company
Swietelsky Baugesellschaft m.b.H. won the tender with an alternative offer. The alternative
offer consisted of a post-tensioned box girder bridge, rather than a composite bridge, with a
total weight of 5,400 tonnes. The superstructure was constructed 2.35 m above the final
position and was then lowered within 9 days.
1. GEOGRAPHICAL POSITION

Fig. 1: Route Diagram ASFINAG
In the federal states of Tyrol and Vorarlberg, the route of the S16 Arlberg expressway runs
from the Zams interchange following the A12 Inn valley motorway up to the BludenzMontafon interchange where the S16 expressway merges into the A14 Rhine valley
motorway. The project area is located in the federal state of Tyrol between the Zams
interchange and the Landeck West interchange, in the municipal areas of Zams, Stanz, Grins
and Landeck.
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2. CONSTRUCTION OF THE WORKS
2.1 Site conditions and construction period
The Sanna bridge, with a total length of 166 metres and only 2 support columns, is
nevertheless a very complex structure. The extremely short construction period, restricted
space conditions and the need to maintain the traffic flows, combined with headroom
conditions that were reduced to a minimum, made it into the kind of challenge that we
technicians are so fond of.
Once the access date for developing the Perjen tunnel structure had been irrevocably
confirmed we were left with barely 10 months of construction time. Another constraint was
the requirement in the water law decision that all work in the river Sanna’s runoff area had to
be completed by the end of March at the latest. This virtual halving of the construction period
for the entire substructure, therefore, made it necessary to work on all the building axes
simultaneously.
2.2 Reinforced concrete bridge version
A clear headroom of at least 4.70 m in the final state is ensured for the roads passing
underneath. When construction of the bridge is in progress, compact protective scaffolding
will be installed for the roads passing underneath, ensuring a clear headroom of at least 4.30
m under the protective scaffolding.
Our choice of executing a reinforced concrete bridge in an elevated position, including
lowering of the supporting structure, had already been examined at the tendering stage. The
planners, however, felt that this type of execution was too cost-intensive and, moreover, the
higher weight would lead to problems with the foundations.
Thus the following description was defined in the tender specification for construction of the
new Sanna Bridge: “The bridge will be executed as a composite supporting structure made of
steel and concrete. The bridge’s static system will be formed by a three-span beam which is
supported on spherical bearings on the two centre supports and the abutments”.
Fortunately, we did not share this view so, on the one hand, we were able to build a posttensioned box girder bridge appropriate to the existing bridge and, on the other hand, we
offered the client a cost saving. The indisputably higher weight of the supporting structure is
counterbalanced by the fact that, contrary to the original proposal, we chose large drilled piles
for the foundations of the river piers as well as for the eastern abutment. This was also
associated with a reduction in the geological risk as the excavation pits no longer had to
extend under the riverbed.
2.3 Static system and construction
The static system of our post-tensioned box girder superstructure is formed by a three-span
beam with the width between supports being 2 x 51.0 m in the outer spans and 64.0 m in the
centre span.
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The supporting structure consists of a haunched reinforced steel deck slab (h=50 cm above the
webs and 28 cm in midspan) and a single-cell box girder. The overall height of the supporting
structure, in this case, is 3.0 m.
Geometry:
Outer edge beam
Hard shoulder
Carriageway
Carriageway
Carriageway
Hard shoulder
Inner edge beam
Total

1.25 m
1.00 m
3.50 m
3.50 m
3.50 m
1.00 m
1.25 m
15.00 m

SOUTH

NORTH

Fig. 2: Cross-section

Fig.3: Longitudinal section
The supporting structure was basically divided into 3 construction phases; priority was given
first to the two outer spans, each equipped with a 10 m cantilever arm. After finishing the
outer spans, the construction of the suspended centre span was done.
The centre support columns are formed by cylindrical reinforced concrete columns (2.5 m
diameter) on which crossheads with a width of 8.5 m and a height of 2.75 m are situated. As
the bridge’s visual appearance had to meet the tender criteria in its dimensions, we equipped
these crossheads with transverse prestressing in order to absorb the higher weight of the
supporting structure.
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Fig. 4: Crosshead

Fig. 5: Concreting of section 1 superstructure

Of course, the key feature of our alternative was that the entire 166 m long bridge
superstructure was constructed in an elevated position and our “Big Bertha” was subsequently
lowered by 2.35 m (!!). Even if the title of our presentation speaks of a “temporarily
suspended superstructure”, we’re not really talking about levitation when the total weight is
5,000 metric tonnes.
2.4 Falsework
Rolled girders, which were supported on sloping yokes (due to the traffic flows which had to
be maintained), were used to execute the scaffolding of the outer spans. The varying levels of
deflection arising, as a result, were the subject of many long discussions. In the 64 m long
centre span, 2.40 m high and 32 m long lattice girders were used. On the one side, they were
supported on the crossheads of the piers and on the other side on an auxiliary yoke situated in
the middle of the Sanna.

Fig. 6: Falsework
2.5 Lowering operation
After completion of the supporting structure, where in the individual sections the trough
structure and deck slab were concreted separately to reduce the loads on the scaffolding, and
after removal of the formwork, the structure rested on the previously installed set-down
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stacks. These stacks are formed mainly by concrete-lined 10 cm thick steel pipes of
seamlessly drawn piping with a diameter of 50 cm. Due to the great height and reduction of
the buckling risk, precast concrete elements measuring 1.00 x 1.00 x 0.35 m were used up to a
height of 1.75 m. Press stacks, on which the hydraulic presses were situated, were constructed
in the same way next to the set-down stacks.

Fig. 7: Finished superstructure

Fig. 8: Lowering stack

Support of the finished supporting structure provides for fixed bearings in the area of pier 1.
This support was also retained in the elevated position. To dissipate the horizontal forces,
plain bearings which were movable in the longitudinal direction and fixed in the lateral
direction were installed in the set-down stacks in all the other bearing axes. Of course, these
plain bearings were removed again during the lowering process. The 24 hydraulic presses
used were controlled via a path- and force-controlled synchronised hydraulic system with PCcontrol. This system is accurate to within +/- 1 mm.
The lowering process took place axis by axis, with 2 axes always being lowered
simultaneously by 4 cm at a time. At the same time, in a path-controlled manner, the presses
raised the superstructure in the corresponding bearing axes by 3 mm, lining material with a
thickness of 4 cm was removed from the set-down stacks, and the structure was set down
again on the set-down stacks. This process started on the abutments, with both piers always
following subsequently. The friction on the remaining axes was so high due to the heavy
weight of the superstructure that it was possible to dispense completely with guide girders.
The press stacks had to be progressively and appropriately dismantled prior to reaching the
maximum travel distance of 200 mm.
Since with a lowering height of more than 2 metres it cannot reliably be assumed that the
lowering process will be 100% vertical, we had made provision for any need to move the
supporting structure longitudinally and transversely. However, as the positional deviation at the
end of the 9-day lowering process was only 1.5 cm, this corrective action was dispensed with.
2.6 Completion
Subsequently, it was only necessary to install the spherical bearings, weighing up to 1,200 kg,
to weld them to the already concrete-embedded anchor plates and to construct the bearing
pedestals.
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On 04.12.2015, after a construction period of only 10 months, the bridge was opened to the
client on time so that construction site traffic had access for construction of the 2nd tunnel
tube of the Perjen tunnel.
3. CONCLUSION
At this point, I would like to say that it was only possible to achieve this target due to the fact
that all the parties involved, starting with the project management of Asfinag, the local site
supervision, representatives of the authorities not to mention the labourers and employees of
the construction companies, all pulled together from start to finish of the construction site.
I would like to conclude our presentation with a quote from the French artist Francis-Marie
Picabia which sums up how the project was handled and the structure’s success:
“Our heads are round so that our thoughts can change direction!”
With this in mind, ladies and gentlemen, may I propose that you too look for unconventional
solutions and also allow their use. Success will justify your decision.
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FOUNDATION SLABS SUPPORTED BY SPOT FOOTING
Árpád Orosz, János Nagy, Ernő Zábrádi, Aliz Horváth, Imre Répáczki
SWIETELSKY Hungary Ltd.
42 Rákóczi Road, Budapest 1072
SUMMARY
The essay presents the foundation systems of underground garages, drain systems with oneand two shell breast walls, advantages and disadvantages of raft and deep foundation methods
and supported foundation slabs evolved through their combination. It submits in detail the
simplified technical calculating method of the supported foundation slabs, and the
determination of the bending moment and punching load. It introduces the bending and
punching reinforcement systems used successfully in practice, called “torus” reinforcement
which ensures the load distribution getting to the spot footing besides conveying punching.
1. INTRODUCTION
Through the development of the urban traffic and the spread of motor vehicles, it has become
necessarily to create parking areas. The needs cannot be satisfied by building parking lots,
therefore it is required to create so-called underground garages, even though the cost of the
construction of a parking place is the highest. This essay is concerned only with the
approximate determination of the forces in play for foundation slabs supported by deep
foundation, applied only in underground garages.
2. STRUCTURAL SYSTEM OF UNDERGROUND GARAGES
2.1. Structural system of underground garages designed with diaphragm wall
The structural system of underground garages built with diaphragm wall bordering can be
sorted into three groups:
•
•
•

single-layer, single-shell,
double-layer, double-shell breast wall,
double-layer breast wall with drainage systems.

Instead of detailed review, – at this point – only the most important, typical properties are
presented.
2.1.1. Single-layer system
The most important features of this structural system (Fig. 1a) are the undermentioned:
•
•
•

the diaphragm walls ensure the mass insulation and water tightness on their own,
the surface about the inner space of the diaphragm wall remains free,
the foundation slab and the intermediate slabs join to the slot created in the diaphragm
wall.
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The groove created by additional slotting in the diaphragm wall is highly unfavorable, regarding
both the water tightness and the bearing capacity of the diaphragm wall. The water seeping
through the concrete must be handled. Finally, it is found that the single-layer system makes a
cracking sensitive structure, therefore its application is not recommended (Orosz, 2005).
1 diaphragm wall
2 foundation slab
3 slab
4 column
5 breast wall
6 drain
7 saving shaft
8 waling

Fig. 1: Underground garages with diaphragm wall
2.1.2. Double-layer breast wall system
The particularity of this system (Fig. 1b) is that a so-called breast wall is created inside the
diaphragm wall, so in this case it is unnecessary to form a slot in the diaphragm wall, because
the foundation and intermediate slabs join to the breast wall. The connection between the
diaphragm wall and the breast wall can be ensured by reinforcement, then the two structural
elements bear the loads together because of their co-working.
It can be ascertained that the structure is crack sensitive also in the case of multi-layer systems
because of the presence of restrained deformations, regarding both the bed plate and the
intermediate slabs.
2.1.3. Double-layer breast wall system with drainage
The watertight foundation system with drainage (Fig. 1c) has been developed through the
improvement of the breast wall system, which can be applied when the diaphragm walls
bordering the foundation system can be stood into an impermeable soil stratum. In this case
the amount of water seeping through the side and bottom of the diaphragm wall is small, it
can be collected by drainage and wiped away by pumping out or rather utilized. The drainage
between the diaphragm wall and breast wall such as Dörken plate collects water seeping
through the side of diaphragm wall, in turn the drainage system created under the bed plate
collects water seeping from beneath. We mention that in the case of approximately 70
underground garages built with this system some hairline cracks only appeared in few cases
near the working joints in the course of concreting in the summer, and their spaciousness not
exceeding 0.3 mm.
Finally, it can be stated that the breast wall system with drainage provides an optimal solution
regarding both cracking sensitivity and water tightness.

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED PRODUCTION AND CONSTRUCTION TECHNOLOGIES
– 370 –

2.2. Foundation system of underground garages
Through choosing the foundation system of underground garages it is possible to choose from
the undermentioned opportunities (Fig. 2):
•
•
•

deep foundation,
raft foundation,
foundation slab supported by spot foundation.

It can be decided for the optimal solution out of these by taking into consideration the current
circumstances.
a)

b)

c)

Fig. 2: Foundation systems
2.2.1. Deep foundation
At this method the deep foundation bears the whole pillar forces, and the foundation slab is
only loaded by the water pressure impressing upwards from beneath, and uplifting has to be
analysed (Fig. 2a).
The advantage of deep foundation is that the extent of settlement is low and the settlement
differences can be kept down also in the case of significantly diverse pillar forces.
2.2.2. Raft foundation
In this case the whole pillar forces, pillars are born by the raft foundation or rather conveyed
to the soil (Fig. 2b). The advantage of the slab foundation is that its construction, the
reinforcement assembling and concreting can be executed the easiest and its costs are low.
The disadvantage is in case of stiff plates the concrete technology requires special respect
because of the effect of shrinkage and heat-on-hydration. The settlements are bigger than in
case of deep foundation and the settlement differences can be significant in the case of
substantially diverse pillar forces. It is explicable with the above mentioned that the cracks
and failures in case of such structures appear after the structure of the building has been
constructed and last for years.
2.2.3. Foundation slabs supported by spot footing
The total pillar load is born by the deep foundation and bed plate together (Fig. 2c). The
principles regarding static working of the bearing foundation system developed by combining
the spot footing and bed plate can be summarized in the undermentioned:
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•
•
•

part, e.g. 50% of the pillar forces is conveyed to the spot footing,
the other part gets into the bed plate, as the bed plate tightened to the soil bears soil
stresses and water pressure as a bent structure because of the deformation of the
spot footing,
in the case of system with drainage the water pressure is not present.

The greatest advantage of the system of supported foundation slabs is that in case of
significantly different pillar forces – e.g. buildings with back yard – the settlement differences
can be reduced with spot footing, sufficiently choosing their number, size and depth.
Comparing with the raft foundation – as a consequence of load distribution – the thickness of
bed plate can be reduced to almost half of it. The concrete saved this way gets to be used in
spot footing, thus the amount of concrete built in basically does not decrease, however the
material gets to the place where it is mechanically needed the most, so it results a much better
structure. It is not necessary to fit the spot footing with reinforcement, because only pressure
is delivered.
The greatest settlement difference measured on the constructed structures has not exceeded 10
millimeters, furthermore the crack width is within prescribed limits.
The advantage of the foundation system is also that the stiffness of the foundation and the
upper structure is increasing gradually providing accordingly the circumstances of the optimal
co-working of soil, foundation and structure.
3. QUESTIONS IN CONNECTION WITH THE STRUCTURAL ANALYSIS OF
FOUNDATION SLABS SUPPORTED BY SPOT FOOTING
3.1. General principals, load distribution
It is easy to see reason that the foundation slab tightens to the soil due to the settlement of spot
footing and it takes part in bearing of pillar forces, and the utilization of load bearing capacity
of the bed plate is natural, mechanically and technically reasonable, and the load distribution
makes it possible to create an economic, optimal foundation system. Certainly the problem is
raised that in which extent the spot footing and bed plate take part in load bearing. In our
home country, first Arpád Kézdi suggested and applied the joint load bearing of the deep
foundation and bed plate through strengthening of the grain elevator in Kaposvár (Kézdi,
1963; Mahler, 2008). The successful of execution gave incentive to János Nagy, senior
engineer at VÍZÉP company to improve and apply more expansively the supported foundation
system. Since the beginning the problem was the determination of the load distribution ratio.
Therefore, in default of precise theoretical methods the load distribution ratio has been
determined through loading tests and measurements. Results of measurements carried out in
natural size are reliable, so the practical application has been approved (VÍZÉP, 2000).
Several structures have been constructed with the method initially defended, and nowadays this
advantageous foundation system is more and more expansively prevalent, especially the breast
wall drainage system called watertight version. The factors influencing the load distribution
ratio are the undermentioned: the quality and stratification of subsoil, the size and depth of the
spot footing, the distance and size of the columns, the thickness of bed plate. Such calculating
method, which determines the load distribution ratio between spot footing and bed plate more
precisely, theoretically well-founded and practically appropriate, is not processed today.
However, investigations regarding this have been begun (Józsa, Móczár, 2011).
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3.2. Principals of the early calculating methods
At the time of the first application of foundation slabs supported by spot footing, the loading
of bed plate was determined through the generally known and applied method at that time
which had been worked out for slab plates besides the supposal of consistently distributed soil
stresses (Pfaffinger, Thürlimann, 1967; Eisenbiegler, Lieb, 1979; CEB, 1985). On checking
this method rested on theory of elasticity, Bertalan Juhász worked out a yield-line theoretical
method rested on theory of plasticity, applied easily in practice which determines the critical
condition for failure. The reinforcement system came to configure through comparing and
weighing up the state determined in two ways.
3.3. Trends of specifying the calculating method
3.3.1. Effects of soil stresses bearing the foundation slab
The distribution of soil stresses bearing the foundation slab is varying in time. Under
construction it increases from zero and changes consistently because of soil consolidation. Its
initial distribution is shown in Fig. 3 by continuous line. After the building is ready the
variation keeps going on the way that the stress under the column is decreasing, contrarily in
the pane increasing. As a consequence, the bending moments in pane are increasing compared
to the initial phase, in turn the bending moment under column is decreasing. On calculating
precisely this temporal variation there is no well worked out method today, but the increase of
the bending moment in pane is obvious.

diaphragm wall
foundation slab

time

columns

time

Fig. 3: Soil stresses bearing the foundation slab
3.3.2. Contrasting crack-free and cracked phase
Methods rested on theory of elasticity assume the crack exemption of reinforced concrete
elements. Because of the crack of the bent structure the stiffness decreases to almost half, and the
realignment of loading occurs. Due to the phenomenon the bending moment is decreasing in the
more rigid parts, under the columns, but in panes it is increasing. Precise calculating method on
this realignment of loading, which is also come in useful in practice does not exist today (Fig. 4).

crack-free

cracked

Fig. 4: Realignment of loading due to crazing
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3.3.3. Issues regarding computer analysis
Along practical application of methods worked out for slab plates, there appeared
computational methods, for this foundation system too. In connection with the calculated
loading, the problem was principally the ratio of bending moments under the columns and in
pane. Since the ratio of bending moments evolving in pane and under columns is 1:4, or rather
1:5, which caused by that the fillet of bending moment diagram is not determined properly.
The bending moment peaks are high because of the pointwise support, which discharge
significantly on the cracked structure.
4. TECHNICAL ANALYSIS OF FOUNDATION SLAB
4.1. Necessity of technical calculating method
In the previous chapter we pointed out the issues that make the exact determination of the
stress of the foundation slabs supported by spot footing more difficult. The experience gained
during the first few occasions of applying such architectural system proved its advantages,
economic efficiency and reliable functioning. Thus, the development of a simple calculation
method that makes the practical implementation of the system possible in a safe way became
necessary. The requirements related to the calculation method applicable in practice are
summarised as follows. It shall
•
•

be simple, clear
provide proper safety.

4.2. The definition of load distribution
In case of spot footing sizes applied in practice, base slab thickness of 40-60 cm, less than 10
meters of distance between pillars, average soil conditions. Based on the deformation
measurements carried out during load tests on foundation structures built by VÍZÉP and also
based on theoretical consideration, the load distribution could be uniform for the whole
foundation system; but the structure will be economically more efficient and more favourable
if at the high-load pillars more load is placed on spot footing, thus flexibly adapting to each and even every single - pillar load. The proportions of load distribution can most reliably be
determined through test load, but nowadays neither contracting prices nor time limits allow
for that. In the course of dynamics check, usually it is the basic 50-50% load distribution that
is used as a basis, which then can be fine adjusted considering the circumstances.
4.3. The calculation of bending moments
4.3.1. Principles
As mentioned earlier, the load distribution between the spot footing and the base slab can be
uniformly the same on the entire base slab or it can vary at each pillar. The disadvantage of
uniform load distribution is that in case of higher pillar loads the plate thickness needs to be
increased in order to bear bending moments and punching. This local thickening unfavourably
affects both the establishment and the reinforcement of the base slab. It is more expedient and
economical to determine the load distribution pillar by pillar in a way that the thickness of the
base slab remains the same and adapting to varying stress is done by making changes in the
reinforcement. If we determine load distribution for individual pillars, then it is advisable to

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED PRODUCTION AND CONSTRUCTION TECHNOLOGIES
– 374 –

develop the practical calculation method in a way that stress can be calculated directly from
the pillar loads as follows:
Pillar load Po [kN] is distributed between the spot footing and the base slab,
load on the spot footing:
Pr = α·Po
load on the base slab:
Pl = (1– α)·Po
The coefficient α may vary between 0.3 and 0.7; we usually consider α = 0.5 value as a basis.
Pl

Ground reaction effect on the base slab is calculated from:

q=

The bending moments can therefore be determined with the
formula from the pillar load directly affecting the base slab.

m = c·q·lx·ly = c·Pl

lx ly

The c values are recorded on the basis of table-values for solid flat plates from relevant
literature, but we modified them according to the followings (Pfaffinger, Thürlimann, 1967;
Eisenbiegler, Lieb, 1979; CEB, 1985).
Estimating the cracked fake base in the plate strip and the change caused by the consolidation of
ground stress to result an increase of 20%, we increased the values from the relevant literature
by this percentage. The coefficient c = 0.05 proposed in the plate strip includes this increase.
At the moments under the pillars we ignored the same 20% decrease because of the effects
mentioned above. The rounding, reduction of the moment-tips may even result a decrease of
30-40%. The effect of difference in the subsidence of pillars is considered in a way that we
recommend the quasi average of the values that can be determined for the stationary
supported plate and for the flexibly embedded plate. Based on this, the coefficient under the
pillars can be applied with the value of c=0.15. The proportion of the moments calculated in
the field and under the pillars is 1:3 which is realistic and incorporates the effects of both the
rounding and the settlement differences.
4.3.2. Determining the moments
The moments under the pillars can be calculated directly from the pillar loads according to the
above mentioned. The moments of the plate fields can be determined by considering the heavier
pillar load from those of two identical pillars, for safety reasons. The result will be closer to
reality if we calculate with the average of the two pillar loads. The moment generated in the
middle of the field is also advisable to be determined with the average of the four pillar loads.
Tab. 1: Comparison of calculating methods
Moment
[kNm/m]
m0

-

CEB

Eisenbiegler

AXIS

Orosz

c

1265

1008

1956

741

-0.15

m0+

265

252

287

247

0.05

mm-

213

94

95

198

-0.04

mm+

91

163

180

248

0.05

Po = 12350 kN
a.) pillar strip

α = 0,6

l = 7.50 m
b.) field strip
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For information purposes, in Tab. 1, we present the moments that can be calculated with the
different calculation methods for a simple case. It is clear that the deviations are significant,
which is to be considered during planning.
4.3.3. Forming the reinforcement
Based on the experience gained in building more than 50 structures, it is advisable to establish
the reinforcement system according to the followings; Lower, upper base mesh reinforcement in
two directions with equal spacing during reinforcement. The minimum percentage of
reinforcement should be 0.3% since this amount of reinforcement is enough for practically any
field moment and the crack limitation requirements are also fulfilled. Its advantage is simple
installation and flexibility in connection with construction joints and concrete modules. Ø16/15
cm size base netting is advised. Supplementary netting under the pillars, applying compression
using reinforcing steel bars with bigger diameter than that of the base netting.
The identical reinforcement in both directions is also justified by the rotationally symmetric
load distribution. The rotationally symmetric load distribution is acceptable up to the 1:2
lateral pillars; and only in case of larger, oblong shear walls is local, more accurate
investigation needed.
4.4. The analysis of punching
4.4.1. Punching issues of reinforced concrete
In case of substructures supported by spot footing the establishment of punching shear
reinforcement is of crucial importance. The reinforcement system applied here has dual
purpose; first, it has to bear the punching force, and also it has to ensure the reliable transfer
of pillar load to the differently arranged spot footing. The failure of the punching shear
reinforcement, the brittle breach, may occur suddenly without previous sign; and also, its
repair is extremely difficult and costly. This is why extraordinary safety is reasonable (Orosz,
2004-2005).
In case of reinforced concrete base slabs, several special influences, which do not occur in case
of flooring systems, must be considered. The most important of these are summarised below.
Pillar loads that cause punching reach their planned values as a result of continuous increase
in the course of building. In case of monolithic structures, the bracing effect of the
superstructure is continuously present, which, in part, can also have an effect on the values of
the pillar loads because of the unequal subsidence. The distribution of ground stress is
changing during the construction phase because of the consolidation. The peak-stress under
the pillars decreases by time but increases in the fields.
4.4.2. Applying torus reinforcement
Because of the problems related to punching failures, in order to improve safety, we
recommend handling all the punching force by applying reinforcement. The reinforcement
applied to avoid punching comprises only a few percent of the entire reinforcement applied on
the structure, therefore the extra reinforcement here does not affect the economic efficiency of
the structure but it provides significant protection against a bothersome type of failure.
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The punching shear reinforcement can be seen in Fig. 5, with ring-oriented reinforcing bars
and hoops, with a reinforcement system characteristic for beams, the lower and the upper base
netting; and, with the so-called bridging reinforcing bars that connect the supplementary
nettings, a densely reinforced plate section is formed above the spot footing, which, as a
beam, ensures the reliable transfer of pillar loads onto the spot footing. The bridging
reinforcing bars, by connecting the lower and the upper reinforcement, due to the pin-effect
involve these reinforcements into bearing the shear force providing extra safety.

reinforced zone

I. version

II. version

Fig. 5: Design of the torus reinforcement

Fig. 6: The arrangement of spot footing and torus reinforcements
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5. SUMMARY
Foundation slabs supported by spot footing - where loads on the base slab are jointly held by
the spot footing, as deep foundation, and the flat plate - have been applied with success in the
past decades. The proportions of load distribution have been determined through
measurements carried out in realistic dimensions, which proved proportions between 0.3-0.7
to be appropriate. Initially, loads were calculated with methods applied to flat plates in a
condition without cracks. A modified and simplified method had to be developed for
considering cracked condition and the changes of ground stress over time. Besides the
dynamics calculations, a new, easily mountable reinforcement system has been formed, which
considers the nearly rotationally symmetric forces around the pillars by applying both the
bending moments and the special “torus” reinforcement developed for punching shear
reinforcement. The advantage of the system is that by choosing the number and size of the
spot footing, we can adapt to different amounts of load and therefore unequal subsidence can
be reduced. Subsidence measured in finished construction projects can be reduced.
Subsidence measured in finished construction projects and subsidence differences were below
1 cm. Considering the load distribution and the reinforcement method itself together form a
uniform system developed by Hungarian engineers, therefore it can be regarded as a
Hungarian construction system.
The most important components and features of the system:
•
•
•
•
•
•

securing the excavation pit with diaphragm wall,
supporting the foundation slab with spot footing,
binding the foundation and intermediate slabs to the breast wall,
method of load distribution, starting off the load bearing capacity of the base slab,
reinforcing system of the foundation slab, lower-upper base netting with
supplementary netting,
applying torus reinforcement for punching.

If the bordering diaphragm walls bind to impermeable subsoil it is possible to create a
watertight system with drainage, its advantages are:
•
•

perfect water tightness,
no water pressure loads the foundation slab, no uplifting.

The components of the system cohere, changing of them reduces the reliability and efficiency.
The arrangement of the spot footing and torus reinforcements is shown in Figure 6.
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Motorways of Federation of Bosnia and Herzegovina Ltd.
Dubrovačka 6, 71000 Sarajevo, Bosnia and Herzegovina
t.vedad@jpautoceste.ba; k.reuf @jpautoceste.ba
SUMMARY
The application of macro synthetic fiber reinforced sprayed concrete is seen by many design engineers
as the alternative to steel reinforced sprayed concrete. The first applications of macro synthetic fiber
reinforced sprayed concrete in Bosnia and Herzegovina were applied during the construction of the
Sarajevo By-pass Motorway. The Project included a Motorway tunnel-system of three (3) double
tubed, two-lane tunnels receptively 860 m, 2776 m and 402 m in length, passing through an extensive
and diverse geology. In this work application of macro synthetic fiber reinforced sprayed concrete will
be presented, giving an inside in the underground condition, the concrete testing, measurements and
calculations. The aspects related to the excavation work-cycles and time savings applying fiber
reinforced sprayed concrete in the primary lining will also be presented.
1. THE HIGHWAY TUNNEL PROJECT
The Motorway Project is located on the route of the Pan European Corridor 5c: Budapest - Osijek Ploče and is the most important Project for Bosnia and Herzegovina in the last decade. The
construction works on the 20 km long motorway section passing the capital city Sarajevo were
significant for the city traffic itself.
The Project started in May 2012 and the construction time was 28 months. The length of the
subsection “Lepenica-Tarčin” (Fig. 1) was approximately 10 km and included a number of
different structures, whilst the construction of tunnels T2, T3 and T4 was the most significant part
of the project. Especially the construction of the Tunnel T3 (later renamed as “Tunnel 25th of
November”) with an average length of 2776 m being potentially on the “critical path”. The
construction of Tunnel T3 on the subsection “Lepenica-Tarčin” will be the subject of this work.

Fig. 1: Motorway Section
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1.1 Geometric Elements of Tunnel T3
Right tunnel tube length: 2802 m;
Left tunnel tube length: 2743 m;
Max. Altitude: 664.7 m; max. Longitudinal gradient 3.59 % at north portal;
The carriageway width is 7.0 m, and consists of two lanes of 3.50 m.
The tunnel height is 4,70m.
2. UNDERGROUND CONDITIONS
The Underground conditions (geological formations) on the location of Tunnel T3 were diverse
and complex. Three (3) basic types of rock were found (Sedimentary, Metamorphic and
Magmatic rocks). The Metamorphic rock were from Paleozoic and the Dolomites were from
Devon. In-between two Magmatic layers of Quartz Porphyries were also found (Fig. 2).

Fig. 2: Longitudinal tunnel section
3. TUNNEL EXCAVATION AND SUPPORT
3.1 Tunnel Excavation and Support Elements (Main Design of the Project)
In accordance to the Main Design documentation in the Project the excavation works were
divided into three (3) phases. The top heading, bench and the invert arch excavation phase.
In better underground conditions the excavation works were divided in top heading and bench
phases only. The Main Design defined rock categories, predicting the round lengths and defining
support elements (system) for each of the rock category respectively (Tab. 1).
Tab.1: Rock categories and support elements (systems) in accordance with the Main Design
TUNNEL T3
LEFT TUNNEL TUBE - DESIGN
ROUND
ROCK
SUPPORT LENGTH PERCENTAGE
LENGHT
(%)
CATEGORY
SYSTEM
(m)
(m)

TUNNEL T3
RIGHT TUNNEL TUBE - DESIGN
ROUND
ROCK
SUPPORT LENGTH PERCENTAGE
LENGHT
(%)
CATEGORY
SYSTEM
(m)
(m)

IV

1.5

C2 + S

201

7%

IV

1.5

C2 + S

201

7%

IV/III
III
III/II
II

2.5
3
3.5
4

B1
B1
B1
B1

118
600
1491
291

4%
22%
55%
11%

IV/III
III
III/II
II

2.5
3
3.5
4

B1
B1
B1
B1

299
630
1005
609

11%
23%
37%
22%

2700

100.00%

TOTAL

2744

100.00%

TOTAL
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The following support elements were installed according to the rock mass categorization:
B1 - rock mass category
Sprayed concrete C25/30, 10 cm in thickness;
Reinforcement - Mesh Q189, 1 layer;
SN anchors 4 m, 250 kN
C2+S - rock mass category
3 cm thick layer of sprayed concrete and mesh Q131 at tunnel face;
Sprayed concrete C25/30, 20 cm in thickness;
Steel arch TH21;
Reinforcement - Mesh Q189, 1 layer;
SN or IBO anchors 4 m, 250kN;
Concrete invert arch
3.2 Tunnel T3 excavation works
At the early beginning of the Tunnel T3 Project it was obvious that the predicted rock mass
categories given in the Main Design are different compared to the actual underground conditions
on site. At the entrance portal and the tunnel precut it was identified that the Main Design was
predicting 4th (IV) rock mass category and actually 5th (V) rock mass category was present.
Consequently it was necessary to apply other support elements, demanding more time (require
longer installation time) then predicted. Due to the underestimation of underground conditions
inevitably delays in the excavation works in Tunnel 3 were going to occur.
Only undertaking appropriate measures it was possible to mitigate delays and finish the Project
within the expected program of work.
According to the geological predictions approximately two thirds of the Tunnel T3 was located
either in dolomitic limestone (approx. 900 m) or quartz-porphyric metamorphic rock (approx.
900 m). In such underground conditions it was possible to modify the conventional support
elements (systems) and apply fiber reinforced sprayed concrete instead of mesh reinforced
sprayed concrete. It has been estimated that the changes in these support elements would
probably save 2 to 3 hours per round length (step of excavation).
The length of the tunnel rock mass categories where fiber reinforced sprayed concrete could be
used was estimated to be 1800 m in length. Average round length (step of excavation) was
estimated to be 2.5 m.
Calculating:
1800 m/2.5 m = 720 steps
720 (steps) × (2–3 hours – shorter installation time) = makes up to 1440 to 2160 hours
(1440 h – 2160 h) /24 hours = 60 – 90 days

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED PRODUCTION AND CONSTRUCTION TECHNOLOGIES
– 382 –

In order to implement this idea a 60 m’ test field in Tunnel T3 was formed to compare the
behavior of the support elements in real underground conditions. The behavior of mesh
reinforced sprayed concrete (cross section 24.300-24.330; 30 m’) and fiber reinforced sprayed
concrete (cross section from 24.330 m to 24.360 m ; 30 m’) lining had to be tested.
Measurement profiles were installed (measuring the movements in the primary lining for a
period of time until the settlements stabilize) at 24.315 m’ (cross section with mesh reinforced
sprayed concrete) and 24.345 m’ (cross section with fiber reinforced sprayed concrete).
4. TUNNEL SUPPORT
CONCRETE

SYSTEMS

USING

FIBER

REINFORCED

SPRAYED

4.1 The updated Q-System
The relation between the rock-mass quality and the support elements (supporting system) using
fiber reinforced sprayed concrete is defined by the updated Q-System by Grimstad and Barton
(Fig. 3). Identifying the rock-mass quality (Q) for certain rocks the supporting elements (system)
can be predicted using the updated Q-System.
For the intended underground conditions in Tunnel T3 where fiber reinforced sprayed concrete
could have been used, the rock-mass quality index was ranging between 1 and 10 (D-Poor, C-Fair,
B-Good). Considering the Span or Height ratio (for ESR = 1) being 10 the expected reinforcement
categories 4, 5 and 6 would need energy absorption capacity between E = 500 - 700 J (see Fig. 3).

Fig. 3: Updated Q-System (Grimstad and Barton, 1993)
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4.2 The Test field of macro-synthetic fiber reinforced sprayed concrete in Tunnel T3
The interaction of the rock-mass and the tunnel primary lining could be observed during the
construction, making real scale measurements. Measuring the displacements of the rock-mass the
impact on the tunnel support elements could be observed in real time. According to the NATM
concept, measurement profiles are installed systematically at characteristic sections along the
tunnel. The aim of the monitoring is to predict and to prove the adequacy of the supporting
system. This approach was also applied in the test field with the aim to confirm the adequacy of
the fiber reinforced sprayed concrete lining in Tunnel T3. The back calculation analysis was used
to determine the relevant mechanical characteristics of the rock-mass and to refine the support
measures. The test field of a 60 m’ section of the both mesh and fiber-reinforced sprayed
concrete lining was installed to examine if the fiber reinforced sprayed concrete primary lining
could be equally efficient as the conventional primary lining when used in similar geological
conditions. In particular the bending capacity had to be assessed this way.
To quantify the efficiency of the fiber reinforced sprayed concrete primary lining, the results
from the test section had to be compared with the results of the measurement profiles featuring
the conventional primary lining for the same overburden, and very similar geological conditions.
4.3 The Test Setup
The test setup was as follows:
• In to the already used sprayed concrete mixture 4 kg of polypropylene fibers were added.
Properties of the “Barchip 54“ fibers: length 54 mm; tensile strength 640 MPa; Specific
Gravity 0.90 – 0.92; Elastic modulus 10 GPa; Number of fibers per kg 37,000.
• Determination of energy absorption capacity - EFNARC plate test (EN 14485-5;2006)
mesh reinforced concrete samples.
• Determination of energy absorption capacity - EFNARC plate test (EN 14485-5;2006)
macro-synthetic fiber reinforced sprayed concrete samples.
• Back-calculation for the underground conditions and support measures installed at 24.315
m’ (mesh reinforced sprayed concrete).
• Measuring the profiles on cross sections at 24.315 m’ (mesh reinforced sprayed concrete)
and 24.345 m’ (cross section- fiber reinforced sprayed concrete).
4.4 Results of the Testing and Measurements
4.4.1 Plate test - (EFNARC, EN 14485-5;2006) mesh reinforced concrete (Fig. 4)
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Fig. 4: Plate test (EN 14485-5) – mesh reinforced sprayed concrete
4.4.2

Plate test - (EFNARC, EN 14485-5;2006) fiber reinforced sprayed concrete (Fig. 5)

Fig. 5: Plate test (EN 14485-5) – fiber reinforced sprayed concrete
4.4.3 Back calculation of the support elements at 24.315 (mesh reinforced lining)
The estimation of geotechnical parameters was based on the geological mapping and data
collected by the geologist on the site (RMR = 47). The geotechnical parameters were assumed
using the Hoek & Marinos method taking into account all the relevant indicators of the rock
mass behavior including the favorableness of the rock layering. Relevant parameters (σci = 40
MPa, GSI = 42, mi = 10, D = 0.5, MR = 500, γ = 0.025 MN/m3, Tunnel Depth = 65 m) where
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analyzed using the software (“RocLab”) to acquire Mohr-Coulomb strength parameters for
numerical analysis (c = 0.274 MPa; phi = 42, 86 deg; E = 1744.22 MPa). After the backcalculation the following results were computed (Fig. 6 and Fig. 7).

Fig. 6: Computed results – displacements
Total displacement was 10 mm. The bending moments (Md,max = 8.78 kNm/m’) and axial forces
(Nd,max = 489.80 N/m’) are plotted on the interaction diagrams (Fig. 7) of the mesh reinforced sprayed
concrete for the installed sprayed concrete C25/30 and reinforcement steel mesh type - Q 188.

Fig. 7: Computed results – interaction diagram
The predicted bending capacity of the primary lining in the B1 rock mass category should not
exceed 20 kNm/m’.
4.4.4 Measurement profiles on cross sections at 24.315 m’ and 24.345 m’
Maximum displacement at 24.315 m’ – mesh reinforced sprayed concrete: 11 mm
Maximum displacement at 24.345 m’ – fiber reinforced sprayed concrete: 9 mm

(Fig. 8)
(Fig. 9)
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Fig. 8: Movements in the primary lining – mesh reinforced sprayed concrete

Fig. 9: Movements in the primary lining – fiber reinforced sprayed concrete
5. CONCLUSION
The macro-synthetic fiber reinforced sprayed concrete samples have shown less energy absorption
capacity in comparison with the mesh reinforced sprayed concrete samples determined by the
EFNARC plate test (EN 14485-5; 2006). The required energy absorption capacity according to the
updated Q-System rock classification by Grimstad and Barton was between E = 500-700 J (see
Fig. 3) and the tested energy absorption capacity of tested specimens using macro-synthetic fiber in
the test field was of an average of E = 740 J (see Fig. 5). It could be concluded that the energy
absorption capacity of the macro-synthetic fiber reinforced sprayed concrete was still of
satisfactory capacity and could be applied for the support system in category B1.
The test filed results show a very good post cracking performance of the macro-synthetic fiber
reinforced sprayed concrete at deflections of about 5 mm. It was measured that the deflections of
5 mm usually occur during the first hours after excavation.
Analyzing the energy absorption test results at the deflection of 5 mm it can be concluded that
both the mesh and fiber sprayed concrete capacity absorb almost the same force F = 45 kN (see
Fig. 4 and 5).Considering these results the fiber sprayed concrete provides more safety during the
first hours of excavation due to simple installation.
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Analyzing the results of the back calculation the Md,max = 8.78 kNm/m’ at the total displacement of
10 mm is much more smaller compared to the predicted bending capacity of 20 kNm/m’ in the
primary lining for B1 rock mass according to ÖNORM B2203.
The measurement profiles on cross sections at 24.315 m’ and 24.345 m’ showed almost the same
deflections for both the mesh and fiber sprayed concrete primary lining. So it can be concluded
that the fiber sprayed concrete lining can be equally efficient.
The in-situ identified geological rock mass categories and the applied support systems are shown
in Tab.2. Comparing the geological rock mass categories from the Main Design (Tab.1) and the
categories identified during the excavation obviously shows that the share of 4th (IV.) rock
category was increased and on the other hand, the shares of 2nd (II.) and 3th (III.) geological rock
mass categories were reduced.
Tab. 2: Rock mass categorization and executed support systems
TUNNEL T3
LEFT TUNNEL TUBE - EXECUTED
ROUND
SUPPORT LENGTH PERCENTAGE
ROCK
LENGHT
(%)
SYSTEM
(m)
CATEGORY
(m)
32
1%
V
1
PC
40%
1077
IV
1.5
C2 + S
0%
0
IV/III
2.5
B1
33%
890
III
3
B1
26%
702
III/II
3.5
B1
0%
0
II
4
B1
TOTAL
2701
100.00%

TUNNEL T3
RIGHT TUNNEL TUBE - EXECUTED
ROUND
SUPPORT LENGTH PERCENTAGE
ROCK
LENGHT
(%)
SYSTEM
(m)
CATEGORY
(m)
0
0%
V
1
PC
36%
975
IV
1.5
C2 + S
1%
15
IV/III
2.5
B1
39%
1048
III
3
B1
25%
670
III/II
3.5
B1
0%
0
II
4
B1
TOTAL
2708
100.00%

After all, in Tunnel T3 almost 1600 m’ of fiber reinforced sprayed concrete was applied. The net
saving time using macro synthetic fiber in the sprayed concrete lining was 70 days. This fully
compensated the lost time for the increased length of 4th (IV.) rock category that was not
predicted by the Main Design. The Project was successful accomplished on time, with no delays.
The application of fiber sprayed concrete using engineering know-how and experience played a
dominant role in this successful construction project. Macro synthetic fiber sprayed concrete and
fiber sprayed concrete in general should be considered as a powerful tool in tunnel engineering
projects.
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SHEAR CAPACITY OF PRESTRESSED FRC BEAMS WITH SPARSE
STIRRUP SPACING
Kálmán Koris, István Bódi
Budapest University of Technology and Economics, Department of Structural Engineering
1111 Budapest, Műegyetem rkp. 3-9. Hungary
SUMMARY
The assembly of conventional shear reinforcement in concrete beams is usually a time and
labour-intensive process which may reduce the effectiveness of the mass production of
prefabricated elements. In addition to the application of stirrups, the shear strength of reinforced
concrete beams can also be increased by using fibre reinforcement. The objective of our
research was to find out, whether the use of appropriate fibre reinforcement could partially or
fully replace the conventional shear reinforcement in prefabricated beams. Shear strength of
several steel fibre reinforced, prestressed concrete beams with sparse stirrup spacing was tested.
Analytical and numerical analysis of these beams were also carried out to investigate the effect
of fibre dosage on their shear capacity, and the amount of steel fibre reinforcement that could
replace conventional shear reinforcement was determined for the examined beams.
1. INTRODUCTION
Current tendencies in Hungary show a shortage of labour in the construction industry which
requires the application of less labour-intensive structural solutions. The application of fibre
reinforced concrete for prefabricated structural members is a promising way to reduce the
demand for labour of reinforcement assembly and speed up the construction process. Results
of the monitoring of existing structures (Klikowicz, Salamak, Poprawa, 2016) show the
advantages of fibre reinforcement in the field of structural durability, too. According to the
detailing rules of EN 1992-1-1 standard (EC2), a minimum amount of stirrups must be
applied as shear reinforcement in reinforced concrete beams. This kind of “conventional”
shear reinforcement can be, however, decreased below the required minimum, or it may be
even completely neglected by the application of proper fibre reinforcement. The objective of
our research was to find out whether the use of fibre reinforced concrete mixture could
partially or fully replace the conventional shear reinforcement in prefabricated beams for
industrial halls. The concept of using fibres as reinforcement is not new, they have been used
as reinforcement since ancient times. Fibres are usually used to increase ductile behaviour of
concrete, control cracking due to plastic and drying shrinkage, reduce bleeding of water and
permeability of concrete, and produce a better resistance against dynamic impacts. Generally,
fibres do not increase the flexural strength of concrete beams, however, shear strength can be
significantly improved as tensile strength of the concrete is increased by the application of
fibre reinforcement (Balázs, Kovács, 1997; Dulácska, 1999; Kovács, Balázs, 2003; Kovács,
Balázs, 2004; Grunert, Strobach, Teutsch, 2004). The present research was preceded by
previous studies. To find the fibre type that is best suited to the objective set in terms of
performance, workability and efficiency an extensive experimental program was carried out at
the Laboratory of Materials and Structures, Budapest University of Technology and
Economics (Kovács, 2014). Another experimental program was also carried out at the
Structural Laboratory of Budapest University of Technology and Economics between 2014
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and 2015. In this experimental program the shear strength of small span (6 m), prefabricated,
prestressed beams without stirrups, but with variable fibre type and content were tested
(Koris, Bódi, Polgár, Mansour, 2015). During the current research, we focused on the shear
capacity of larger span (12-25 m) prefabricated, prestressed FRC beams with sparse stirrup
spacing (applying stirrups at the ends of the beams only) or without shear reinforcement.
Within the frames of the research, the shear strength of several beam specimens was tested,
and the analytical and numerical analyses of these beams were also performed.
2. INTRODUCTION OF THE TESTS
2.1 Tested beam specimens
In frames of the research four different prefabricated, prestressed FRC floor beams were
studied. Beam types T70 and T140 have variable height T sections, beam type T90 has constant
height T section and beam type R70 has constant height rectangular cross-section that works
together with an in-situ reinforced concrete slab in the final state. Shear reinforcement was
completely neglected for beam type T90 while other beams included stirrups with partially
sparse spacing (compared to the requirements of EC2) at their support region only. In each
beam, Dramix steel fibre reinforcement was applied. Typical shapes, cross-sections and main
dimensions of analysed beams are illustrated in Fig. 1. Applied concrete grade, longitudinal
reinforcement and fibre dosage of different beams are shown in Tab. 1.
Legend:
Beam sections with stirrups
Beam sections without stirrups
In-situ concrete layer

0.7

T70
11.96 m

0.7

R70
14.36 m

0.9

T90
19.00 m

1.40

T140
24.67 m

Fig. 1: Side view and cross-section of tested beams
During the tests, fork supports were used at both ends of the beams according to the usual
construction solution. For beam types T70, R70 and T140 the load was applied step-by-step
using verified weights that were put on the beams in predetermined points. In each load step, the
deflection of the examined beam was measured by mechanical dial indicator placed in the
middle of the span. To avoid the complete destruction of the beams they were loaded only up to
~80% of their load carrying capacity calculated on the mean level. Beam type T90 was tested
on a test stand. In this case the asymmetrically applied concentrated force (Fig. 2) was produced
by a hydraulic jack and the deflection of the beam was measured in the middle of the span as
well as under the acting force. This beam was also loaded up to ~80% of its calculated carrying
capacity only to avoid the collapse. Before performing the load test on the beam, its concrete
strength was determined by conducting non-destructive Schmidt hammer tests in 10 locations
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along the web and in 5 locations along the flange. The measured concrete compressive strength
values were considered for the numerical analysis of the beam (Karimi, 2016).

F

2.25

16.10 m
18.35 m

Fig. 2: Shear loading arrangement of beam T90 and picture of the T90 beam on the test stand
Tab. 1: Dimensions, material grades and longitudinal reinforcement of tested beams
Type of beam
Total length L [m]
Heigh (at midspan) h [m]
Concrete grade (prefabricated girder)
Dramix fibre volume [kg/m3]
Longitudnial reinforcement

Bottom
Top

Design load pd [kN/m]

T70

R70

T90

T140

11.96
0.70
C40/50
20
2Ø16 + 2×3Fp93-1860
2Ø16 + 2×Fp52-1860
25.34

14.36
0.70
C40/50
20
3×4Fp93-1860
4×Fp52-1860
38.28

19.00
0.90
C50/60
30
6×2Fp93-1860
4×Fp52-1860
18.97

24.67
1.40
C50/60
20
4×4Fp93-1860
2×Fp52-1860
32.92

2.2 Results of the tests
Measured shear force – displacement diagrams are presented in Fig. 3. The shear force acting at the
support was always calculated from the actual load arrangement and intensity in each load step.
500

Shear force [kN]

400
300
T90 Numerical analysis
T140 test
R70 test
T90 test
T70 test

200
100
0
0

20

40

60

80

100

120

140

160

Midspan deflection [mm]

Fig. 3: Measured and numerically calculated shear force – displacement diagrams
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In case of the tested beams the measured shear capacities were higher than the corresponding
design shear forces. However, it does not automatically mean that the shear strength of FRC
beams is satisfactory on the same reliability level as the beams with conventional shear
reinforcement. According to our previous studies (Koris, Bódi, Polgár, Mansour, 2015), FRC
beams with even higher fibre content (35 kg/m3) have a higher probability of shear failure than
the control beam containing stirrups as shear reinforcement. Because of the insufficient number
of specimens, the shear reliability of the tested beams could not be directly determined. It is
planned to test further beams in the future so statistical evaluation of the results can be also
carried out. The results of current tests were nevertheless used, on the one hand, to verify the
results of analytical calculations and, on the other hand, to calibrate the numerical model.
3. ANALYTICAL VERIFICATION OF THE BEAMS
3.1. Shear strength of FRC beams
EC2 does not provide guidance on the detailed analysis of fibre reinforced concrete structures,
therefore the effect of fibre reinforcement on shear strength was considered on the basis of the
Steel Fibre Concrete Directives from German Committee on Reinforced Concrete (DAfStbRichtlinie Stahlfaserbeton, 2012), which also conforms to the Eurocode standard system.
According to the DAfStb directives, steel fibre reinforced concrete beams can be classified
into the strength classes L1 and L2 based on the characteristic bending-tensile strength that
can be measured after the cracking of the concrete. The L1 performance class delivers the
characteristic post-cracking bending-tensile strength of concrete in serviceability limit state,
while class L2 stands for post-cracking bending-tensile strength in the ultimate limit state.
The additional shear strength that is provided by the steel fibres can be calculated from the
f
f cfd,
i design centric tensile strength:
f
VRd ,cf = f cfd,
i ⋅ bw ⋅ h

where bw is the web thickness and h is the overall height of the beam. The additional shear
strength provided by the fibres can be summarised with the shear strength of concrete to
obtain the total shear strength of the concrete cross section. The shear resistance of the
member without shear reinforcement is satisfactory if the following criterion is fulfilled
(Gödde, Strack, Mark, 2010):
VRd,c + VRd,cf ≥ VEd
where VRd,c is the design shear resistance of the member without shear reinforcement
calculated according to EC2, and VEd is the design value of the applied shear force.
The performance class of an FRC beam is influenced by several factors (Rosenbusch, 2003)
and it can be determined by the evaluation of appropriate test results according to DAfStb
directives. However, in our situation, the performance class of the tested beams was not
determined by the manufacturer, only the amount and type of applied fibres were known.
Therefore, the performance class of the tested beams was determined based on empirical
data available in the relevant literature (Schwarz, 2002). The centric tensile strength was
calculated for the tested beams according to the DAfStb directives, considering the
appropriate concrete grades and fibre volumes (Koris, Bódi, 2017). The calculated values of
centric tensile strength are displayed in Tab. 2.
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Tab. 2: Values of centric tensile strength in case of the tested beams
Beam
type

Concrete
grade

T70
R70
T90
T140

C40/50
C40/50
C50/60
C50/60

Fibre
volume
fraction
3
[kg/m ]
20
20
30
20

Performance class
2
(L2) [N/mm ]
C25/30

0.488
0.488
1.001
0.488

Actual
concrete

0.631
0.631
1.564
0.736

Centric
tensile
strength
2
[N/mm ]
0.233
0.233
0.579
0.272

3.2. Results of analytical calculations
Compliance of the tested beams was verified by analytical calculations according to EC2.
Initial prestress in the tendons was calculated from the 110 kN tensioning force that was
applied by the manufacturer for the construction of the members. Concrete and steel stresses
were verified in the initial state (t=0). The loss of prestressing force due to shrinkage, creep
and relaxation was calculated and the distribution of effective prestress was determined in the
final state (t=∞). Bending moment resistances of different beams were verified considering
the calculated effective prestress values. In case of beam type R70, a 15 cm think in-situ
concrete (grade C30/37) slab was also taken into account for the determination of bending
moment resistance. For the verification of shear resistance, the effect of fibre reinforcement
was also taken into account. The anchorage region of the tendons was verified for transverse
tension taking the shear utilization of the stirrups into consideration. Serviceability limit
states, as well as transition states, were also verified (Koris, Bódi, 2017).
According to the comprehensive study of the beams, we may conclude that despite the
reduced amount of conventional shear reinforcement they still meet the requirements in most
design situations. However, we encountered some problems with the shear strength, as well as
with the transverse tensile strength at the ends of the beams. Fig. 4 illustrates the utilization of
shear strength (ν = max[VRd,c; VRd,s] / VEd) along the length of beam T70. The end of the beam
is satisfactory for shear, but there are regions along the length where design shear force
slightly exceeds the design shear resistance. Shear strength of the concrete, the fibres and the
shear reinforcement together would be able to provide appropriate resistance, but EC2 does
not allow the summary of concrete and steel strength values in a shear design situation as an
approximation to the safe side.
In order to have satisfactory structural elements also for shear and transverse tension, the
concrete grade, the diameter or spacing of the stirrups and/or the applied fibre volume may be
modified. For the studied beams, the concrete grade and the amount of stirrups were left
unchanged but an increased fibre volume was assumed (we considered 40 kg/m3 fibres for
beams T70, R70, T90 and 60 kg/m3 fibres for beam T140). According to the analytical
calculations, all beam types would be satisfactory for shear and transverse tension with the
increased fibre volumes. Fig. 4 illustrates the utilization of shear strength for beam type T70
with the initial and increased fibre volumes. Results of the analysis showed that the
application of the right type and amount of fibres can partially replace the conventional shear
reinforcement in prefabricated floor beams. If we want to completely neglect the stirrups from
the beams, the fibre volume must be significantly increased, as it will be shown in the next
chapter. However, concrete mixing and casting in case of high fibre volumes is still a
challenge for the domestic concrete industry.
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not satisfactory

100

satisfactory

80
60
40
20

∅8/100
∅8/50

Utilization of shear strength,ν [%]

120

∅8/100

no stirrups

∅8/200

0
0

1

2

3
Distance [m]

4

5

5.98

Fig. 4: Shear strength utilization of beam T70 in case of different fibre contents
4. NUMERICAL ANALYSIS
The effect of applied steel fibre volume on the shear strength of prestressed beams was
analysed using the ATENA v5.1.1 nonlinear finite element software (Karimi, 2016). This
software allows the consideration of both conventional and fibre reinforcement, as well as
geometric and material nonlinearity for the calculation of structural behaviour. The
numerical analysis intended to compare the shear strength of prestressed FRC beams with
different amount of steel fibres and also to compare these values to the shear strength of a
beam containing the amount of stirrups required by EC2. In the followings, the modelling
of beam type T90 will be briefly presented.
In the numerical model, fork support was applied according to the usual construction
solution. The analyzed beam was symmetrical so it was possible to analyze only the
symmetrical half, thus the running time could be speeded up. In the calculations, the
CC3DNonLinCementitious2 material model built into ATENA was used to describe
concrete behaviour. The beam was modelled by tetrahedral and brick elements, the
average mesh size was 0.1 m (0.2 m mesh with 0.5 length coefficient). To have constant
shear force distribution on the beam, a concentrated force was applied 2.25 m from the
support like in case of the test. The load was applied in 20 kN steps to the structure. In
ATENA software the widely known AKC-model (Aveston, Cooper and Kelly, 1971) is
used to predict the stress and strain for the concrete containing fibres. The amount of
applied fibres was entered as certain reinforcement ratios in 7 directions. The beam was
analysed in 6 different situations. In the first case stirrups fulfilling the requirements of
EC2 were applied in the beam. In five more cases the beam was modelled without
stirrups, but with variable fibre contents (0, 20, 30, 40, 110 kg/m3). During the numerical
analysis the shear force – deflection diagrams and the corresponding shear capacities were
determined for each shear reinforcement type. The results of the shear strength are shown
in Fig. 5. Based on these results, the shear capacity of the beam increases by increasing
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the amount of fibre reinforcement, however, 30 kg/m3 fibre content applied in beam T90
is not able to provide the same shear resistance as the stirrups.
800

800

110 kg/m3

700

Shear force [kN]

500
400

0 kg/m3

30 kg/m3
20 kg/m3

300

100

0.05

0.1

0.15

0.2

Midspan deflection [m]

0.25

20 kg/m3

300

100

0

30 kg/m3

400

200

Test results

40 kg/m3

500

200

0

stirrups

600

40 kg/m3
Shear force [kN]

700

stirrups

600

110 kg/m3

0 kg/m3

Test results

0

0.3

0

0.25

0.5

0.75

1

1.25

1.5

1.75

Shear crack width [mm]

Fig. 5: Shear force – deflection and shear crack width diagrams of beam T90 in case of
different fibre volumes
It can be seen from Fig. 5 that only a significantly higher fibre dosage (about 75 kg/m3) can
provide the shear strength that is equivalent to the shear strength of stirrups. Thanks to the
crack bridging effect of the steel fibres, the ductility of the beam significantly increases by
the increase of fibre dosage but the width of shear cracks will be still larger than in the case
of the beam with stirrups as shear reinforcement (Fig. 5). This phenomenon is mainly
caused by the fibres being pulled out from the concrete due to their relatively small
anchorage length. Similarly to the shear resistance of the beam, the shear crack width can be
efficiently limited by the significant increase of the fibre content. It was also observed
during the numerical modelling, that while shear strength can be efficiently increased by the
application of proper fibre dosage, the bending moment resistance does not increase
considerably even if the amount of fibres is significantly increased. If we increase the fibre
dosage from 20 kg/m3 to 110 kg/m3 for the beam T90, the bending capacity is increased by
20% only, while the increase in shear capacity is 81%.
5. CONCLUSIONS
The purpose of our study was to find out whether the use of fibre reinforced concrete
mixture could partially or fully replace the conventional shear reinforcement in
prefabricated beams for industrial halls. We can conclude that steel fibre reinforcement
significantly increases the shear strength of prestressed concrete beams. However, in case
of the studied beams, only a significant amount of steel fibre reinforcement (75 kg/m3 or
greater) could completely replace the conventional shear reinforcement. The mixing and
casting of concrete with such high fibre content can be, however, technologically
problematic with the use of the currently available pre-casting technologies. According to
the analytical and numerical calculations, it could be a suitable and economical production
alternative for prestressed concrete floor beams to provide the shear strength by the mixed
application of about 40 kg/m3 steel fibre content and conventional stirrups with sparse
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spacing only at places that are most utilized for shear. As it is also shown by some foreign
approaches (Grunert, Strobach, Teutsch, 2004), a more economical production of such
structural elements may be achieved if we completely neglect the stirrups from prestressed
concrete floor beams by using high strength concrete mixtures and by significantly
increasing the fibre content, which of course requires the development of manufacturing
technologies, too.
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VARIOUS ASPECTS OF BRIDGE HEALTH MONITORING SYSTEMS
IN POLAND
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SUMMARY
This paper discusses Polish bridges on which Structural Health Monitoring was installed.
SHM benefits were taken into consideration. The difficulties in data analysis and
interpretation were described as well as probable development aim and evolution of
measurement systems, algorithms and software.

1. INTRODUCTION
Monitoring systems provide continuous measurement of specific parameters of the bridge.
They combine electronics and information technology with civil engineering, introducing new
techniques into classical engineering. The beginnings of SHM in civil engineering date back
to the 70s of the previous century when it was used on drilling platforms. The first monitoring
systems in transport infrastructure engineering were installed in the 80s (Farrar Ch. R.,
Worden K., 2013). In Poland, the first system on a large bridge was installed in 2007. In
recent years, there has been a rapid development of SHM (Klikowicz P., et-al, 2016). This is
due to the continuous miniaturisation and reduction of costs of electronic equipment with the
increasing demand in the construction industry.
Tab. 1: List of SHM system installed on Polish bridges
#

Name and city

1

Redzinski Bridge in Wroclaw

2

John Paul II Bridge in Pulawy

3

Solidarnosc Bridge in Plock

4

Kwidzyn Bridge

5

Bridge over Brda in Bydgoszcz

6

Obstacle

Structure
system

Max No. of
Year SHM
span sensors

Oder River Cable-stayed 256

222

2011

2011

212

96

2008

2009

Vistula River Cable-stayed 375

23

2007

2007

Vistula River Extradosed

204

71

2013

2014

Brda River Cable-stayed 110

38

2013

2013

Main tram flyover in Cracow

Rail terrain

Extradosed

126

18

2015

2016

6

Access tram flyover in Cracow

road

Cable-stayed

70

18

2015

2016

7

Mazowiecki Bridge in Rzeszow Wislok River Cable-stayed 240

74*

2015

2015

Vistula River

Arch

* - information received from official documents during tender for the construction
According to the maintenance policy of the transport infrastructure administration, the most of
the recently constructed bridges in Poland are made of concrete. This material has been used
for most of the medium and small span bridges. In Poland, most long bridges were
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constructed in recent times. Among 20 longest bridges, the Swietokrzyski Bridge built in
2001 is the oldest, however, unlike short span bridge, these are usually built of steel due to
larger spans. Due to the significant contribution of dead weight in long span bridges, among
seven bridges with active structural health monitoring in Poland, only three have spans made
of concrete (Tab. 1 presents bridges with installed monitoring system, bridges with the
concrete deck are marked in grey). They all were built after 2000 (Mariak A. et-al, 2016).
There are also few “special” installations eg. made on objects erected on the terrain affected
by the influence of mining industry on bridges (Salamak M. et-al, 2007), tunnelling (Dulacska
E., Bodi I., Koris K., 2016) and even on some sections of motorway (Salamak M., Klikowicz
P., 2014), in the assumption made for a particular reason and temporary.

2. EXAMPLES OF CONCRETE BRIDGES IN POLAND WITH SHM
One of the first installations of SHM in Poland was the monitoring on Redzinski Bridge in
Wroclaw (Fig. 2). It is the bridge with a total length of 1744 m with 2 x 256 m spans over
Oder River. Two independent box-girder bridges are cable-stayed to the H-shaped pylon. The
bridge, when constructed, broke several engineering records, including the longest reinforced
concrete span, the highest pylon and the most extensive structural monitoring system in
Poland. A total of 222 sensors were installed on the bridge (Fig. 1).

Fig. 1: Diagram of the bridge with location of sensors
Force sensors were installed in the active anchorage in every second cable in the deck, in 4
suspension planes on each of the 2 spans. Inclinometers (total of 10) were installed on the
pylon - at the top and at the level of the top and bottom transverse stiffeners. Displacement
sensors, in this case, are used to measure the torsion of the bridge. Two sensors measuring the
distance from the edge of the bridge to the support were installed under each girder. The
accelerations are measured on the pylon (6), in span (6) and on selected cables (16). The
strains are measured in 90 selected points, mainly in the foundation of the pylon (48). The
number of sensors is justified by the fact that it is a prototype bridge and one of the first
implementations of the monitoring system on this type of structure in Poland.
Thanks to the information obtained from the monitoring, several scientific publications have
been written that enriched the knowledge about cable-stayed bridges. This system was also
used in the preparation of the expert opinion after a traffic accident during which a car burned
down near one of the cables.
The bridge near Kwidzyn over Vistula River is an example of the landmark (Fig. 3), which, in
addition to its basic transport infrastructure function, aims to delight in beauty and harmony
with the surrounding area. The bridge with the longest span of 204 m is one of the longest
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extradosed bridges in Europe and one of the longest in the world. It is a reinforced concrete
box-girder bridge prestressed in transverse and longitudinal directions.

Fig. 2: View on Rędziński Bridge in
Wrocław

Fig. 3: Bridge over Vistula River near Kwidzyn
(photo: www.kwidzyn.pl, photo A. Łubiński)

Due to the record-breaking spans and innovative design, the decision was made to install the
monitoring system. It consists of dynamic inclinometers located at the top of all pylons, strain
sensors in the superstructure near the supports and in the center of the cable-stayed spans
(Fig. 4). The hydraulic displacement sensors and accelerometers were installed in the middle
of all spans (not only extradosed). The width of the expansion joint with the use of the
displacement sensors (at the ends of the superstructure) is also measured. The forces are
measured (with the use of force meters) only in active anchorages of the longest cables.

Fig. 4: Localization of strain sensors in Kwidzyń Bridge Hiba! A hivatkozási forrás nem
található. K, 2015)
In 2016, a part of the tram line in Cracow was put into operation, which incorporates two
spectacular bridges within a short distance - cable-stayed viaduct and three-span extradosed
flyover. The first of them is plate girder bridge with two 70 meters long spans, which are
cable-stayed to the asymmetric pylon. Interesting architecture of the bridge emphasizes the
artistic effect achieved by a horizontal arc with the stay cable system. Another bridge is the
first in Poland extradosed tram flyover. It was built over operating railway lines, making the
construction technology a big challenge and a particular achievement. The flyover is a single
box-girder and the main spans are 126 m long.
Monitoring of bridges is done by measuring the forces calculated on the basis of the vibration
frequencies. They were installed on 12 cables on the cable-stayed flyover and on 18 cables on
the extradosed flyover within tram line in Cracow (Fig. 5).
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Fig. 5: Viaducts within tram line in Kraków (photo ZIKIT Kraków)

2. DIFFICULTIES WITH STRAIN MEASUREMENT
The presented examples show that strains are most often measured on bridges. This is because
the civil engineers mainly deal with stresses and internal forces. These values define clearly
and unambiguously the parameters of the structure, however, their direct measurement is
impossible. In determining these values, Hooke's law is used by multiplying the measured
strains by the coefficient of elasticity of a given material. These measurements are done with
strain sensors among which the most popular are a string, electrical resistance and fiber optic
sensors.
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Strain sensors operate directionally, so if we want to measure the spatial state of stresses, it is
necessary to use at least 3 sensors. In addition, the measured value is the sum of all the
influences that act on the structure, therefore, it is necessary to determine them independently
in order to determine one of them. For example, in order to determine the load acting on the
beam subjected to bending, temperature effect, in addition to external loads, should be taken
into account. Therefore, most of the strain sensors are equipped with temperature sensors. The
problem with defining thermal strains may be the characterization of the structure and
material.

Fig. 6: Graph representing relationship strain - temperature on the steel sample
The thermal expansion coefficient is determined based on the relationship of strains and
temperature for each material. This relationship, closest to linear, is characterised by
crystalline materials (e.g. quartz). Although steel is an alloy of several elements of building

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVANCED PRODUCTION AND CONSTRUCTION TECHNOLOGIES
– 400 –

materials, it is an isotropic material of homogeneous structure that exhibits a relationship
temperature - strain close to linear in theory. The first graph (Fig. 6 - left) shows the reading
from the sensor fixed to the 5×20×2 cm steel sheet (Fig. 6 – right) subjected to varying
temperature (from +24 to -6 ºC). Linear relationship strain - temperature in the sample can be
seen on this graph with almost immediate dependence.
Another graph (Fig. 7 – left) was obtained from the strain sensor placed in the
0.52×0.52×0.3 m concrete cube (Fig. 7 – right). The graph shows the delay (about 15
minutes) with which the temperature is read in relation to strains. The sensor is placed inside
the sample; concrete covering the sensor delays the reading of temperature. The strains, which
are greater on the side of the heat source, are transferred deep into the sample, "overtaking"
the temperature change. As a consequence, the relationship strain - temperature is shifted in
time and it depends on many factors, causing considerable difficulties in interpreting the
readings.
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Fig. 7: Graph representing a relationship strain - temperature in the concrete sample
The graph in the Fig. 8 (left) shows the results from the measurement of the unloaded steel
girder (Fig. 8 – right) with the static scheme of the frame with the bowstring. The rafter of the
frame is at the angle in the middle of the span, creating a cross-fall of the hall's roof. The
sensor was placed in the top rafter of a rolled I steel section. Despite the material from which
the structure is made, we can observe the delay of strains in relation to the temperature.
Deformation increments are not proportional to temperature changes in subsequent 24-h
cycles. The probable cause of such situation is the friction that arises in the connections of the
rafter with column, bowstring and purlins.
Forces in cables, usually every second cable, are measured in all Polish arch, cable-stayed and
suspension bridges with installed monitoring system. The force is determined based on the
strains of anchoring elements. Tests on several bridges with cables showed low effectiveness
in force or strain measurements of the superstructure at the failure of one of the cables. The
numerical calculations of the bridge over Wislok River showed that the force reduction in the
cable by 10%, depending on the number of strands in the cable and stiffness of the crosssection, changes the tension in adjacent cables by 0.5% to 4% (Żółtowski, K., 2015). It can,
therefore, be concluded that the general measurement system of forces in cables is correct. A
good alternative for this measurement is to check deflections by measuring the displacements
of the respective points of the structure.
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Fig. 8: Results from the monitoring system of storage hall

3. DIFFICULTIES WITH DISPLACEMENT MEASUREMENT
The displacements, depending on the range, can be measured in a variety of ways by different
sensors and methods. It is divided into "relative" when the distance from one point to another is
measured within the structure and "absolute", when the result of measurements are the
displacements referred to the global coordinate system. The example of relative measurement in
bridges is the measurement of the width of expansion joints, most often with inductive or
electro-resistive sensors. The deflection of span in "relative" manner can be measured with the
use of hydraulic sensors (Fig. 9 – left). They operate on the principle of connected vessels. A
sensor, i.e. liquid container (usually with a glycerine solution) is installed in the middle of the
span, while a similar sensor is installed in a reference point (e.g. at the support), which measures
pressure changes in the container, defining a change of its location. The disadvantage of this
measurement is the assumption that the reference point does not move. Also, on bridges with
spans exceeding 100 m, the slope of vertical alignment is usually so large that the difference in
levels between the sensor and the reference point affects the measurement accuracy. Due to the
need to stabilise the level of liquid in containers, the hydraulic displacement sensors can only be
used in static measurements (no more than 1 per minute).

Fig. 9: Devices used to measure displacement
"Absolute" measurement can be realized using photogrammetry (Fig. 9 – right), radar
interferometry (Owerko and others, 2012), GPS and optic geodetic techniques (Fig. 9 –
middle). Each of the techniques has specific limitations. GPS accuracy depends on the range
of satellites while geodetic equipment with cyclic rotation and change of measured points can
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wear at an accelerated pace. In addition, the space between the theodolite and the measuring
prism must not be obscured.

4. VIBRATION MEASUREMENTS
Accelerometers are present on most bridges with installed monitoring. They are used to
measure the accelerations of particular elements and to calculate vibration frequencies. The
analysis of these data is ambiguous as there are no limit values in the standards. The
calculated frequency can be compared with the frequencies of the first mode shapes to check
whether the structure gets into a resonance. There are also ways of calculating the internal
forces in the tendon elements on the basis of the vibration frequency. However, the accuracy
of these methods so far leaves much to be desired.

5. ELECTRONICS AND SOFTWARE
The monitoring system also consists of an electronic part, i.e. industrial computers,
acquisition and data transmission components, which may also introduce limits, for example,
the sampling frequency or measurement range. The reading of one value may take 2 bytes of
data. This means that a one-minute measurement with one sensor with the frequency of 300
Hz will generate 36 MB of data. Assuming an average (from Tab. 1) of 60 sensors per bridge,
it can be calculated that in the system working dynamically generates 2.16 GB of data per
minute.
Another issue is the software, mean as application with appropriate algorithms implemented.
Most of them are the web pages with picture containing layout of sensors and a table with list
of sensors and appropriate readings. All the algorithms of the SHM systems in Poland
including examples listed in this paper are the „warning systems” based on simple thresholds
calculated using FEM model of the structure. Example of expanded analysis may be the SHM
system implemented on the National Stadium in Warsaw. It is based on accelerometers and
geodesian displacement measurement. The FEM model of the stadium is connected with the
SHM system, so using the readings from the sensors we can calculate other properties of
structure (e.g. internal forces) not only there, where sensor is placed, but on the whole
structure. The application connected with FEM model is not working simultaneously, because
of insufficient computing power of nowadays computers.

6. SUMMARY
The monitoring system for the engineer is a repository of additional knowledge, properly
designed and constructed may lengthen the life of the facility and support administration in
maintenance works. However, it must be properly planned. The quantity, location and type of
sensors, sampling frequency and measuring range, resolution and accuracy are parameters that
must be strictly defined in the project prior to the installation. And the system should be
installed during the construction works.
Sensors state of the art is fully sufficient for civil engineering needs. Latest sensors
development, is just like electronics in general, focused on dimensions miniaturisation and
reducing costs. Although we are still working on developing new measure techniques like
Fibre Optic and trying to shift some measure techniques and sensors from others branches of
knowledge like Acoustic Emission from geophysics.
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Much more to do is on the field of data analysis. So far the SHM system application are quite
simple, based on thresholds. In the near future first to do is to implement data fusion
algorithms in order to use all scope of sensor installed on the structures e.g. temperature
strains compensation using thermistors. Observations described in 2 paragraph reveal the
difficulty level of this task. The strain – temperature dependence is far from linear and
depends on many factors like material and joints that must be included. The future of SHM in
civil engineering is damage detection and responding on it – evolution to smart structures that
react on environment influence. Although there is long way to smart structures, and we have
to take it step by step, through learning and decision making algorithms.
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SUMMARY
The aim of the paper is to present the possibilities and limitations of using the Digital Image
Correlation systems. In order to asses the measurement inaccuracies the measuring volume
1250×1100 mm was analyzed. It was stated very good accuracy of the line segment length
change. It causes that observation of crack widths can be considered as precisely. Some
practical information concern how determine the compatibility between crack width measured
traditionally and by using DIC are written. In the second part of the paper the results of the
tests concerning capacity of interface between two concrete casting at the same time were
presented. Use of the optical measurement system Aramis enables the analysis of the
deformation, determination of failure mode of the tested specimens and limit displacement
between edges of the interface.
1. INTRODUCTION
Modern measuring devices became more popular, one type of them is Digital Image Correlation
system (DIC). That kind of tools gives new research capabilities. Using DIC during the test is
much safer, because testing element is observed from a distance. It is important especially if
sudden failure is expected. Besides indubitable advantages, using DIC is connected with
limitations, which are specified in the paper. Measuring errors of strains under some conditions
could represent an order of magnitude for ultimate concrete strain. Examples of experimental
investigations of concrete structures conducted in Department of Concrete Structures of Lodz
University of Technology by authors are presented in the paper. Discussion of obtained results
can be used by other researchers to make interpretation of their experiments easier.
2. UNCERTAINTY ANALYSIS
Essential issue is to determine the uncertainties of measurements. It is very complex task, for
analytical approach. Kneć (2015) and Revilock at al. (2007) keep a record of measurement
noise then they deduced about inaccuracies. That method requires to take many photos of
surface. It is assumed that unloaded specimen, not subjected to temperature changes should
look identically in the each image. If any changes are observed they are classified as
measurement noise. That procedure can be easily make and all impacts are considered. Very
important is to keep constant light condition during the test.
In order to determine inaccuracies 400 measurements (800 pictures) of surface have been
made. Deviation value and frequency of its occurrence are presented in Fig. 1 (length) and in
Fig. 2 (strain). The readings from –0.013 mm to +0.013 mm for 200 mm and from
–0.009 mm to +0.008 mm for 20 mm base were recorded. Statistical analysis for that data
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were made. Standard errors were calculated. Their value are equal to 0.005 mm and 0.003 mm
for longer and shorter base, respectively. These measurements can be considered as precise –
the typical scale division for optic compactor is 0.05 mm.
The linear strains can be also measured by using Digital Image Correlation. Noise values for
strain are in range from –0.068‰ to 0.068‰ for 200 mm and from –0.441‰ to 0.363‰ for
20 mm base. The standard errors values are 0.024‰ and 0.150‰. The longer base the smaller
error is. Both values are much higher than error of strain gauges.
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Fig. 1: Deviation of length of virtual measuring bases and frequency of its occurrence – base
length 20 mm and 200 mm (unloaded specimen).
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Fig. 2: Deviation of strains for linear measuring bases and frequency of its occurrence – base
length 20 mm and 200 mm (unloaded specimen)
3. MEASUREMENTS OF CRACK WIDTH
Measuring crack width is possible by using Aramis system. However it is not easy to make it
properly. Aramis creates maps where accumulation of strains can be find – regions where the
cracks are occurring. The way of determining the crack width is presented in an example of
corbel tested in Lodz. In the Fig. 3b measuring bases for crack 3 and 3’ are presented. It was
initially assumed that anchor points of measuring base should be outside of the strain
accumulation area (crack 3). It is according to the method presented by Goszczyńska et al.
(2014) or Goszczyńska and Tworzewska, (2014a). Authors stated that discussed approach
gives higher width of crack than values obtained using optical compactor (3 opt.) – see
Fig. 3a. It was found that measurements carried out by using base (Crack 3’) ensure good
compatibility with measurement (3 opt.). In the presented example length of strain
accumulation area is about 42 mm while the dimension of the (Crack 3’) base is only 12 mm.
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Fig. 3: Crack no. 3 a) comparison of crack widths measured traditionally (3 opt.) and by
Aramis, b) measuring bases used by Aramis: (Crack 3) and (Crack 3’)
For correct measurements of crack width reference length of base have to be found. It is easy
to have correct results if some optical measurements for chosen load level are made. It is
necessary to find length of base which gives values similar to reference value, then the rest of
the results will be trustworthy.

a)
b)
Fig. 4: Comparison of principal strain maps for corbel E – II at load equal to 1300 kN. Surface
divided into facets a) 15 × 15; b) 45 × 45
Measurements provided by using Digital Image Correlation are possible by dividing the test
surface into fixed-size fields called facets. The standard facet features is 21×21 pixels. Based
on the comparison between reference image and images recorded during the test it is possible
to determine the displacement of selected points on the surface. On this basis, the deformation
can be calculated. The facet density affects the results in a manner analogous to the grid of the
finite element method. To illustrate this phenomenon two different sizes of facets were
considered: 15×15 and 45×45 pixels. The image of major deformation of the E-II corbel for
the dense and thinning arrangement of facets is shown in Fig. 4. The deformation maps refer
to the same element at a load level of 1300 kN. Comparing Fig. 4a and 4b, it can be stated that
for larger facets, the features of the cracks were considerably more blurred and the
deformation images were less detailed.
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4. DIC IN THE TESTS OF SPECIMENS SUBJECTED TO SHEAR CUTTING
The investigations were intended to qualitatively assess the problem of shear cutting of
concrete. This phenomenon can occur for elements with low shear slenderness λ = ac/h (where
ac is the distance between point of load and the edge of the support and h is the height of the
element) such as very short reinforced concrete corbels. For this purpose, three "Z" shaped
specimens made of the same concrete as a whole, were tested – see Fig. 5. The only variable
parameter was the area of reinforcement transverse to the contact surface (Asw). During loading
the images were recorded by using cameras included in the Digital Image Correlation system
Aramis (10 frames per second). The load was increased gradually at 30 kN, however at higher
load level (about 60 ÷ 70% of ultimate load) the force was applied in uniform manner.

5

4 10

4
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4 10
none
(M - 0/43.8)
2 x 2 8 (M - 8/43.8)
2 x 2 10 (M - 10/43.8)
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Fig. 5: Dimensions, shape and reinforcement of the test specimens
The use of the DIC system ARAMIS enabled for accurate registration of the destruction
process in case of all models. The failure of M – 0/43.8 specimen with unreinforced interface
was violent. The splitting of the element occurred within 0.1 s and was preceded by the
appearance of a vertical crack, visible in Fig. 6.

0 s

0.1 s
0.2 s
Fig. 6: Course of destruction of M – 0/43.8 specimen
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Analysis of the strain maps based on recorded images allowed the qualitative assessment of
the distribution of internal forces within the elements. Maps of deformation fields made
possible to indicate the potential cracked zones and to determine the probable course of
cracks. Comparing Fig. 7a and 7b with Fig. 7c a clear correlation between the zones of tensile
strain accumulation (marked with red) and the cracks indicated during the tests can be seen. In
the middle of the interface the compressive stress pass from one part of the element to the
other. This is accompanied by the splitting forces visible on the maps of horizontal strains.
Zones of tensile strain accumulation, visible in internal part of specimens, resulted from
pulling as well as bending of transverse reinforcement (kinking effect).
The differences between the extent of the cumulative deformation zones and the course of the
cracks marked during the test were due to the accuracy of human eye. The Digital Image
Correlation allowed for much earlier prediction of zones of expected cracking.

a)

b)

c)

Fig. 7: Specimen M – 10/43.8: a) horizontal, b) vertical strains recorded immediately before
failure, c) front view after failure
Due to the lack of interface reinforcement and stress acting perpendicular to the contact
surface, the load carrying capacity of the M – 0/43.8 specimen was dependent solely on the
adhesion forces. Their disappearance was violent and occurred when the mutual movement of
the edges of the interface was about 0.15 mm. Such displacement was about three times
higher with respect to values recorded during the tests conducted by Randl and Wicke (2000)
who concerned interfaces between concrete cast at different times.
The introduction of transverse reinforcement made it possible to change the mechanism of
interface failure – from brittle to ductile, and at the same time to increase the load capacity by
163% and 180% (M – 8/43.8 and M – 10/43.8 respectively) with respect to the reference element
M – 0/43.8. It resulted from two additional mechanisms: aggregate interlock and dowel action
that could not work in the case of unreinforced interface. Registered images allowed for accurate
determination of the displacements associated with achieving the ultimate load – see Fig. 8.
At the further stage of the test, intense increase in deformation, which lead to rupture of the
transverse reinforcement, was observed. The appearance of each “step” in the load –
deformation curves was accompanied by a characteristic thwacks, hearable during the test.
This allows to state that the measurements carried out by using the DIC system made possible
to determinate accurately the moment of rupture of interface reinforcement.
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Fig. 8: Comparison of the mean displacements between edges of the interface at ultimate load
5. CONCLUSIONS
According to results of the tests concerning corbels and “Z” shaped specimens many advantages of
using Digital Image Correlation system can be seen. It enables to predict location of zones of
potential cracking, to estimate the width of the cracks as well as to follow the development of model
deformation (eg. by using the virtual extensometers). The biggest advantage of using DIC is no need
to install the necessary measuring devices before the tests. The analysis of recorded images can be
carried out later, when the test is over. The virtual measuring equipment (eg. extensometers) can be
placed wherever it is need. The use of the optical measuring device has allowed to record the
deformations of M – 0/43.8 specimen even after the maximum load has been exceeded – without
damaging of the transducers as would be in case of direct contact measuring methods.
However, it should be borne in mind that the results of measurements carried out by Digital
Image Correlation systems can be flawed. Measurement errors are strongly dependent on the:
size of the measuring area, inaccuracies of averaging the results of calculations, light condition
changes during the test, noises of digital camera, angle between cameras and analyzed surface,
quality of the lenses as well as preparation of the test surface.
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SUMMARY
The cantilever concreting technology is one of modern methods of constructing the concrete
long-span bridges. The fundamental features of this method are saving of materials and of
construction costs (especially of scaffolding and of formwork) and first of all a possibility of
carrying out the construction of the span in many spots at the same time. The negative feature
of these bridges is a large long-term deflection of the bridge, as a result of rheological processes in the concrete and in the pre-tensioning steel. Deflection measurements at the mid-span
indicate a visible lowering of the grade line of the bridge span, already after few years of service. In this paper the deflection w(t) is represented as a function of the service time of the
bridge structure, calibrated by the results of monitoring of the bridge deflection. Analyses
presented in this paper will be used to develop rheological models of behavior of the concrete
and of the pre-tensioning steel.
1. INTRODUCTION
The cantilever concreting technology was used first time in 1951 by U. Finsterwalder to construct the bridge over the Lahn Bulduinstein River. Hence most of bridges constructed with
this technology have not exceeded half of the expected service life of 100 years. Until present
thousands of such bridges were made in the world. In Poland between 1963 and 1973 the cantilever method was for construction of three (in two cases the prefabricated assembly was
used). The next big groups of those bridges were built after the bridge in Torun (1998). It
seems, that Polish experience of that technology is in initial phase.
The cantilever concreting (or assembly) technology is one of present techniques of bridge
construction. The fundamental features of this method are saving of materials and construction costs (especially of scaffolding and of formwork) and first of all a possibility of carrying
out the construction of the span in many spots at the same time. The latter, especially the cyclical concreting of bridge segments result in a shorter construction time. This technology is
effective for the bridges, whose span length is between 50 and 250 meters.
The characteristic feature of those bridges is the external appearance, which is showed in the
Figures 1 and 2. The geometrical profiles are determined by the applied technology and by the
distribution of loads - especially, in the construction phase. In such long-span pre-tensioned
concrete bridges the distribution of internal forces is mainly influenced by static behaviour
pattern of cantilevers in construction phase.
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Characteristic feature of post-tensioned long-span concrete bridges are excessive deflections.
The excessive deflections are meant those exceeding the deflection coefficient ω = 1.250‰.
That coefficient is calculated from the following expression:
w
ω=
[‰],
(1)
L
w [mm] is a displacement at the mid-point of the bridge span L [m].
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Fig. 1: Geometry of the Kedzierzyn-Kozle Bridge (Poland)
Problem of excessive deflections considered in this paper is a common one. One of the best
documented examples of the analyzed problem is the bridge Støvset (Takacs, 2002), Fig. 2.
The designer used in the middle of the span light concrete LC55, like in the Stolma Bridge,
which spans an amazing length L = 301 m. Hence, this method could be used to build longspan bridges. Nevertheless, already 8 years after the completion of the structure, the deflection w was over the design value 200 mm! It was believed that the main reason was underestimation of the deformation of the light concrete, used to build that bridge (Takacs, 2002).

Fig. 2: Scheme of the Støvset Bridge incl. the development of deflections
during the service time (Takacs, 2002)
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One of negative examples of reduction of excessive deflections is the Koro-Babelthaupt
Bridge: span L = 241 m. After 12 years of service, the deflections of this bridge were measured, which reached the value w = 1200 mm, corresponding to ω = 4.98‰. After 18 years the
span deflection increased to w = 1390 mm, so now ω = 5.77‰. It follows, that the deflection
coefficient very much exceeded the allowable value (1). The reinforcing of the bridge – posttensioning – did not help and after short service the structural failure occurred.
In spite of the fact, that the rheological behaviour of the concrete was studied over the whole
20th century, the problem of excessive deflections of post-tensioned concrete bridges remains
unsolved. It seems, that during the designed service time of 100-years the rheological effects
do not reach any final, constant value. The excessive deflections problem is quite well recognized by monitoring of the span-bridge deflection (Bažant, Hubler, Glang, 2011). In this paper
the deflection w(t) is represented as a function of the service time of the bridge structure, calibrated by the results of monitoring of the bridge deflection for the cantilever concreting constructions. However the experience from a number of bridges shows that some bridges show
excessive deflections, but a great majority of bridges work very well.
2. UPLIFT OF THE BRIDGE SPAN
During the construction process of the cantilever spans the uplift is used, which is the initial
elevation of the longitudinal axis of the bridge with respect to the grade line of the bridge. The
purpose of that initial elevation is the reduction of deflection, which results from sustained
loads after connection of spans, especially from the forced deflection during the cantilever span
connection, post-tensioning for river span, equipment loads. In some cases the rheological processes occurring during the service time are taken into account. Because of relatively big own
weight of the structure, as compared with service loads, in this paper the arising span deformations are regarded as rheological effects, rather than as the results from variable loads.
In the Tab. 1 as well as in the Fig. 3 two different examples of bridges over Odra River (in Poland) are compared. In comparison with similar bridge structures, these bridges have more
varying height of the box girder. Because of the used construction technology - concrete scaffolding, the bridge spans over the river usually have constant height of box girder. Along the
bridge, the grade line is a circle of radius R, where the highest value occurs in the longest span.
Tab. 1: Geometrical characteristic of bridges over the Odra River
Location of the bridge
Opole
Kędzierzyn-Koźle

a)

L
100
140

Geometrical parameters of bridges [m]
h
H
R
Span spread
2.35 5.80 10000
45+55+100+55+45+45+40
3.00 6.20 10000
52.5+75+140+75+52.5

b)

Fig. 3: Grade line of bridge a) Opole Bridge after 15 years of service time
b) Kedzierzyn- Kozle Bridge 3 years after connection of cantilevers
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The technology – uplift of span – which was applied in the structure located in Opole Fig. 3a
is usually used to erect the structure with the cantilever concreting technology. In the Fig. 3a.
two curves of the bridge grade line are presented, the first one - planning phase, which is determined as the section of the circle of the radius R and the second one - the curve, which is
the result of the surveying measurements during service. These curves show that after 10
years of service, the bridge elevation of 60 mm remaining from the applied uplift still existed,
the span length being 150 m. The difference, which is seen between both lines (design phase surveying measurement) is the provided excess, which was designed to minimize the
rheological processes occurring in the bridge structure.
In the Fig. 3b the case is presented, where the designer did not apply the uplift of the span, in
the middle of that (x = 190 m) the recess occurred, which amounted to 130 mm. It turned out
that the allowable deflection coefficient for this type of bridges is ω = 1.25‰, was reached
already after 8 years of service. Comparison of those deflections (rheological process) with
the deflection due to service loads, which were measured during the commissioning loading
test of the Kedzierzyn-Kozle Bridge showed that the ω coefficient from the rheological processes is bigger than the ω coefficient from service loads, where deflection w = 59.9 mm,
which gives ω = 0.43‰.
3. CHANGE OF THE DEFLECTION COEFFICIENTS DURING THE BRIDGE SERVICE LIFE
Characteristic feature of these bridges are large long-term deflections of span, especially during the initial phase of service life. Some measurement results of the deflections for the
bridge structures in Japan are shown in Fig. 4. On the basis of these, the equation (2) is given,
which can be used to determine the deflection coefficient dependent on time t[years] for
bridges constructed with cantilever concreting technology.

ω (t ) =

9
t
20

[‰],

(2)

Fig. 4: Change of deflection of cantilever spans vs. time
Development of the deflection of a span constructed with the cantilever technology may be
regarded in 3 different ranges of time. At the beginning – few years after putting into service
– the increase of deflections is the biggest. From the curve in Fig. 4 it follows, that in the first
year the increase of the deflection is the largest, and during the subsequent years the deflec-
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tions get stabilized. During the second period in Fig. 5, the development of deflections is
more balanced. The third, the longest period of bridge service life (75% of service time) could
be only forecast (predicted), because of lack of measurement results.
In the paper (Bažant, Hubler, Glang, 2011) results of deflection measurements of 56 bridges
constructed with cantilever concrete method are presented. These bridges were made from
different concretes as well as in various climatic zones. Also the static schemes (mainly the
span length L) of these bridges are diverse. Therefore the deflection coefficient, as given by
equation (1), rather than the deflection itself is presented.

Fig. 5: Change of deflection coefficient for the analysed bridges
Tab. 2: Parameters of bridges spans
Location of the
Parameters
Coefficients
bridge
[‰]
Groups
nr
L [m]
ω10
ω100
a
b
1
31
102
0.061 0.4596 0.0105 0.2359
2
35
130
0.194 0.4612 0.3343 0.7467
3
8
112
0.724 0.2545 0.9116 2.3592
4
25
131
1.200 0.1092 0.8880 2.9813
5
3
142
1.111 0.7045 2.3165 4.7429
6
22
101.5
1.190 0.4750 2.099 4.6579
7
32
125
0.475 0.6500 0.9571 1.9901
8
39
95
1.620 0.5952 3.1412 6.6468
9
37
84.5
0.700 0.5130 1.2711 2.7739
10
21
104
0.271 0.4246 0.4492 1.0222
With the aid of the results given in (Bažant, Hubler, Glang, 2011) 10 groups of coefficients
were made depending on the time evolution of ω(t). In the Tab. 2 the characteristics of chosen
structures for these groups are listed, where the range of span length was 95 m < L < 142 m.
On the grounds of the results of measurements (for short service time) the following approximate equation was established:

ω(t ) = a ln(1+ bt)

[‰]

(3)

where a and b are coefficients listed in Tab. 2 and t denotes time (in years), measured from
completion of the construction process. These functions are plotted in Fig. 5.
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4. CALIBRATION OF DEFLECTION FUNCTION
The result presented in the Tab. 2 as well as in the Fig. 5 show, that the deflection equation
results are scattered. It means, that many approximate functions ω(t) could be proposed. In
this paper some selected examples of these equations referring to four-span Zvikov-Otava
Bridge (nr 7), L = 84 m are given. For this bridge, similar plots of deflection were obtained
from equation (3) for each span. The values of parameters in equation (3) are listed in the
Tab. 3, the graphs are shown in the Fig. 6.
Tab. 3: Span parameters of Zvikov-Otava Bridge
Number
Parameters
of span
a
b
B7
0.547
0.2819
8B
0.629
0.1819
B9
0.498
0.4205
B10
0.552
0.4200
7-10
0.554
0.3086

Fig. 6: Change of deflection coefficient during the service time – equation (3)
The equation (3) is regarded as the initial equation. As the approximation of deflection, during
first 30 years, t < 30 years also the following function can be used:

ω(t) = c t [‰]

(4)

For example, for the Zvikov-Okava Bridge good results are obtained for c = 0.24, as compared with the Japan bridges (analyzed before in Fig. 3), magnitude of deflection coefficient c
is two times smaller.
As next example, the equation (5) is given, which is more complex than (3). The results obtained from that equation are equally accurate as from (3):

[

ω(t ) = d ln(e + t ) + e− f ⋅t

]

where d = 0.003701 and f = 0.06994.

(5)
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The simple equation (6) given below:

ω(t ) =

ln(t ) − g
h

(6)

where g = 0.3023 and h = 2413 is not useful.
The effectiveness of approximate equations (3) to (6) is compared in Fig. 7. The data was
taken from the measurements of Zvikov-Otava Bridge.

Fig. 7: Analysis of approximate deflection equation for Zvikov-Otava Bridge
5. PROGNOSIS OF FINAL VALUE OF DEFLECTION
The purpose of establishing equation for ω(t) is to estimate the deflection of the span during the
whole service time of the structure, assumed usually as, 100 years. The functions useful for an
early phase of bridge service time are not necessarily so useful for long-term deflection. For
examle, if the value of coefficient deflection for t = 10 years was equal, the results obtained
from equation (3) and (4) would be the same, i.e. w10(3) = w10(4). Then for t = 100 it would be:

w100(3) =

ln(1 + 30,86)
w10 = 2,46 w10
ln(1 + 3,086)

where a = 0,554 and b = 0,3086.
From the equation (4) it is obtained:

w100(4) =

100
10

w10 = 10w10 = 3,16 w10

If we assume, that the equation (3) is a reliable deflection extrapolation, the results in the
Tab. 2 can be taken as final results after service time t = 100. As we can see the coefficient
ω100, that means for t = 100 year, for the goups 3 – 9 (Tab. 2) has exceeded the allowable
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value ω(t) < 1.25‰. For bridges of groups 5, 6, 8, 9 the values of coefficients have reached
very high levels, which is comparable with the Koror-Bablthaupt deflection.
6. CONCLUSION
Characteristic feature of behaviour of bridges constructed with cantilever concreting method,
resulting from large span lengths, are excessive long-term deflections of the bridge
(w > L/800), due to of rheological processes in the concrete and in the pre-tensioning steel.
For example, if we take the results from Fig. 6, it can be easily said, that the deflection increase is not proportional to the final value w100 = 155 mm, t = 100 years: 25% of the value is
already reached after 4 yers of service; w4 = 38.75 mm, 50 % of final results after 13 years;
w13 = 77.50 mm, 75% after 32 years; w32 = 116.25 m. It follows that, the reological procceses
(as regards deflections) do not approach any final value after 100 years predicted service life,
these processes continue.
Fundamental feature of the cantilever bridges is the large scatter of the measurements results,
which is caused by many random factors like: construction technology, duration of construction process, concreting time, climate, concrete strength, used aggregate, quantity of reinforced steel and the important / rheological processes. In this paper the equation (3) for deflection depending on service time of the structure is proposed, which is based on the measurements of bridges constructed with cantilever concreting method. Analyses presented in the
paper are going to be used to establish rheological models of reinforced steel and concrete.
The current aim of the paper is not the assessment of rheological models of concrete and of
reinforced steel, but the demonstration of complexity of the problems of large long-term deflections. It should be pointed out, that the bridges with hinges at the midspan are much more
sensitive to long-deflections then continuous bridges, that knowledge should be used during
the design phase of bridges. The problem of maintaining of the grade line of reinforced concrete bridges in appropriate-designed line is still not solved.
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SUMMARY
QUICKWAY is a traffic system above existing roads for passenger and freight transport in
"green cities", for new and existing Megacities. The system consists of slender, cross-free,
high-speed ways for autonomous vehicles. Additionally, new paths for cycling and pedestrian
emerge at the existing roads. In addition to the roadways in different levels, a roof
construction is integrated to protect the traffic from environmental influences and collect
rainwater and or solar energy. This article deals with the material development for
QUICKWAY. The prefabricated components of the modular construction are produced of
Ultra high performance fibre reinforced concrete UHPFRC. The challenges of the usage as
well as the wide-spanned construction places high demands on the fresh and hardened concrete
properties of the material.
1. INTRODUCTION
QUICKWAY is a new transport concept for urban and freight transport in cities. The system
consists of slender, wide-span roadways along common traffic routes see Fig. 1. Especially
for "green cities" or for cities with high traffic volumes, QUICKWAY offers a solution to the
traffic problem. For this, QUICKWAY consists of different roadway routs, which are
connected to each other. The linking of the different routes, create a new road network for the
city. QUICKWAY is to be completed by a transparent roof construction. This provides
protection against environmental influences, and allows gaining energy and or rainwater.
These are increasingly important raw materials for such cities.

Fig. 1: QUICKWAY System
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Furthermore, grade separated junctions and central navigation, as well as use of autonomous
vehicles, create a very efficient traffic system for existing megacities. Particularly in the
junctions, as well as for ramps and descents from the roadways, different types of road elements
are necessary. In order to ensure fast and easy production, as well as assembly of the innovative
modular structure, a sustainable, durable and easy manufacture able material is necessary.
This paper deals with the concrete development, whereby on the one hand the fresh concrete
properties are of great importance for the production, casting and hardening, and on the other
hand, the hardened concrete properties are important for the usage and verification of stability.
2. QUICKWAY ROADWAY SYSTEM
The QUICKWAY system consists of three different traffic networks, which are
interconnected. The primary and secondary network, see Fig. 2, consists of roadways (height
at least 5.5 m) above the normal road network of existing or new cities and serve as main
routes for long and short connections. An essential design principle is, that the turning lanes
for the entire network each contain either only left curves (left hand traffic system) or right
curves (right hand traffic system). A left turn in a right hand traffic system is made through
three times right turns in a mesh of the network. By means of a meaningful route selection in
the QUICKWAY network, depending on the traffic situation, each point can be reached in the
shortest amount of time.
Tab. 1: Grade separated junction

transit
lane 1

transit
lane 2

r
[m]

Sekundary Sekundary 15 / 30
15 / 30
Primary Sekundary
50 / 80
Primary
Primary 50 / 80

v transit lane v transfer lane
[km/h]
[km/h]
40 / 50
50 / 80
80 / 80

22.5 / 30
22.5 / 30
40 / 50
40 / 50

Fig. 2: QUICKWAY NETWORK
(schematic)

Fig. 3: Grade separated junction, primary
QUICKWAY network, ground plan /
elevation

The Tertiary network consists of the existing road network and is mainly used for traffic
routes in the source and destination areas. With these three network types QUICKWAY
enables efficient and targeted public and private traffic from door to door as well as freight
transport.
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2.1 QUICKWAY network
The primary network is designed for a speed of 80 km/h with paths in both directions. The
mesh size in the primary network is ~ 4 km. The paths of the mesh can be divided in transit
lanes for the main routes and transfer lanes. The transfer lanes are part of the grade separated
junctions, which are introduced in the system for a fluent road traffic. The transfer lane can be
traversed with a maximum speed, as shown in Tab. 1, depending on the curve radii and
network type. The primary network is directly connected to the secondary network via
transfer lanes.
The secondary network is much more subdivided and is executed as a one-way system.
Thereby it is suitable for streets with less space. In order to obtain an efficient system, the
distance between the various roadways is arranged narrower and has a distance of 600 to
900 m. For this purpose, grade-separated junctions with tighter curves and slower speed are
available, see Tab. 1. Due to the network design, a lower speed of 50 km/h appears to be
useful for the secondary network. The secondary network is connected to the primary network
and allows to exit to the tertiary, existing network via ramps.
For a flexible powerful roadway mesh in smart cities, many junctions are necessary in the
primary and secondary roadway network. To increase the traffic flow especially at the
crossing points of the roads, exclusively grade separated junctions are introduced in the
QUICKWAY network. Fig. 3 show a junction in the primary network. In the secondary
network the junctions are constructed according to the same functional principle, see
(Oppeneder, September 2016). For a grade-separated junction, the tracks of the transversal
transit lanes are ramped across the transit lanes. Vehicles from the transit lane, which change
the roadway, are guided over merger zones and transfer lanes to the transversal transit lane. In
the merger zone a direct connection via ramps to the tertiary network is located. This type of
intersection provides a simple and sleek design for the transit lanes and for the right-turning
transfer lanes. An overview of the required roadway elements for the QUICKWAY system
can be found in Fig. 3.

l = 42.1m

Fig. 4: Standard QUICKWAY structure

Fig. 5: Segmental construction straight element

2.2 Modular construction kit QUICKWAY structure
Fig. 4 gives an overview of the standard QUICKWAY structure. It consists of the foundation,
the pole, the roof construction and the roadway. The standardized centre distance of the poles of
42.1 m results from the verification of stability of the straight roadway elements. The roadway
elements are executed as single span girders. For the realization of the transfer and transit lanes
in the QUICKWAY network, various elements for the roadways are necessary. In order to
enable a flexible, simple system, as well as a fast assembly and a rapid exchange of individual
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components, the elements are based on the segment construction method, with a connection
through dry joints and external tendons. A structural element consists of two end segments and
different standard middle segments see Fig. 5. The prefabricated elements will be delivered in
preassembled segments, connected on site and positioned by lifting the whole member. For this
purpose, a modular system for the various segments of the roadways, supports and roof
construction, was created (Oppeneder, September 2016). Criteria are maximum, as well as
minimum dimensions of the segment lengths, curve radii and cross sectional types.
2.3 Cross section
The cross section for the roadways consists of a hollow box girder, which is monolithically
connected to the handrails. Hereby the hollow box girder increases the torsional stiffness
whereby the handrails increase the bending stiffness and serve as guardrails.
As mentioned before, various elements and segments are required. Therefor five different
cross sections exist, see Tab. 2. The height for all girders is 1.80 m, although the construction
height is only 1.00 m. The position of the webs of the hollow box takes into account the
position of the vehicle wheels. For the QUICKWAY network, a limitation of the maximum
vehicle dimension of 2 x 7 m was chosen. The minimum width of the roadway is set including
a safety distance to 2.50 m. In curves with a radius R < 60 m, a wider travel path is defined as
a function of the vehicle width in the curve.
The maximum section thickness for the production is 12 cm, the connection of the webs to the
roadway panel is produced with cuffs. Fig. 6 shows the cross-section of a produced box girder.
Tab. 2: Dimensions of the cross section

curve
cross
width area t1
t2
t3
t4
radius
section
[m] [m²] [cm] [cm] [cm] [cm]
rk[m]

QS 1

∞

2.50 0.76

8

6

8

10

QS 2

15

3.10 1.06 10

10

12

12

50

3.10 1.06 10

10

12

12

30

2.75 1.05 12

12

12

12

50

2.75 1.05 12

12

12

12

QS 4 ≥ 50 2.50 0.91 10

8

12

12

QS 5

10

8

10

QS 3

∞

7.30

-

8

Fig. 6: Cross section

2.4 Design concept
The basic structural concept for the design is based on straight or slightly curved single-span
beams, which are mounted on bearing brackets with elastomer bearings. These allow nonconstraining bearing in the longitudinal direction, however torsion for the curved beams is
fully constrained. The permanent loads for the construction result from the dead weight with a
density of the UHPFRC of γ = 26 kN/m³ and an additional load of 2 kN/m². A limitation of
the maximum load for vehicles of 5 tons is chosen for the QUICKWAY network. The various
segments are connected with straight tendons and dry joints. The load bearing capacity for
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bending and shear in longitudinal and transversal direction have to be verified by the
UHPFRC cross section in combination with longitudinal tendons. Additional reinforcement
should be avoided with regard to an easy prefabrication.
3. UHPFRC AS MATERIAL FOR QUICKWAY
Due to the high requirements of the slender QUICKWAY construction, fibre reinforced
UHPC as a durable material for the required fast and easy production was chosen. In the
following part, the requirements and the finally chosen material is shown. A full scale casting
test was done to show the feasibility.
Tab. 3: Required and achieved fresh and hardened UHPFRC properties
required

achieved

slump flow (Hoang, 2017) on dry steel plate

750 – 850 mm



flow time t500

6 – 12 s



cylinder compressive strength

fck = 150 MPa

fck = 170 MPa; fcm = 180 MPa

tensile strength of UHPC matrix

fct,el,k = 6.0 MPa

fct,el,k = 6.5 MPa; fct,el,m = 8.4 MPa

post cracking tensile strength

fctk,r = 6.0 MPa

fctk,r = 7.3 MPa; fctm,r = 10.4 MPa

young’s modulus

Ec ≥ 50 000 MPa

Ec = 52 000 MPa

final shrinkage

≤ 0.7 mm/m

≈ 0.65 mm/m

3.1 Required fresh concrete properties for casting
As a result of the cross-sectional geometry, the production is demanding. On the one hand, the
process must ensure the high quality requirements for UHPFRC with regard to the mixing
procedure, the fibre distribution and orientation. On the other hand, the self-compacting
behaviour with a good flow ability should be achieved for a fast and economical use in the
plant. In Tab. 3 the required fresh concrete properties are shown.
A further special requirement is placed on the formwork. For the casting of a QUICKWAY
segment, the formwork was placed in an upright position (Mosinz, 2016). The following
points were anlysed in the casting test:
•
•
•
•
•

One-sided filling of a "lying" formwork
Robust formwork made of coated concrete
Internal formwork with reducible cross-section
Ordered air distribution on the counter-shell instead of venting via expensive drain sheets
Fibre distribution and orientation

3.2 Required hardened concrete properties
The required hardened properties of the UHPFRC are defined in the design concept and
verification of stability. The design concept is based on fibre reinforced UHPFRC segments,
which are connected with dry joints an external tendons in longitudinal direction. The
required number of pre-stressing wires for the bending bearing capacity is determined by the
decompression criteria in the rare load combination. Criteria for the maximum concrete
compressive and tensile stress have to be achieved. Additional reinforcement for bending in
longitudinal and transverse direction and for shear forces should be avoided for the main
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segments. There for the main tensile stresses have to be equal or smaller than the design
tensile strength of the fibre reinforced UHPC. Only in rare cases, additional reinforcement
should be added. In Tab. 3 the required hardened concrete properties for the UHPFRC
without reinforcement are shown. Further detailed information on the verification of stability
is given in (Oppeneder, March 2016).
3.3 Fresh and hardened UHPFRC material properties
According to the challenging requirements of design and static verification of the components
of QUICKWAY, as material UHPFRC was chosen. For the production of the 6 to 12cm thick
structural elements, a concrete recipe of self-compacting UHPFRC was developed at Graz
University of Technology. Based on a theoretical optimization of the packing density, a
suitable concrete formulation was developed by experimental small-scale tests. Investigations
were carried out on mixing stability, aeration capability, flow ability, shrinkage and tensile
strength. Details can be found in (Hadl, 2016; Hoang, 2016).

6

ULS non-cracked
ULS cracked

5
4
3
2
1
0

0.0

0.5

1.0

1.5

2.0 2.5 3.0
strain [‰]

3.5

4.0

4.5

5.0

design compressive strength [N/mm2]

design tensile strength [N/mm2]

Due to the small thickness of the hollow box girder cross-section parts and the required fast
production steps, a renouncement of conventional reinforcement is useful. By using 2 %
volume of fibres and a grain size of 0.8 mm the required fresh and hardened concrete
properties could be achieved without any restriction on the self-compacting behaviour and
without heat treatment that can also be seen in Tab. 3.
100
ULS
90
80
70
60
50
40
30
20
10
0
0.0
0.5

1.0

1.5
strain [‰]

2.0

2.5

3.0

Fig. 7: Design stress- strain behaviour under tension (left) and under compression (right)
tension, uncracked state :

f ct, el,d = α ct ⋅

tension, cracked state :

f ctd = α ct ⋅

compression :

f cd = α cc ⋅

f ctk, el

γ ct

f ctk
γ ct ⋅ K
f ck

γc

(1)
(2)
(3)

The stress strain behaviour under tension is derived from the measurements on 6 four-point
bending tests. The tensile strength for a design of uncracked UHPC is determined by the point
of the first load drop in the experiment and a safety factor independent of fibre content and
orientation. However, the post peak behaviour under tension will be described according to
(Hadl, 2016). Beginning from the first load drop a constant stress level is expected up to 5 ‰,
which decreases linearly to zero until a crack opening w reach value of lf / 4 (lf = fibre length).
In that case, the safety factor has to take fibre content and orientation into account. The design
values are calculated with equation (1), (2) and (3) with a fibre orientation factor
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KGlobal = 1.25 and Klocal = 1.75 as well as safety factors of γct = 1.3; γc = 1.5; αcc= αct=0.85.
Further details on this procedure are given in (AFGC 2013; DAfStb 2008).
When selecting the starting materials required for the UHPFRC formulation, particular
attention was paid to the availability and cost of the materials. The concrete optimization was
primarily carried out with starting materials available in Austria and Germany, whereby the
formulation of QUICKWAY is to be adapted to locally available raw materials.
3.4 Full-scale casting test
Tests with the developed UHPFRC segment with a length of 0.5 m in scale 1:1 was planned
as it can be seen in Fig. 8. Accordingly, one side of the formwork was made of Perspex® to
show the flow behaviour of the fresh concrete during casting.

Fig. 8: Casting test

Fig. 9: Formwork / QUICKWAY Segment

At the casting test it has been shown that the desired flow behaviour of the developed
UHPFRC could be adjusted well. The self-compacting UHPC balanced independently, and
there were no air inclusions at discontinuities. Small problems of air inclusions occurred in
horizontal places, which could be eliminated by a controlled air distribution (Marius, 2017), a
slightly inclined arrangement of the formwork or by drain sheets.
In a further investigation with the FiberScan method (Freytag, 2013), the fiber distribution
and orientation was shown in the cross-section. A homogeneous distribution of fibers, as well
as orientation, could be seen. A fibre deposition was not visible.
4. CONCLUSIONS
This paper describes the QUICKWAY system with focus to the primary network. The paper
specifically deals with the material development for the precast modular construction kit.
With the investigations of the fresh concrete properties, it can be shown that the segments with
different cross sections and shapes could be casted with the self-compacting UHPFRC specially
developed for QUICKWAY. A full scale casting test was carried out to show the feasibility. In
addition, the desired fixed concrete properties, in particular the compressive and tensile
properties of the concrete could be achieved and detected at the relevant points on the crosssection. With the material the design of the different hollow box girders can be executed.
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Through this approach, all components of the modular system for the QUICKWAY system
can be manufactured and dimensioned in their shape. The development of QUICKWAY has
thus advanced so far that a first construction project can get started.
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STRUCTURAL HEALTH MONITORING SYSTEM OF A CONCRETE
CABLE-STAYED BRIDGE
Jan Biliszczuk, Paweł Hawryszków, Marco Teichgraeber
Wrocław University of Science and Technology, Poland
Wybrzeże Stanisława Wyspiańskiego 27, 50-370 Wrocław, Poland
SUMMARY
In this paper a system of the Rędziński bridge will be described. The Rędziński bridge is the
biggest object along the A8 motorway around the city of Wrocław and the biggest concrete
cable-stayed bridge in Poland. For the purposes of the bridge monitoring a system of 222 sensors
was installed. Results from the first 5 years of work of the SHM will be presented below.
1. STRUCTURAL HEALTH MONITORING SYSTEMS IN POLAND
For over the last decade an intensive development of SHM systems has appeared in Poland
and some of them are installed in the following bridges:
• the Solidarity Bridge over the Vistula River in Płock (2007), which is the biggest cablestayed bridge in Poland, made of steel;
• the John Paul II Bridge over the Vistula River in Puławy (2008) – one of the largest arch
bridges in Poland, made of steel;
• the Rędziński Bridge (Fig. 1) over the Odra River in Worcław (2011), which is the biggest
concrete cable-stayed bridge in Poland, constructed along the motorway A8.
Furthermore SHM systems are not only installed on bridges. Under a constant observation is
also the roof structure of the National Football Stadium in Warsaw or the road surface on
motorway A4 which is built in the region of underground mine damages.

Fig. 1: View of the Rędziński Bridge [www.golowersilesia.pl]
2. DESCRIPTION OF THE RĘDZIŃSKI BRIDGE AND ITS SHM SYSTEM
The Rędziński Bridge (Biliszczuk et al. 2011) was open to traffic on 31st August 2011 and is
the biggest bridge along the motorway ring-road of Wrocław. It is a four-span cable-stayed
bridge situated over the Odra River. The spans are 50 m + 2 x 256 m + 50 m long (Fig. 2).
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The two separated concrete decks are connected to a single 122 m high concrete pylon located
on the Rędziński Island. The stay cable system consists of 160 stays. The decks were built
with the longitudinal launching method (Hawryszków, Hildebrand, 2012).

Fig. 2: General view of the Rędziński Bridge

Fig. 3: View of the Rędziński Bridge model in the SHM application. It shows a virtual
location of each sensor (NEOSTRAIN A)

- F, force sensors in cable strands (80 pcs.),
- Tt, angle rotation sensors (10 pcs.),
- Tr, linear displacement sensors (4 pcs.),
-W, wind speed and direction sensors (2 pcs.),
- Te, temperature sensors (16 pcs.),
- Sc, sensors measuring linear displacements
on concrete surface (16 pcs.)
- A, acceleration sensors (30 pcs.),
- CGD, global data server (1 pc.),

- Sc1, sensors measuring linear displacements
inside the concrete structure (24 pcs.),
- Sc2, sensors measuring stresses inside the
concrete structure (8 pcs.),
- Si, sensors measuring linear displacements
on steel surface (18 pcs.),
- Si1, sensors measuring stresses in the
reinforcing rods (16 pcs.),
- SAD, Local Data Saver (5 pcs.).

- EN, power connection (1 pc.),

Fig. 4: Measuring scheme of the Rędziński Bridge (Barcik, Sieńko, Biliszczuk, 2011)
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For the purposes of the bridge monitoring a system of 222 sensors was installed (Fig. 4). The
system is saving data concerning stresses in the concrete elements like the pylon and the decks, it is
measuring the forces and accelerations in 80 cable-stays, furthermore it is collecting data about the
temperature in the bridge elements with comparison of the current weather conditions. All
parameters are measured at the same time and saved in 6 local servers. The dynamic values are
registered with the frequency of 100 Hz. The database is available via internet through a
professional application. The application (Fig. 5) is equipped with an alert module that informs the
user about some dangerous or strange behaviours of the bridge elements. Moreover, it is equipped
with a 3D-model of the bridge, where the user can check the precise location of each sensor.
3. MEASUREMENT ANALYSIS
In 2016 a first overview of the registered data from August 2011 till December 2015 was made
(Biliszczuk, Onysyk, Teichgraeber, 2016). The analysed sensors were divided into 3 groups:
• for the cable stayed system: forces, temperatures and acceleration sensors,
• for the deck: stresses, temperatures and acceleration sensors,
• for the pylon: stresses, temperatures, acceleration and displacements sensors.
Some of the results are presented below in detail.
3.1 Cables – forces in strands
The cable stayed system is equipped in 80 force sensors (NEOSTRAIN b). Over each single
deck 20 cables are under the SHM observation. In Tab. 1 a comparison between the
beginning average and the last average force value is presented. Each sensor has its number
and code which informs the SHM user about its location. Numbers of the sensors W1-W20
are for the cables from the southern side of the pylon (Prague direction) and numbers W21W40 are for the northern cables (Warsaw direction; see Fig. 2). The letter L in the sensor
code means the left deck, and the P letter means the right deck. Then the letter W means
that the sensor is located on the internal cable row of the deck, the letter Z refers to the
external cables. The sensor is installed on the reference strand in each cable. The cables
were installed using the Isotension method, which guarantees the same force in each strand.
If the number of strands in cable is known – a simple calculation allows to define the force
in a whole cable.
During the analysis for each measured cable the maximum, minimum and average monthly
force value was saved. It was the basis for creating a global overview how the forces in 80
cables have been changing for the first 5 years. Generally a decrease of the force has place.
Moreover, during summer the force is increasing, and in winter it is lower again. Fig. 6
shows an example how the force in the longest stay-cable is changing. Fig. 7 shows the
same for the shortest cables.
According to the Figures 5 and 6 and Tab. 1 it is visible, that the decrease of the force in the
longest cables is between 6.4% and 11.8%, whereas in the shortest the differences are
between 7.0% and 16.8%. The biggest change had place in the middle cable W12-PW and
was about 21.7%. In cables W12-LZ and W28-PZ the change was about 0.2 %. Some
sensors are not working properly, like W24-PZ/F and W32-PZ/F.
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Tab. 1: Comparison of average monthly forces
Sensor

W1-LZ/F
W1-LW/F
W4-LZ/F
W4-LW/F
W6-LZ/F
W6-LW/F
W8-LZ/F
W8-LW/F
W10-LZ/F
W10-LW/F
W12-LZ/F
W12-LW/F
W14-LZ/F
W14-LW/F
W16-LZ/F
W16-LW/F
W18-LZ/F
W18-LW/F
W20-LZ/F
W20-LW/F
Sensor

W21-LZ/F
W21-LW/F
W24-LZ/F
W24-LW/F
W26-LZ/F
W26-LW/F
W28-LZ/F
W28-LW/F
W30-LZ/F
W30-LW/F
W32-LZ/F
W32-LW/F
W34-LZ/F
W34-LW/F
W36-LZ/F
W36-LW/F
W38-LZ/F
W38-LW/F
W40-LZ/F
W40-LW/F

Average
force,
August
2011
[kN]
1784
1433
3121
3001
3290
3229
3669
3771
4572
4482
4898
4441
5781
5493
5262
5428
5253
5018
3135
2966
Average
force,
August
2011
[kN]
1740
1380
3111
3025
3305
3229
3714
3670
4744
4570
4918
5759
5263
5614
5254
5281
3202
3448

Average
force,
December
2015
[kN]
1658
1237
3007
2921
2756
3254
3590
3758
4675
4419
4907
4384
5580
5362
4972
5220
4932
4681
2934
2716
Average
force,
December
2015
[kN]
1528
1185
3033
2930
3206
3006
3572
3614
4658
4438
4697
5448
5005
5233
4832
4928
2825
3041

Differ
-ence

Percent
change

Sensor

[kN]
-126
-196
-114
-80
-533
24
-79
-13
103
-62
9
-57
-200
-131
-290
-208
-322
-337
-202
-250

-7.0%
-13.7%
-3.6%
-2.7%
-16.2%
0.8%
-2.2%
-0.4%
2.3%
-1.4%
0.2%
-1.3%
-3.5%
-2.4%
-5.5%
-3.8%
-6.1%
-6.7%
-6.4%
-8.4%

W1-PZ/F
W1-PW/F
W4-PZ/F
W4-PW/F
W6-PZ/F
W6-PW/F
W8-PZ/F
W8-PW/F
W10-PZ/F
W10-PW/F
W12-PZ/F
W12-PW/F
W14-PZ/F
W14-PW/F
W16-PZ/F
W16-PW/F
W18-PZ/F
W18-PW/F
W20-PZ/F
W20-PW/F

Differ
-ence

Percent
change

Sensor

[kN]
-212
-196
-78
-95
-99
-223
-142
-56
-86
-132
-221
-310
-258
-381
-421
-353
-376
-408

-12.2%
-14.2%
-2.5%
-3.1%
-3.0%
-6.9%
-3.8%
-1.5%
-1.8%
-2.9%
-4.5%
-5.4%
-4.9%
-6.8%
-8.0%
-6.7%
-11.8%
-11.8%

W21-PZ/F
W21-PW/F
W24-PZ/F
W24-PW/F
W26-PZ/F
W26-PW/F
W28-PZ/F
W28-PW/F
W30-PZ/F
W30-PW/F
W32-PZ/F
W32-PW/F
W34-PZ/F
W34-PW/F
W36-PZ/F
W36-PW/F
W38-PZ/F
W38-PW/F
W40-PZ/F
W40-PW/F

Average
force,
August
2011
[kN]
3051.3
3069.3
3591.8
3253.1
3596.8
3550.4
4794.7
4448.6
4869.1
4722.2
5579.0
5598.2
5183.5
5374.6
5285.3
5323.7
3199.6
2952.4
Average
force,
August
2011
[kN]
1279
1455
3088
3028
3458
3426
3610
3614
4532
4745
904
4942
5664
5668
5437
5352
5220
5134
3029
3303

Average
force,
December
2015
[kN]
1524
1304
3001
2993
3625
3116
3643
3595
4823
4368
4764
3696
5599
5455
4987
5241
5022
5072
2959
2701
Average
force,
December
2015
[kN]
1064
1266
603
2954
3316
3443
3619
3679
4641
4650
4893
4849
5497
5460
5172
4726
4981
4979
2718
3010

Difference

Percent
change

[kN]
-50.1
-76.5
33.7
-136.7
46.4
44.8
27.8
-81.1
-104.6
-1026.7
20.2
-143.5
-196.8
-133.9
-263.5
-251.5
-240.4
-251.6

-1.6%
-2.5%
0.9%
-4.2%
1.3%
1.3%
0.6%
-1.8%
-2.1%
-21.7%
0.4%
-2.6%
-3.8%
-2.5%
-5.0%
-4.7%
-7.5%
-8.5%

Difference

Percent
change

[kN]
-215
-189
-2485
-74
-141
17
9
65
108
-96
3988
-93
-167
-208
-265
-626
-239
-155
-312
-293

-16.8%
-13.0%
-80.5%
-2.4%
-4.1%
0.5%
0.2%
1.8%
2.4%
-2.0%
441.0%
-1.9%
-2.9%
-3.7%
-4.9%
-11.7%
-4.6%
-3.0%
-10.3%
-8.9%

Fig. 5: The monthly average forces in case of the longest stay-cables W40-PZ/F and W40-PW/F
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The decrease of forces in cables is a natural process caused by shrinking and creeping of the
concrete elements of the bridge. Furthermore, the temperature changes of the whole
construction in summer and winter are seen as the local extreme values on the diagrams. A
similar change is visible in a day/night cycle, which is shown on Fig. 8. The change of forces
for each cable row is shown in the Fig. 7.

Fig. 6: The monthly average forces in case of the shortest stay-cables W1-LW/F and W1-LZ/F

Fig. 7: Change of the monthly average force in cables, in each row

Fig. 8: Forces change between 3/04/2016 and 16/4/2016 in four random cable-stays – a
diagram generated using the SHM application
The measurements from the first 5 years are a basis for an advanced durability assessment of
the cable stays in bridges under live loads.
3.2 Pylon – angular displacements
Between August 2011 and December 2015 the extreme monthly values of the angular
displacements were measured. In the orthogonal direction (Y in the sensor code) to the pylon
surfaces the displacement were measured on 3 levels (Fig. 10):
• on the bottom of the pylon, sensors: P0-L/Tt/Y, P0-P/Tt/Y,
• on the pylon’s cross-beam, sensors P17-L/Tt/Y, P17-P/Tt/Y,
• on the top of the pylon, sensors: P30-L/Tt/Y, P30-P/Tt/Y.
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In the pylon surface (X in the sensor code) only rotation on the top were measured:
• sensors: P30-L/Tt/X, P30-P/Tt/X.
Tab. 2 shows the comparison with the allowed values. Measured angular displacements are
below maximum designed values.
Tab. 2: Measured and allowed angular displacements
Sensor

Minimum
displacement

Maximum
displacement

P0-L/Tt/Y
P0-P/Tt/Y
P17-L/Tt/Y
P17-P/Tt/Y
P30-L/Tt/X
P30-L/Tt/Y
P30-P/Tt/X
P30-P/Tt/Y

-0,01°
-0,01°
-0,06°
-0,06°
-0,09°
-0,06°
-0,11°
-0,12°

0,10°
0,05°
0,08°
0,08°
0,09°
0,04°
0,08°
0,12°

Maximum
designed
displacement
1,09°
1,09°
2,74°
2,74°
0,85°
1,47°
0,85°
1,47°

3.3 Pylon – stresses in the cross-beam
The upper cross-beam of the H-pylon of the Rędziński Bridge is exposed to a big torsion
moment. The designer of the bridge decided to construct a steel box inside (Biliszczuk et al.
2011). Moreover, the cross-beam was pre-stressed with 18 cables. To have a constant overview
of the stresses in the structure, sensors were installed inside and outside the box, at the steel and
concrete surface. Fig. 9 shows the localization of each sensor set. The diagrams in Fig. 10 and
11 show, that stresses are slowly increasing in the structure – minus means compressing. The
yellow and blue lines describe the values of sensors installed under 60 degrees to the bolt axis.
The green line is for the sensor installed in the direction of the cross-beam axis.
Sensors shown on
diagrams in Figures
10 and 11

Fig. 9: Sensors in the pylon’s cross-beam

Fig. 10: Monthly average values of stress in concrete for the northern outside
cross-beam surface
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Fig. 11: Monthly average values of stress in steel for the northern outside cross-beam surface
3.4 Temperature comparison between pylon, deck and cables
The 5 years analysis enables a comparison between temperatures in the main structural
elements of the bridge. It is an important issue to the Polish Standards, because there is no
information about temperature distribution for cable-stayed bridges. Information from the
SHM system can be in this case a basis for creating the national attachments for the upcoming
Eurocode edition.
A diagram in Fig. 12 how the average temperature changed in the cables, deck and pylon. A
period of improper work of sensor is visible – the orange line.

Fig. 12: The monthly average temperature in cables, deck and pylon
Tab. 3: Extreme temperatures in each element.
Element
Cables
Pylon
Deck

-20.89
-9.05
-12.72

Minimum temperature [°C]
(February 2015)

Maximum temperature [°C]
(August 2015)
44.37
36.03
33.97

Fig. 13: Two weeks temperature changes in the concrete deck sensors
In the Polish Standard PN-85/S-10030 Bridges – the temperature changes for steel elements are
from -25°C till 55°C and for the concrete elements from -15°C till 30°C. The Tab. 3 shows that
the temperatures in deck and pylon were higher than allowed. Furthermore short-term

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVENCED CONCTERE STRUCTURES
– 434 –

temperature changes are also well visible. The diagrams below show how the temperature is
changing in the deck structure and pylon between 3rd of April 2016 and 16th of April 2016.

Fig. 14: Two weeks temperature changes in the pylon’s cross-beam
(in concrete and in steel elements)
4. CONCLUSION
All measurements were taken in real weather conditions and under real loads by the SHM
system. Such an overview gives the opportunity to compare the measured values (stresses in
concrete and steel elements, the displacements of the pylon and the deck, the change of forces
in cable stays) with each other. A long term observation of the force in cable stays with an
additional dynamic analysis made with an FEM-model can be a first assessment of the fatigue
durability of steel in these structural elements. SHM systems are an innovative research
method, because they not only give the opportunity to a constant supervision of the bridges,
but also enable the engineers and researches to work with reliable measured data. Such
investigations are a valuable contribution to modern civil engineering.
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CONSTRUCTION OF A THIN WALLED CONCRETE SHELL EVENT
CANOPY
Benjamin Kromoser, Johann Kollegger
TU Wien, Institute for Structural Engineering
Karlsplatz 13/ E212-2
1040 Vienna
SUMMARY
Shells are efficient structures, which enable a very high utilization of the construction material
concrete. Unfortunately, most formwork technologies required for the construction of
concrete shells are labor and material intensive. A very resource efficient alternative
construction method invented at TU Wien is called “Pneumatic Forming of Hardened
Concrete (PFHC)” as described in Kromoser and Kollegger (2014, 2015). A flat concrete
plate is transformed into a double curved shell by inflating an air cushion placed under the
concrete plate and by tensioning additional post-tensioning tendons mounted at the
circumference. Currently the construction method is first practically applied for the
construction of an event canopy with the plan measurements of 26.5 x 19.1 m and a height of
4.2 m. The present contribution describes the functionality of the construction method, the
design process and the construction process of the structure.
1. INTRODUCTION
The utilization of concrete as construction material can be increased sharply by optimizing the
form of the structure according to the applied loads. The particular forms found can
exemplarily be concrete shells and have a free formed geometry in most cases requiring a
complex formwork and falsework to be produced. To address this problem, a new shell
construction method was invented at the TU Wien with the name Pneumatic Forming of
Hardened Concrete (PFHC). The idea is to simplify the production of such concrete shell
structures by bending a thin flat hardened concrete plate to a double curved shell structure.
The flat hardened concrete plate is lifted by inflating an air cushion placed underneath the
concrete plate and by tensioning post-tensioning tendons mounted at the circumference as
shown in Fig. 1. The core of the construction method is the “cold” bending process of
concrete itself. The bending behaviour of hardened concrete plates with 50 mm, 100 mm and
120 mm thickness, with different reinforcement types and reinforcement ratios could already
be tested in extensive preliminary experiments. In detail, centric tensile tests and bending tests
were performed as described in Kromoser and Kollegger (2014, 2015, 2017). The
functionality of the complete construction method could already be tested in two large scale
experiments where a spherical concrete shell with 10.8 m diameter and 3.2 m height as well
as a free formed concrete shell with the plan measurements of 17.6x10.8 m and a height of 2.9
m were erected as explained in Kromoser and Huber (2016). Both shells had a thickness of 50
mm. Currently, in the course of developing the construction method, the next step is to apply
the method for the construction of a first building. On behalf of the Austrian Railways (ÖBB
infrastructure) a first shell with the plan measurements of 26.5x19.1 m, a height of 4.2 m and
a thickness of 50 mm is built in Carinthia in the south of Austria. The building is used to test
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Fig. 1: Construction of a concrete shell originating from a thin flat hardened concrete plate by
the aid of an air cushion placed underneath the plate and tensioning a post-tensioning tendon
mounted at the circumference
and to improve the building technique for the construction of a deer pass over the twin-track
railway line Koralmbahn.
2. PROJECT SCHEDULE
The shape of the presented concrete shell is optimized for the shell bridge, which is currently
built as second building and main structure. An additional development step, described in the
present paper, in terms of the construction of a shell exactly in scale 1:2 was introduced to
further improve the production process, to avoid procedural problems and to evaluate the
accuracy of the built concrete shell on site. The two shells are shown in Fig. 2. Both buildings,
the event canopy and the shell bridge, were awarded within one tendering procedure to ensure
that one company receives the order to build both structures. The reason for this is to avoid a
loss of knowledge between the construction of the first and the second main shell. The
complete construction process, the accuracy of the finished shell and all details of the test
structure were evaluated after the erection of the test structure was completed and were used
to improve the production process and the construction planning of the bridge.

Fig. 2: Concrete shell of the event canopy (left) and the shell bridge serving as deer pass (right)
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3. DESIGN OF THE SHELLS
3.1 Design of the shell bridge
The shape of the complete shell for the shell bridge is mainly affected by three factors (1) the
applied loads (dead weight of the shell and the vertical and horizontal forces from the earth
covering), (2) the minimization of the construction material needed and (3) the procedural
requirements from the PFHC-method. The complete optimization process is described in
Pachner and Kromoser (2016). A particle-spring system was chosen as basis for the
optimization. Considering the diversity of existing requirements the optimization process of
the bridge has been split into four steps as shown in Fig. 3. After finding the optimal geometry
for the reference geometry of the bridge, two surface patches were added to complete the
cupola. In a third step the resulting geometry consisting of a Non-Uniform Rational B-Spline
Surface (NURBS) undergoes a discretization process resulting in semi-discrete segments that
will finally be unrolled. The special form of the segments found enables a good
approximation of the optimized smooth concrete shell geometry.

Fig. 3: Design process of the shell bridge serving as deer pass
3.2 Design of the event canopy
The geometry of the complete concrete shell for the construction of the event canopy conforms
with the found geometry of the bridge in the scale 1:2 as shown in Fig. 2 to be able to measure
the shape and to compare it with the designed geometry. Generous cut-outs adjusted to the static
behaviour were designed for the further use of the structure. The ready inflated 50 mm thick
concrete shell serves as formwork and is part of the final structure. After the joints between the
elements are filled additional reinforcement and an additional shotcrete layer are applied in the
relevant areas. The total thickness of the final event canopy is constantly decreasing from 220
mm at foundation connection to 150 mm at the vertex. Fig. 5 shows the dimensions of the
designed structure. A detailed static analysis showed maximal elastic deformations of 17 mm
under self-weight as shown in Fig. 6. The modulus of elasticity was reduced to 2080 – 8810 MPa
according to the occurring stresses in the shell. A stability analysis showed a buckling load factor
of 8.4 for the first eigenmode for a non-linear load increase until buckling. The first eigenmode is
shown in Fig. 7. In addition, the authors performed a parameter study for the impact of
imperfections from 0 – 300 mm. The first eigenmode (Fig. 7) was chosen as form for the
imperfection. A second parameter study was performed to determine the impact of a decreasing
stiffness of the shell on the buckling behaviour. For this study, the modulus of elasticity was
chosen constant for the complete structure in contrast to the first stability study explained above.

Fig. 4: Design process of the event canopy: (1) design of the event canopy, (2) completion of the
structure to a full dome, (3) discretization to single curved strips, (4) unrolling to a flat plate
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Fig. 5: Design of the event canopy

Fig. 6: Elastic deformations under self-weight

Fig. 7: First eigenmode of the event canopy
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Fig. 8: Buckling load factor – imperfections diagramm (left) and Buckling load factor –
Modulus of elasticity diagram (right)
Glass-fibre rods are used as reinforcement for the flat plate to absorb the occurring strains
during the bending process. A conventional steel reinforcement is used for the secondary
reinforcement of the flat plate and as reinforcement for the additional applied concrete layer.
4. CONSTRUCTION PROCEDURE
The complete production process of the event canopy is shown in Fig. 9.
4.1 Preparatory works
In the first step of the preparatory works, the drainage and the foundations are built. In the
second step a granular subbase and a flat smoothened concrete plate as operation level above
is manufactured. In the third step, the foil serving as pneumatic formwork and the single
curved formwork as well as the reinforcement are placed on top (see Fig. 10) before the
concrete plate is cast. The single curved formwork for the flat plate was produced by using a
numerical controlled mill to comply with the specified accuracy. A very accurate production
of the flat plate is very important as the flat plate directly reflects the accuracy of the final
shell structure. Spacers are mounted between the elements after stripping the formwork of the
flat plate. These spacers were made of a mixture out of epoxy resin and sand. This material
combination showed a favourable behaviour with elastic properties to absorb peak stresses
caused by grains. The compressive strength was determined in compression tests to

Fig. 9: Construction procedure for the event canopy: (1) foundation, (2) flat smoothened
concrete plate as operation level, (3) flat starting plate with wedge shaped outlets, (4)
transformed shell, (5) application of the additional reinforcement and the additional concrete
layer in the relevant areas, (6) production of the cut-outs
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Fig. 10: Air cushion (left) and ready mounted reinforcement of the flat plate (right)
83.3 MPa as a mean value of three experiments. Additional temporary steel profiles are fixed at
the elements to avoid a transversal displacement of the elements in the course of the lifting
process from the flat plate to the designed double curved shell. These profiles were rented parts
and were returned to the formwork company after completion of the transformation process.
4.2 Transformation from a flat plate to a double curved shell
In the next step as shown in Fig. 11, the shell is erected with the PFHC construction principle
by inflation of the pneumatic formwork and by tensioning the post-tensioning tendons with
four jacks at two anchor blocks placed at the circumference. Subsequently the joints are filled
with grout and the tendons are post-tensioned to a calculated force afterwards. Furthermore, a
175 mm wide area at the floor connection was roughened and a small abutment was cast to
secure the thin shell against horizontal displacements. Fig. 12 (left) shows the ready
transformed shell from inside.
4.3 Finalizing work
The surface of the shell was high-pressure water jetted to ensure a good bonding between the
concrete layers. Then additional reinforcement is placed on top of the shell in the relevant
areas as shown in Fig. 12. A special reinforcement is drilled into the foundation to absorb the
bending forces and the horizontal forces at the intersection of the shell and the foundation.
The additional concrete layer was applied in three steps by using shotcrete of the type
SpC 30/37/III/XC4/XF4/HZ1,5/GK4. At first, the reinforcement at the edges of the shell was
encased in concrete in the lower parts. In the next step, the first layer was applied in the upper
parts of the shell. In the last step, the final 50 mm thick layer shotcrete was sprayed on top of
the event canopy and was smoothened afterwards. The air cushion initially serving as

Fig. 11: Initially flat plate (left) and finished concrete shell (right) (© webcam of Dipl.-Ing.
Wolfgang Reinisch - http://reinisch.at/ on behalf of the Austrian railways (ÖBB))
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Fig. 12: View from inside of the shell for the event canopy after inflation (left) and ready
mounted reinforcement for the additional concrete layer
lifting device was inflated again during the concreting work to support the 50 mm thin
concrete shell (span 19.1 x 26.5 m). In the following work steps, the cut-outs were made and
the edges of the shell were smoothened with repair mortar to avoid a corrosion of the
constructive conventional reinforcement of the 50 mm thin shell. Finally, the flat concrete
floor is high-pressure water jetted and an inclining concrete is applied.
5. ACCOMPANYING MEASUREMENTS AND SUBSEQUENT STRUCTURAL
ANALYSIS
The form of the shell was steadily supervised by 3D laser scans from inside to be able to
assess the changes during the complete construction process. The measured 3D point cloud
was approximated by a B-spline surface for the import into a FEM structural analysis
software. Thus, it was possible to analyse the static behaviour of the really built structure. The
results showed that only small changes with a very minor impact at the static behaviour could
be observed after the erection of the shell.

Fig. 13: Event canopy during the cutting process with view from above (left) and view from
inside (right)
6. CONCLUSIONS
Concrete shells are efficient structures. The PFHC construction principle provides an
alternative way to build these kind of structures with high accuracy without requiring the
labour and material intensive formwork. The core of the construction method, bending
hardened concrete plates, could be optimized within numerous preliminary tests and the
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functionality could be tested within two large scale experiments. Currently the construction
method is first practically applied on behalf of the Austrian Railways (ÖBB). A two-step way
was chosen for a first practical application of the construction method. At first, an event
canopy, described in the present contribution, was built as test structure for the construction of
a shell bridge over the two-rail track Koralmbahn. A detailed 3D laser scan of the shell
showed minor deviations to the designed reference geometry. The construction process and all
details of the construction were analysed and improved for the design and construction of the
bridge. Summarizing, the construction of the event canopy proved the good applicability of
the construction method on site and delivered valuable new findings for a further
improvement.
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DESIGN AND CONSTRUCTION OF TILTED WALLS IN ACCORDANCE
WITH CODES' PROVISIONS ON THE EXAMPLE OF THE
CONSTRUCTION OF THE MUSEUM OF THE SECOND WORLD WAR
IN GDAŃSK
Krystyna Nagrodzka-Godycka, Marta Wiśniowska
Gdańsk University of Technology
Gabriela Narutowicza 11/12, 80-233 Gdańsk, Poland
SUMMARY
The purpose of this article was to introduce the design and construction process of tilted walls
in accordance to codes' rules. The construction of the Museum of the Second World War in
Gdańsk (Fig. 1) was chosen to be an example of its successful use in practice. Theoretical
knowledge was based on European Standards (EN 1990, EN 1991, EN 1992) and fib Model
Code for Concrete Structures. Both designing and building process was taken into
consideration. One of the Authors was working as a site engineer on the construction of the
Museum what provided an inside view on the matter.

Fig. 1: Building of the Museum of the Second World War in Gdańsk- visualization
1. MUSEUM OF THE SECOND WORLD WAR IN GDAŃSK
1.1 Characteristics of the building
The design of the building of the Museum of the Second World War in Gdańsk was
chosen in the international architectural competition. The winning architecture has been
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described as "a new symbol of Gdańsk", "a new icon" or a "sculptural design". Building
site started in July 2012 with building of a dry pit and Museum’s first level which is over
14 meters underground. Museum, which floor surface reaches over 30 000 m2, is divided
into three parts: the underground - which is devoted to the exhibitions, car parks and
technical background, the administrative building which is an isolated structure for
administrative purposes and the last part, reaching over 40 meters above the ground - the
leaning "tower" mainly for education and leisure.

Fig. 2: FEM model of the building
The structure of the building has a complicated, varying geometry on each floor.
To provide structure stability and analyse all impacts such as environmental loads (snow,
wind) and live loads on the structure, an exact 3D model of the whole building was made
to conduct FEM analysis which is presented in Fig. 2.
1.2 Tilted walls
The above-ground section is a leaning triangular prism with all the walls being inclined
on different angles. The most tilted wall is constructed on the angle of 56 degrees, the
others - 65, 72 and 75 degrees. Among many challenges during the construction of the
Museum the most spectacular, in Authors' opinion, was the construction of the falling off
wall. An example of a stress distribution in the falling off wall is presented in Fig. 3.
Concrete class for most construction elements was designed as C30/37, yet in case
of walls it was increased to C35/45. In addition architectural concrete was used what
required special treatment and technology. In case of compacting concrete internal
vibrators were used, the time of removing formworks was also restricted, as keeping it too
long may change the color of concrete. Reinforcement bars were made of steel BSt 500/
AIIIN.
Structural stability of the tilted walls was reached mainly by monolithic connections with
interfloor slabs. An exemplary construction of the connection between the two elements
is presented in Fig. 4.
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Fig. 3: Map of a stress distribution in a fall off wall

Fig. 4: Monolithic connection between tilted wall and slab.
Looking back at Fig. 2 it can be seen that on the highest floors there were no slabs
connected to the falling off wall. To prevent distortions a special reinforced concrete beam
was constructed that connected the falling off wall with a wall on the opposite side of the
building (see Fig. 5). The beam reaching from one corner to another is supported
by a column in the middle of its span.
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Fig. 5: FEM model with a view on the "connecting beam"
2. CODES' PROVISIONS REGARDING WALLS
2.1 Detailing of members
Both EN 1992-1-1:2004 and fib Model Code for Concrete Structures (fib, 2010) give rather curt
provisions regarding the construction of walls. There is a minimum and maximum areas for
vertical reinforcement (As,vmin = 0.002Ac; As,vmax = 0.4Ac) and minimum area for horizontal
reinforcement (As,hmin = max(0.25Asv; 0.001Ac)) specified as well as distances between two
adjacent bars (EN: sv ≤ min(3t;400 mm); sh ≤ 400 mm, MC: sv ≤ min(2t; 300 mm)). Eurocode 2
also suggests that the amount and proper detailing of reinforcement may be derived from strutand-tie model, yet it seems unlikely to use it properly in such a complicated case of a tilted wall.
2.2. Durability and concrete cover to reinforcement
EN 1990:2002 specifies five design working life categories lasting from 10 to 100 years. The
design working life is the assumed period for which a structure is to be used for its intended
purpose with anticipated maintenance but without major repair being necessary. Selection of
one category affects later analysis including the choice of material properties (fatigue, creep,
shrinkage) or required concrete cover. Although it is recommended in EN 1990 to assume a
design working life of 50 years for building structures, Museum was classified as a
monumental building with a design working life of 100 years.
The concrete cover is the distance between the surface of the reinforcement closest to the
nearest concrete surface. The nominal cover, according to EN 1992-1-1 is a sum
of a minimum cover (cmin) and an allowance in design for deviation (Δcdev). While calculating
the required concrete cover, Eurocode gives us a choice to decide on the value of Δcdev
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between 0 and 10 mm. In case of such a complicated structures as tilted walls Engineers have
a possibility to choose higher value for safety reasons.
2.3 Wind
The most unfavorable case of wind load on the fall off wall is suction which causes the
increase of tensile. In Authors opinion wind load analysis that would specify pressure caused
by suction was crucial. Yet modelling of wind actions presented in EN 1991-1-4:2005 does
not cover a case of a wind acting on a falling off wall. As the value of pressure differs
depending on the angle of the roof construction, the same should be assumed in case of a
tilted wall. Therefore to complete code's requirements, solutions proposed in literature were
used (Flaga, 2008).
2.4 Load arrangements
EN 1991-1-1:2002 suggests that where imposed loads from several storeys act on walls, the
total imposed loads may be reduced by a factor αn = [2+(n–2)ψ0]/n, where n is the number of
storeys (n>2) and ψ0 is in accordance with EN 1990, Annex A1, Table A1.1. In case of
Museum the reduction factor, αn, on the highest, 7th floor could be about 0.7 – 0.8. Yet for
safety reasons there was barely no reduction made in case of tilted walls.
3. CONCLUSIONS
The aim of the article was to assess to what extend are Codes helpful while dealing with non standard elements. Unlike structural advance, Standards seem to analyse only basic cases and
elements. It is Structural Engineers' job to use their knowledge and experience to fit those
basic guidelines for more complicated forms. Fortunately although codes' recommendations
seem curt, practice prove structural advance.

Fig. 6: Museum of the Second World War under construction. pict. R. Jocher
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Fig. 7: Museum of the Second World War under construction. pict. R. Jocher
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PRECAST BRIDGE GIRDERS TO SPAN 44 M
Gábor Durovszky, Eörs Henrik Thék
Ferrobeton Zrt.
H-2400 Dunaújváros, 18-22. Papírgyári str.
SUMMARY
During the implementation of the bridge projects in Hungary in the early 2000s there was a
need to use 36-38 m girders, instead of the max. 34.8 m (34 m span) precast concrete bridge
girders, which were used before.
The following needs were conceived:
• in the case of single road bridges (even pointed angle crossing)
• and during motorway construction there was a need for a single span bridge above
highways (2x2 lanes + 2 emergency lanes + separating lane), and this solution has
economic and traffic safety advantages (removing the middle support for better visibility
during driving)
To meet the above needs, Ferrobeton Zrt. developed the FI-150/44.80 type bridge girder with
the cooperation of the Department of Structural Engineering of the Budapest University of
Technology and Economics and the design experts of Uvaterv Zrt.
1. BACKGROUND
Ferrobeton Zrt. manufactured and transported precast concrete bridge girders for hundreds of
bridges for motorway constructions in Hungary from the mid 1990s until the mid 2000s. It also
developed the above-mentioned increased span bridge beams between 2003 and 2005. We
cooperated during the implementation of development projects with the following partners:
• Department of Structural Engineering at the Budapest University of Technology and
Economics:
− preliminary tests were carried out using high strength concrete (C90/105) in pre-stressed
concrete bridge girders. As a result of the tests the Hungarian bridge structure
requirements have been supplemented by Technical Delivery Terms for using high
strength concrete at road works (Fig. 1),
− the university department performed the independent structural verification of the
developed product.
• Uvaterv Zrt. experts created the shop drawings of the new girder type in close cooperation
with the professionals of Ferrobeton Zrt. to specify the technological implementation
opportunities.
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2. GIRDER DEVELOPMENT
Ferrobeton Zrt. generally uses the following strategies and principles during the development
of bridge girders:
• Professional cooperation with a wide range of well-established design organisations offices
• Investigating and recognising the needs of the clients, contractors and managers, and
adapting the technical solution to their needs
• Cooperation with research projects, implementing the results during development
2.1 General requirements for bridges constructed by precast bridge girders
•
•
•
•
•

Enough durability
Sustainable structural details: accessibility without enclosed spaces
Adequate concrete cover
Adequate concrete quality
Provide solutions with structural advantages

Fig. 1: Load tests of the C90/105 concrete quality test bridge girders at the Budapest
University of Technology and Economics
The result of this development is the FI-150/44.80 type bridge girder with the cross-section
shown in Fig. 2.

Fig. 2: The developed support structure
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In the case of the bridge girders, the composite action is ensured by a 25 cm thick cast in situ
bridge deck. Therefore, the combined total structure from the 1.75 m high precast bridge girder
and the cast in situ slab in the case of 44.8 m long girders and 60 cm - 60 cm support results in
an especially thin load-bearing superstructure with a 43.6 m span. An interesting characteristic
of the bridge girder is the 430 kg/m3 specific steel content (normal reinforcement + strands – 82
strands with 115 kN pre-stressing force per strand), with the significant specific steel content
and the crushed basalt, the specific density of the girder is 28.5 kN/m3.
3. LOCATION
OF
THE
MANUFACTURING,
MANUFACTURING CHARACTERISTICS

CAPACITY,

OTHER

• Location:
– Ferrobeton Zrt., Dunaújváros factory
– 25 ha manufacturing hall + storage area with crane
– all production takes place in the manufacturing halls
• Concrete factory:
– two separate concrete pants
– each plant has a 2 m3 mixer with a 1.1 m3 backup mixer
– suitable for winter operation
– 2000 T closed additive storage capacity (18 bunkers)
– suitable for handling special aggregates (e.g. crushed basalt)
• Steel frame preparation:
– with own capacity
– curving reinforcement
– spot welded mesh production
• Manufacturing hall (parameters of the manufacturing stations suitable for the production of
the given girder type):
– 6x100 m and 2x110 m production table
– Pre-stress posts with 10 000 kN bearing capacity
– Radio remote controlled bridge crane with 2x300 kN load bearing capacity
– complete steam generate and spread system.
The realised production technology is suitable for the production of FI-150/44,80 of precast
pre-stressed concrete bridge girders (height: 1.5 m, length: 44.8m, own weight: 565 kN, prestressing force: 9430 kN, concrete grade: C60/75) (Figs. 3 and 4).

Fig. 3: Bridge girder production (reinforced construction)
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Fig. 4: Bridge girder production, transportation within the plant
The material transportation options available in the plant are suitable for the professional
storage of the long span bridge girders, which is an important factor in the viability in the
execution of construction projects (Fig. 5).
The plant has industrial railways, so the girders can be transported to the constructing site by
combined transportation means (railway + road transport).

Fig. 5: Transportation of bridge girders within the Dunaújváros plant
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4. COMPLETED CONSTRUCTION PROJECTS
4.1 M7 motorway Z-15 bridge (Fig. 5):
•
•
•
•
•

Motorway overpass above state road 7
Year of construction: 2007
FI-150/42.80 type girders: 2x12 = 24 pieces
Total: 1027.2 m
Dual-support structure with a 41.6 m open space

Fig. 5: M7 motorway Z-15 bridge
4.2 M6 motorway
Tab. 1 shows the type and amount of built-in bridge girders for the 5 M6 motorway viaducts
on the Dunaújváros-Szekszárd section.
A significant construction project resulted in the extended use of girders, there were 6
viaducts on the project section, and in the case of 4 of them the superstructure were
redesigned for precast FI-150 type girders.
Viaducts built with FI-150 girders (Fig. 6, 7, 8, 9):
• 4 viaducts built with FI-150 girders
• Total: 27.026 m
• 687 girders, including 441 with a length over 44.0 m built into superstructures with
multiple supports.
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Tab. 1: M6 motorway viaducts on the Dunaújváros-Szekszárd section

Fig. 6: FI-150 girder cross-section, longitudinal section, view from above
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Fig. 7: FI-150 girder

Fig. 8: FI-150 girder
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Fig. 9: FI-150 girder
4.3 M3 motorway (Fig. 10, 11)
• 22 bridge structures in total: 14109.4 m bridge girders of which, in the case of 10 bridges
(underpasses) FI-150 type girders
• FI-150/41.80 m - 44.80m: 115 girders
• Total length of girders: 4974 m

Fig. 10
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Fig. 11
Significant bridge construction projects implemented using these girders:
• M6 motorway between Dunaújváros and Szekszárd, 4 new highway overpasses (built with
approx. 25000 m girders of overall length, including 470 girders with a length of 44 m)
• single span motorway underpass bridges in the Vásárosnamény area of the M3 motorway.
A significant project in the near future focuses on the floodplain bridge above the river Kőrös
on the M44 motorway (producing and installing 176xFI-150/42.80 girders)
Logistical tasks when using large girders in such a large number:
• relocation and storage tasks in the factory (possible temporary storage at the site).
• craning
5. INDUSTRY RECOGNITIONS FOR THE FI-150 BRIDGE GIRDERS IN
HUNGARY
Professional recognitions for the implemented development project:
• Uvaterv Zrt. received the Tierny Clark award for shop drawing (also involved: Ferrobeton
Zrt., Department of Structural Engineering and Structures of the Budapest University of
Technology and Economics) (Fig. 12)
• Ferrobeton Zrt. received the Innovation Award from the Hungarian Intellectual Property
Office in 2010 for the realisation of the developed structure in a significant volume
(collaborators: Department of Structural Engineering of the Budapest University of
Technology and Economics, Uvaterv Zrt) (Fig. 13).
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Fig. 12

Fig. 13
6. CONCLUSIONS
From the perspective of 10 years we can say that:
Although this business seemed presumptuous – thanks to the successful developments – this
FI-150 prestressed precast bridge girders with extraordinary high span resulted in a really
useful product.
We produced this kind of prestressed precast bridge girder 100 km long.
Designers and customers also use it willingly, so in the near future we have a good chance of
use this bridge girder for more bridges.
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VTR® - MODULAR BRIDGE CONCEPT FOR SKEW INTERSECTIONS
Dragoş Alupoaie1, Elena Meteş2, Sergiu Enache3, Gavril Köllö4, Edward Petzek2
1
EUROCONSTRUCT TRADING 98 & Technical University Cluj Napoca, Romania
2
SSF-RO & University Politehnica Timişoara, Romania
3
SSF-RO, Timişoara, Romania
4
Technical University Cluj Napoca, Romania
SUMMARY
An effective bridge solution should take into account many important aspects: reduced costs,
fast and simple erection, modularity, durability and robustness, low maintenance costs and
pleasant appearance. Their competitiveness depends on several circumstances such as site
conditions, local costs of material and staff, and the contractor’s experience.
A new construction concept called VTR was applied in Romania for several motorway
bridges, structures which do not stand out because of their size or because of their complexity.
But the VTR solution is characterized by premises, which could be remarkable for
beneficiaries as well as for contractors: a steel–concrete composite girder system, based on a
high degree of prefabrication, which can be realized economically and in short time. The
article provides details about this solution and case studies.
1. INTRODUCTION – THE VTR SYSTEM
Finding the best solution for a large bridge is challenging, as factors such as integrity of the
structure, fastness in execution, cost-effectiveness have to be considered. The VTR® modular
solution (the name comes from the German “VerbundTrägerRost”) was designed to offer both
the beneficiary and the constructor an advantageous structure. The concept is based on a steelconcrete composite girder system using a high degree of prefabrication. No formwork carriage,
minimal formworks on site, light and simple shaped parts for easy manoeuvre – these are some
of the objectives set out to improve and accelerate the work on site. On the other hand the
structure must be durable, robust, slender and low maintenance (Petzek et al. 2016).
The taking over of the earthquake and the breaking forces for bridges with large lengths is an
important aspect during the design process. The adequate solutions in this case are bridges
with continuous girders or integral bridges. In case of the continuous girders, because of the
big seismic forces and the displacements, seismic isolators must be used. The monolithic
bounding of the piers to the superstructure, therefore usage of an integral bridge solution
offers increased structural stiffness and restricts the displacements.
Advantageous structures result by applying the VTR modular construction method for integral
or semi-integral bridges. The number of bearings and expansion joints is reduced or
eliminated, simplifying the construction process and future maintenance. This system can also
be applied for structures with a curved alignment or structures with skew intersections. In case
of the skew intersections, the infrastructure can follow the skew, by maintaining a simple,
regular deck conformation.
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Phase 1

Phase 2

Phase 3

Phase 4

Phases 5 and 6

Phase 7

Phase 8

Fig. 1: The VTR® modular bridge solution
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A VTR superstructure is made out of modules, like a 3D puzzle game (Petzek et al. 2016).
Construction stages (Fig. 1):
1) The steel main girders are manufactured in the workshop and brought on site. On the
upper flange shear stud connectors ensure the composite action between the girders
and the slab.
2) Prefabricated concrete cross beams are placed on top of the steel girders. For the
connection to the steel girders, the cross beams are provided with longitudinal
connection reinforcement and with openings in which the studs can reach through.
3) Prefabricated reinforcement modules are mounted between the cross beams, on the
steel girders.
4) The longitudinal connecting areas are concreted. Thus an initial bond – a composite
steel-concrete girder system – is created:
• in longitudinal direction the steel boxes and the first in-situ concrete phase and
• in transversal direction the prefabricated beams.
5) Prefabricated concrete slabs are placed on the composite girder system. The slabs may
have the final height of the deck, or they may be half-plates.
6) Connection reinforcement in the slab is added and it may as well be designed as
prefabricated cages. The geometry permits wide concrete joints and large overlapping
lengths of the reinforcement bars.
7) The bridge deck is concreted, connecting all separate prefabricated elements. Minimal
formwork for the deck is needed.
8) In the final phase the structure is equipped with waterproofing, asphalt layers,
parapets.
2. CASE STUDY: MOTORWAY BRIDGE OVER THREE RAILWAY LINES CF300
AND CF201
The Sebes – Turda Motorway provides the link between the A1 Motorway and A3 Motorway
’
in Romania,
ensuring a traffic flow from the north-west to the south-east of the country,
through the capital Bucharest. The entire section is under construction by a design and build
contract. In case of the second lot, three bridges with lengths over 200 m were redesigned
using the VTR system. The change was made taking into consideration the short erection
time, but also economic aspects.
One of these bridges is situated at km 26+350 over three electrified, main railway lines, the
CF300 and the double CF201. Because the VTR solution is well suited for skew bridges, the
middle span could be reduced from the initial 80 m length, to 48 m length. The main
advantage in this case is that the main girders can be lifted and mounted at once, without the
use of temporary supporting towers. This is especially important when working near
electrified railway lines. At the time the article was written, works have started at the
foundations and substructure.
2.1 Design elements
The bridge has a length of 217.00 m (Fig. 2), with 6 spans (28.00 m + 32.00 m + 48.00 m +
40.00 m + 28.00 m + 28 m). The substructure follows the skew of 31 ° between the motorway
axis and the railways. The bridge is made of two parallel structures, each 13.60 m wide (Fig.
3). The structure is integral with rigid connection between the sub- and superstructure. Most
of the longitudinal deformation is taken over by pendulum-like columns in the abutment area.
No bearings are used and expansion joints are needed only at the abutments.
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Fig. 2: Plan view

Fig. 3: General cross section
The indirect foundation is made of Ø1.20 m piles and pile caps for the abutments, as well as
for the piers. The abutments (Fig. 4, left) are made of a back wall, back wings and also of the
pendulum like connection for the superstructure. The pendulum effect results from the small
thickness of 40 cm of the columns on which the end girders will rest. Under each girder, piers
(Fig. 4, right) with a the rectangular section of 1.80 m × 1.50 m were designed. The rigid
connection of the substructure to the superstructure is made by concreting of the pier nodes.

Fig. 4: Sub- to superstructure connection: abutment/ pendulum (left) and pier (right) in
longitudinal direction
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For the superstructure the VTR solution was chosen. Each of the two decks has 2 longitudinal,
steel main girders and precast concrete cross beams every 4 m. The first in situ concrete is
poured over the top flange of the steel girders up to the cross beams level, thus realizing an
intermediary girder system. A solution with full precast slabs with the total height of 25 cm was
analysed, but instead the slab is made out of 10 cm precast slabs and of 15 cm in situ concrete.
This allows a better control of the gradient, when taking into consideration the precambering of
the steel girders in case of a skew bridge and the different construction stages.
Using a crane, the steel girders with the length of 48 m will be lifted over the railway lines
and put on the piers. Only during this operation shall the railway traffic be interrupted. After
securing the steel girders, all other construction phases can be done without other
interruptions: placing the precast elements, pouring the in situ concrete in the pier nodes and
on the bridge deck.
2.2 Static evaluation overview
The bridge model for the static evaluation was carried out with the program system Sofistik.
The indirect foundation was modelled by creating bore profiles using data from the
geotechnical study. The piles, pile caps, piers and pendulums were introduced as structural
line elements, with circular respectively rectangular concrete cross section. The bridge deck
was introduced as a girders system, having in longitudinal direction two structural line
elements with composite section (Fig. 5) consisting of the steel girder and the concrete slab,
and in transversal direction structural lines with rectangular concrete section every 4 m,
representing the cross beams (Fig. 6). In addition an orthotropic slab was defined, which will
distribute the loads in transversal direction together with the cross beams.

Fig. 5: Composite cross-section in longitudinal direction (final phase)

Fig. 6: Concrete cross-section in transversal direction (final phase: cross beam and slab)
Construction stages for loads and structural elements were defined in accordance with the
VTR system principle (chapter 1). The arrangement of nodes and beams show realistically the
positions of the erecting sequences and the casting segments as well as the positions of the
cross beams (Fig. 8). By defining the main girders as a composite section, the cross load
carrying action of the deck is also included. The material distribution is ensured by a close
basic grid. In Fig. 7 a general view of the finite element model can be seen. The calculation
was made respecting the European norms.
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Fig. 7: FE-Model
Section between cross beams
Section through cross beams

Fig. 8: The FE-Model - cross beams position
The main particularity of this integral structure is represented by the 31° sharp angle between
the railway axis and the road axis which makes it sensitive to torsion effects and seismic
action (Fig. 9).

Fig. 9: The FE-Model – seismic evaluation
Left eigenvalue in longitudinal direction; right eigenvalue in transversal direction
The structure has a good behaviour in case of all load combinations, both in ULS (ultimate
limit state) and SLS (serviceability limit state). The steel consumption indices is 171 kg/m2
(kg/ bridge area) resulted.
3. VTR® bridges in Romania
This concept was successfully applied on two motorway bridges in Romania. This first bridge
is 720 m long and crosses over the Mures River, on the motorway sector Deva – Orăştie (Fig.
’
10). It has 12 spans, each of 60 m; the static system is semi-integral, with three of the middle
piers fixed to the superstructure. The deadline for completing the structure in 16 months was
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met; it took only 4 months to finish the entire deck of the bridge, which has a total surface of
approximately 2 ha. For the entire structure 4100 tons of steel were used, which lead to a
consumption indices of 199 t/m2.

Fig. 10: Mureş Viaduct (2012)
The second structure is the Orăştie Viaduct, part of the Orăştie-Sibiu Motorway, lot 1. Its
geometry is similar to the bridge over the railway on Sebeş-Turda Motorway having a slightly
smaller middle span (40 m instead of 48 m). All piers are fixed to the superstructure and
bearings are placed only at the abutments. The 240 m long viaduct (Fig. 11) crosses at a skew
a double railway line and the National Road DN7, having the piers lined up to the 34° angle.

Fig. 11: Orăştie Viaduct (2013)
Fig. 12 shows different working phases developed on the bridge’s length. The execution firm
had permanently assured a working field, so that there was no interruption throughout the
execution.

Fig. 12: Construction phases
A few years have passed since the two bridges were built and up until now the structural
behaviour is according to our calculations. The experience gained from the two VTR
structures has demonstrated the method is indeed effective, in terms of time and resources
management, but at the same time robust.

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVENCED CONCTERE STRUCTURES
– 466 –

4. CONCLUSIONS
The motorway bridge over three railway lines CF300 and CF201 stands out because of the
pronounced skew alignment of the pier columns at the intersection between the motorway
axis and the railway axes. By using the VTR system, a slender, robust and modular structure
could be designed. The bridge is currently under construction, but the experience gained
through the two motorway bridges, which are already built, lets us believe that the
construction process will be fast and easy and that the structure will have a good behaviour in
time.
The VTR® system is meant to simplify works on site, especially for long bridges. At the same
time robustness and aesthetics of the structure is ensured. These are some of its advantages
(Petzek et al. 2013):
•
•
•
•
•

High degree of prefabrication - modular system.
Material consumption savings.
Light steel/ prefabricated concrete elements for easy manoeuvre.
Quick construction times.
Low costs, clean site, low environmental impact.
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QUANTIFYING THE EFFECT OF MIXTURE PROPERTIES OF HIGH
PERFORMANCE CONCRETE OVERLAYS ON ADHESIVE BOND TO
NSC SUBSTRATES ON THE BASIS OF AXIAL TENSILE TESTS
Martin Schneider, Norbert Randl, Bernhard K. Hofer
Carinthia University of Applied Sciences
Villacher Strasse 1, 9800 Spittal, Austria
SUMMARY
Based on former studies (Lenz and Zilch, 2010), it was seen that the adhesive bond in
concrete-concrete-joints can be significantly affected by the properties of the overlay
concrete. Therefore an appropriate HPC mixture was designed and varied in terms of cement
type, water-to-binder ratio, inert lime content, reactive components and amount of micro silica
to identify the decisive parameters with respect to the adhesive bond strength. The roughness
of the substrate surface was fixed by around 1.0 mm which is a quite common value in
construction practice. After 28 days hardening of the HPC overlay, axial tensile tests were
performed to determine the adhesive bond strength in direct tension. The test results allow for
the identification of the decisive parameters of the HPC mixture on the adhesive bond
strength. Especially the impact of the type and composition of the fine grain particles on the
development of the interface bond capacity was clearly verified.
1. INTRODUCTION
During the maintenance phase of existing structures such as bridges it may become
necessary to increase the load bearing capacity. This can be partly due to changing
requirements from codes, but also to increase of the traffic loads. Thereby bonded concrete
overlays, with optimum adhesive bonding to NSC substrates, provide a well-established
solution. Apart from surface preparation, the quality of the overlays can be different and has
an effect on the bond strength; for example some studies at the Technical University of
Munich (Lenz and Zilch, 2010; Reinecke, 2004 and Mueller, 2009) have shown that much
higher tensile bond strength subsists between HPC overlay and NSC substrate than in the
case of NSC overlays.
Based on these promising test results recently a research project has been conducted together
with the Austrian Society for Construction Technology (ÖBV) and Smart Minerals to
investigate the behaviour of HPC overlays on the basis of comprehensive small scale and
large scale testing (Randl; Steiner and Peyerl, 2016a and 2016b) . The project was funded by
the Austrian Research Promotion Agency (FFG), the Austrian motorway (ASFINAG) and
railway operators (ÖBB) and the companies Porr, STRABAG and Rohrdorfer and in fact
confirmed that an appropriate HPC mixture may lead to significantly higher interface bond
strength than an NSC overlay. However, it was also seen that certain modifications of the
HPC mixture proportions can significantly affect the adhesive bond.
In order to clarify this question, a follow-up project was conducted where a number of
different mixtures of HPC overlays were examined in order to investigate the possible effect
of the different ingredients on the adhesive bond strength along the interface. An appropriate
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HPC mixture was varied in terms of cement type, water-to-binder ratio, inert lime content,
reactive components, amount of micro silica and type of superplasticizer to identify the
decisive parameters with respect to the adhesive bond strength. The roughness and
preparation of the substrate surface is another very important factor for the adhesive bond
strength. The roughness was produced by means of high pressure water jetting (HPWJ). The
target roughness was 1.0 mm, verified by the sand patch method.
2. OVERVIEW OF THE TEST PROGRAM AND THE TEST SETUP
The main focus of the parametric study was the variation of the overlay concrete mixture. The
target concrete strength of the substrate was between 50 and 60 MPa, being conform to strength
class C40/50 requirements. The surfaces of the substrates were slightly wetted before applying
the concrete overlays. At the age of 28 days of the substrates, the casting of the concrete
overlays started. The compressive strength of the concrete overlay was aimed at a minimum
value of 75 MPa. Each variation of the concrete ended up in three composite slab specimens
300x300x130mm. The variation of the production parameters can be seen in Tab. 1.
Tab. 1: Overview of varied parameters
Cement
CEM I 52,5 N
CEM I 42,5 N
w/b ratio
0.34
0.38
Mortar content (inert)
600 kg
500 kg
Slurry content (cement)
500 kg
450 kg
Slurry content (fly ash mixture)
100 kg
75 kg
Slurry content (microsilica)
60 kg
20 kg
* Reference mixture contains 550 kg mortar and 40 kg microsilica

CEM II 32,5R
0.42
*
425 kg
50 kg
*

Tab. 1 shows a summary of the modified ingredients in comparison to the reference mix given
in Table 3. The produced test specimens were stored for 28 days curing after preparation of
the overlays. Three core holes were drilled into each test specimen to test the axial tensile
strength with the test setup according to the following sketch. Between the two layers a 0.5
cm notch was cut along the circumference of the core to ensure failure at the interface, see the
sketch in Fig.1. This method was chosen after performing in the first phase a number of
standard pull-off tests which frequently led to tensile failure in the substrate or overlay
(Schneider; Randl and Hofer, 2017).

Fig. 1: Sketch of the produced specimen 300x300x130 mm and the test set up
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3. CONCRETE AND SURFACE PROPERTIES
3.1 Substrate concrete
The substrate concrete C40/50 was produced with specimen dimensions 300x300x80 mm. A
total of 120 test specimens were made. A number of concrete cylinders, 150 mm cubes and
prisms were produced to test the tensile strength, the compressive strength and Young’s
modulus. The splitting tensile strength was multiplied with 0.9 to estimate the uniaxial tensile
strength according to Eurocode 2. The results are presented as an average of 3 specimens
each. Tab. 2 shows the mix design and the main properties of the substrate concrete.
Tab 2: Mix design and properties of the substrate concrete
Water/cement-ratio
0.42
Cement content
420
kg/m³
Largest grain
16
mm
Air content
1.5
%
Fresh concrete density
2409
kg/m³
Consistency
555
mm
The compressive strength after 28 days tested on at least 3 150 mm cubes each was in the
range of 50 to 60 MPa, the tensile strength after 28 days of the substrate concrete reached
between 3.1 and 3.9 MPa, an average is given by 3.6 MPa.
3.2 Mix design of the concrete overlays
The consistency of the fresh concrete was determined by the slump-flow test, with a targeted
spread of the fresh concrete of 550 mm. The viscosity of fluids influences the penetration into
the substrate surface; therefore this parameter was kept constant in the experimental campaign
as much as possible.
Tab. 3: Mix design and properties of the reference overlay concrete
Mixture ingredients per m³
Water
170
kg/m³
CEM I 52,5N
475
kg/m³
Microsilica
40
kg/m³
Superplastisizer
5.46
kg/m³
Largest grain
16
mm
Air content
1.5
%
Water/cement-ratio
0.31
Mortar content
553
dm³/m³
Powder content
500
kg/m³
Compressive strength
87.6
MPa
Tensile strength
4.5
MPa
The amount of superplasticizer is thereby an important variable. The reference mixture had a
compressive strength of 87.6 MPa with a w/b-ratio (water/binder-ratio) of 0.31. The used
aggregates sand, gravel and greenstone had a maximum size of 16 mm. Tab. 3 gives the
reference mixture for the overlay concrete.
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4. RESULTS OF THE EXPERIMENTS
4.1 General description
The adhesive bond was tested by a tensile test device to determine the tensile bond strength of
each core drill. In the following figures the tensile strength of the substrate and overlay
concrete variations, derived from splitting tensile tests with a factor 0.9, is compared to the
uniaxial tension tests with failure at the joints.
4.2 Variation of type of cement
This series has been performed with a constant w/c-ratio (water/cement-ratio) and with the
same amount of cement. The first variation is the reference concrete mix. Tab. 4 shows the
variation of cement types and the results of compressive strength and tensile strength tests and
the slump flow of the fresh concrete. Fig. 2 shows the results of the variation of cement. No
significant influence of the cement type on the adhesive bond strength can be detected.
Tab. 4: Overlay properties (test series with variation of type of cement)
Type of cement
CEM I 52.5 N
CEM I 42.5 N
CEM II 32.5 R
Compressive strength [MPa]
87.6
84.5
81.3
Tensile strength [MPa]
4.5
4.6
3.9
Superplasticizer [% by weight]
0.89
0.67
0.77
610
535
565
Slump flow [mm]

Fig. 2: Results of variation of cement compared to tensile strength of the substrate and overlay
concrete
4.3 Variation of water/cement-value
The reference overlay concrete was mixed with a w/c-ratio of 0.31. The results of the variation of
the w/c-ratio are shown in Tab. 5 and the comparison of the tensile strength is given in Fig. 3.
Tab. 5: Overlay properties (test series with variation of w/c value)
w/c ratio
0.34
0.38
0.42
Compressive strength [MPa]
76.4
71.2
61.1
Tensile strength [MPa]
4.6
4.5
3.9
Superplasticizer [% by weight]
0.53
0.44
0.18
580
545
480
Slump flow [mm]
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The trend of the compressive strength coincides with the increased w/c values. The tendency
shows at a higher w/c-ratio a lower bond between the two layers of the concrete. This result is
not surprising because the tensile strength of the overlays decreases with increasing w/c-ratio.

Fig. 3: Results of the w/c series compared with tensile strength of substrate and overlay
concrete
4.4 Variation of (inert) mortar content
The mortar content in the reference mix was 550 kg/m³. The following table shows only the
results of the variation. The target of this variation was the detection of any influence of the
inert components.
Tab 6: Overlay properties (test series with variation of mortar content (inert))
Mortar content (inert)
600 kg
500 kg
Compressive strength [MPa]
82.0
86.5
Tensile strength [MPa]
4.6
4.2
Superplasticizer [% by weight]
0.79
0.67
570
530
Slump flow [mm]
Fig. 4 shows the probability of the failure in the joint between the overlays and the substrates
and it is compared with the results of the tensile strength of each concrete. At a lower mortar
content frequently joint failure was observed. A significant influence of the inert mortar
content can therefore be identified.

Fig. 4: Results of the mortar content (inert)-series compared with tensile strength of substrate
and overlay concrete
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4.5 Variation of slurry content (cement related)
This series was focusing on variation of the slurry content (related to cement). In Tab. 7 the
variation parameters are presented. The reference concrete had a cement content of 475 kg/m³.
Tab. 7: Overlay properties (test series with variation of slurry content)
Slurry content (cement)
500 kg
450 kg
425 kg
Compressive strength [MPa]
86.9
90.7
88.9
Tensile strength [MPa]
5.2
4.5
4.4
Superplasticizer [% by weight]
0.74
0.92
0.90
555
535
615
Slump flow [mm]
Fig. 5 shows the results of the variation of cement related slurry. The difference of the slurry
content between 425 kg and 500 kg shows an opposing trend compared to the series of inert
mortar. The lower the content of cement slurry, the higher was the bond strength.

Fig. 5: Results of the slurry content (cement)-series compared with tensile strength of
substrate and overlay concrete
4.6 Slurry content (fly ash component mixture)
The original reference mix did not contain fly ash. All variations were produced using the
same w/b-ratio. The factor of reactivity of the fly ash component mixture is 0.8. The results
are shown in the next Table and Figure. The ordinary dosage of fly ash component mixture is
between 25 kg and 75 kg. A dosage of 100 kg is rather high for practical use.
Tab. 8: Overlay properties (test series with variation of slurry content (fly ash component
mixture))
Slurry content
100 kg
75 kg
50 kg
(fly ash component mixture)
Compressive strength [MPa]
78.8
80.3
83.0
Tensile strength [MPa]
3.7
4.5
4.1
Superplasticizer [% by weight]
0.64
0.73
0.78
Slump flow [mm]
550 (6 minutes)
530 (7 minutes)
520 (7 minutes)
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Fig. 6: Results of variation of slurry content (fly ash component mixture) compared with
tensile strength of substrate and overlay concrete
4.7 Slurry content (microsilica)
The reference mix includes a microsilica of 40 kg/m³. It has to be mentioned that a part of the
specimens in this series had been contaminated and slightly damaged after HPWJ during the
storage process; therefore the slabs had to be cleaned. The results are given in Tab. 9.
Tab. 9: Overlay properties (test series with variation of slurry content (microsilica))
Slurry content (Microsilica)
60 kg
20 kg
Compressive strength [MPa]
84.1
84.3
Tensile strength [MPa]
4.8
5.2
Superplasticizer [% by weight]
0.86
0.78
590
520
Slump flow [mm]
In Fig. 7 the results of the variation of microsilica content are shown.

Fig. 7: Variation of slurry content (microsilica) – results compared with tensile strength of
substrate and overlay concrete
Compared to the results of the reference mixture, a significant effect is observed. A decrease
of the microsilica content leads to an improvement of the adhesive bond in the joint.
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5. CONCLUSIONS AND OUTLOOK
In the frame of an experimental campaign investigating the influence of different mixture
properties of high-performance concrete overlays on the adhesive bonding with NSC
substrates, some interesting correlations are observed. Concerning the HPC mixture
properties, the adhesive bond depends clearly on the mortar content and the content of slurry
(cement, fly ash and microsilica related). Another factor might be the w/c-ratio, however,
increasing the w/c-ratio leads to a strong drop of the compressive and tensile strength of the
overlay concrete and in consequence thereby also affects the bonding.
In general a high quality of the cleaning process after HPWJ is necessary and shall be part of
the quality management system on the construction site.
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OPTIMIZING OF UHPC RAILING PANELS AND THEIR PRACTICAL
APPLICATION
Jan Tichý, Bohuslav Slánský, Stanislav Ševčík
Skanska a.s.
Křižíkova 682/34a, 18600 Praha 8, Czech Republic, jan.tichy@skanska.cz
SUMMARY
In the Bridge center (Skanska a.s.) premises in Brno, Czech Republic, a series of thin railing
panels from UHPC were manufactured in the recent two years. The purpose was both shape
and material optimization of mentioned panels. Some of the panels employed also a nonmetallic GFRP reinforcement bars. These measures were carried out in order to increase the
competitiveness against ordinary steel railing in the terms of durability, strength and
economy. The results of both static and dynamic tests are presented. Also, a latest practical
application of the mentioned railing panels is mentioned.
1. INTRODUCTION
The UHPC material is a modern cement-based material with outstanding characteristics in the
terms of mechanic and durability aspects. It is intensively researched all around the world and
it has been employed in many structures, mainly in North America, Japan, Australia and
Western Europe. First applications were also achieved in the Czech Republic, Namely,
renovation of a bridge over highway R10 near Benátky nad Jizerou (Tichý et al., 2012), or
a unique footbridge across Labe river in Čelákovice (Kalný et al., 2015).
Mostly, the UHPC is employed in the bridge structures, preferably for footbridges. Some
applications in the building industry are also known, e.g. facade panels of the Kontor building
in Malmö, Sweden, manufactured also in Czech Republic (Tichý et al., 2014).
2. BENEFITS OF UHPC RAILING PANELS COMPARED TO A ORDINARY STEEL
RAILING
Nowadays, the bridge railing usually consists of a steel frame and a steel pane (either bars or
web). The disadvantage of this design is the fact that it cannot prevent air corrosion and thus
the corrosion-preventive measures need to be applied several times during the life cycle. Also,
unfortunately, the steel can attract thieves.
The main advantage of the UHPC railing panels is the fact that it needs no maintenance
during its lifespan. Also, high durability against the weather conditions and long service life
may be named out as benefits. High strength of the material allows making the panels very
thin (several centimetres).
The panel is then clamped in a steel frame and tighten by a set of bolts and nuts. The panel is
lighten with a several openings and can be coloured to a desired shade.
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3. MATERIAL AND SHAPE OPTIMIZATION
3.1 Material optimization
The major part of the research in recent year was the material optimization of the UHPC.
It was realized in two levels – economical optimization of the UHPC mixture and replacement
of the ordinary steel reinforcement bars.
The optimization of the mixture went out of the requirement to lower the price of the panel to
make it economically comparable with the steel railing. From the original mixture, derived
from the mixture for facade panels (Tichý et al., 2014) the most expensive components were
either replaced with cheaper material or (in one case) removed completely (after evaluation of
its real contribution). Further on, the possibility of lowering the volume of fibers was
examined. As a result, a set of 2 new mixtures were tested both on panels and on testing
specimens (cubes and prisms). Both mixture were prepared in two modifications (lower and
higher volume of PVA fibres). The comparison of the original mixture (Tichý et al., 2014)
and the new mixtures gives some 35-55% cost reduction. This comparison is visible in Fig. 1,
where the original mixture is marked R1, the mixture derived from the original is R2 and
the above mentioned new mixtures are marked R3 and R4. Mixtures R3.1 and R4.1 consist
lower volume of fibres, but otherwise are identical with R3 and R4, respectively.

Fig. 1: Economic comparison of the mixtures
According to the newly published regulation of the Ministry of Transport, an impulse have
arisen to find an alternative for common steel reinforcement bars. The regulation set up a
request for concrete cover for ordinary steel rebars in similar dimensions of the railing panel.
Thus, the research team needed to choose from either non-metallic or corrosion-proof rebars.
Further on, the GFRP non-metallic rebars from a local manufacturer were used. Panels
applying these rebars were tested too.
3.2 Shape optimization
The original shape of the panels on the beginning of the research (autumn 2014) was just a
simple full plate. A set of plates with thickness of 13-20 mm in different colours were
manufactured. These panels were mounted into a steel frames and loaded in the static tests. As
they weren’t able to bear the required load (ca. 1.75 kN) and were heavier then the criterion
was set (<60 kg for a 2 m long panel, so that two workers can lift it), another shape was
sought after.
In the next design, the panel was thicker (33 mm), but a set of polygonal openings were made
in order to lighten the panel. This shape was checked during static and dynamic tests and the
results were promising. Following changes of the shape were made to find the static, dynamic
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and economic satisfactory minimal amount of UHPC. Thus, the panel with different thickness
was made (54 mm on the longer edge, 24 mm in between them), see Fig. 2. This panel also
performed well during the tests.

Fig. 2: UHPC panel with longitudinal reinforcement
4. STATIC AND DYNAMIC TESTS
Static and dynamic tests were performed according to the CEN/TR 1317-6 standard. The tests
were just slightly modified to ease their execution in the Skanska a.s. premises.
4.1 Static tests
Static tests performed in 2016 and 2017 verified that the shape optimizing was justified. For
comparison, two panels were made with common rebars (mixture R1 and R3). Another panel
was made of R3.1 mixture with GFRP rebars. The mixture marked R4 has shown poor
plasticity during casting and was later abandoned (so has the R4.1 mixture). The results from
the mentioned tests are visible in Fig. 3. The panels were loaded with 2.50 kN (what represent
about 140% of the required load according to the standard) and slowly unloaded. The
deformations were kept for both loading and unloading.

Fig. 3: Load test record
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One may seen from the results that all the panels passed the requirements for a static load
tests. The panel with GFRP rebars showed higher total and plastic deflections. However, this
does not affect its quality.
4.2 Dynamic tests
The dynamic test performed on the panels with longitudinal reinforcement also came out well
(also according to TNI CEN/TR 1317-6: 50 kg soft body on a pendulum, energy 600 J). All
the panels were undivided, although there were cracks visible across whole thickness (in the
joint of the longitudinal reinforcement and vertical ribs). After the above mentioned
optimizing, a set of panels were manufactured for a practical application on a renovation of a
bridge in Sázava municipality. Their static, dynamic and other needed tests will be performed
in the certified laboratory (TZÚS Brno) during the spring and summer 2017. Some of the tests
are already performed and results may be found in chapter 6.
5. MANUFACTURING OF UHPC PANELS FOR PRACTICAL APPLICATION
In this year, an opportunity to use the UHPC railing panels for a renovation of a bridge in
Sázava municipality. This will be already the second application in the Czech Republic of
UHPC railing panels as the first application was built up in village of Čeperka (Tichý et al.,
2016 & Tichý et al., 2017). The panels were also precast in the premises of the Bridge center
of Skanska a.s. A new mixture was developed for this particular production (R3.1.1 – higher
amount of plasticiser, part of the cement used was white in order to gain a lighter shade of the
panels). A concrete mixer with planetary motion M125/4kW VP were used to mix the
materials. The materials needed to be weighted with one-gram-accuracy. The fresh concrete
was poured into buckets from the mixer and then smoothly poured into clean and oiled
plywood forms. When the UHPC reached half of the height, the rebar mesh was put inside the
form and then, the remaining fresh concrete was poured, see Fig. 4 and Fig. 5. Rebar mesh
used for these panels was composite (metallic in the longitudinal reinforcements and GFRP in
the vertical ribs).

Fig. 4: Fresh UHPC poured into a bucket

Fig. 5: Fresh UHPC poured into a form

6. RESULTS OF THE MATERIAL TESTS OF UHPC FOR SÁZAVA BRIDGE
The material tests were performed on prismatic (40x40x160 mm) and cube (150 mm)
specimens. The specimens were sampled during the manufacture of the panels. The tests
performed on prisms were informative and were used mainly to set up the unforming time.
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During the first two castings, a set of cube specimens were also created in order to get results
from a credited laboratory for following tests:
•
•
•
•

compressive strength EN 12390-3 (1 day, 28 days)
cubic density of the hardened concrete EN 12390-7
water absorption capacity EN 14614-1
freeze/thaw resistance and resistance to defrosting chemicals ČSN 73 1326, cycle A

The results are to be found in Tab. 1.
Tab. 1: Results of the R3.1.1 mixture material tests, cube specimens
Performed test

Unit

Compressive strength

MPa

Cubic density
Water abs. capacity
No. of cycles
25
50
Freeze/thaw
75
resistance
100
125
150

kg/m3
%

g/m2

Results for mixture R3.1.1
1 day
76.6
2360

0.89

28 days
116.3
2380

25.00
38.17
57.87
65.80
73.67
78.93

7. RENOVATION OF THE BRIDGE IN SÁZAVA
The renovation of a bridge in Sázava was carried out by Silmex a.s. company, the railing was
delivered by Skanska a.s. The renovation of a bridge from 1960 consists also of the
replacement of the bridge deck. The damaged steel-concrete deck was demolished and new
fibre-concrete deck was erected on its place (Fládr et al., 2015). Also, new side beams were
casted and the railing was mounted on them. It consists of the UHPC panels and steel columns
and handrail. Detailed view on the railing is presented in Fig. 6, while the comparison of the
bridge before and after the renovation may be seen in Fig. 7.

Fig. 6: Detailed view on the UHPC railing panel on the bridge in Sázava
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8. CONCLUSION
The UHPC railing panels is an modern alternative for an ordinary steel railing and it brings up
couple of advantages, namely durability, high strength, no need of maintenance and last but
not least an interesting aesthetic view. Its manufacture is a precise activity and it needs to
keep take serious focus from the workers, this also applies for the erecting on site.
The bridge in Sázava municipality is a second practical application of these panels. Modern
railing contributes to a good result of the bridge renovation.

Fig. 7: Comparison of the bridge in Sázava before / after the renovation
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SUMMARY
Structural concrete of the building of Vítkovice railway station from 1970s and repairing
concrete are characterized via mechanical fracture parameters. Together twelve core-drilled
cylindrical specimens with diameter of 75 mm were provided by a Chevron type notch of
depth of 12 mm. Three-point bending fracture tests were conducted on these specimens
supported as beams with the span of 170/180 mm. Load vs. deflection and load vs. crack
mouth opening displacement diagrams were recorded from which modulus of elasticity (E),
fracture toughness (KIc) and fracture energy (GF) were determined using linear elastic fracture
mechanics approach and work-of-fracture method. Mean values (coefficient of variation) of
these parameters for old/repairing concrete were obtained as follows: E = 39.4/39.9 GPa
(29/15 %), KIc = 0.90/1.38 MPa·m1/2 (19/13 %), GF = 174.0/116.4 J/m2 (26/19 %).
1. INTRODUCTION
Among the most frequently used building materials one can primarily name silicate-based,
particularly cement-based composites (Neville, 2011). Thanks to their character and to the
production technology, these materials are very adaptable and utilizable for a wide range of
applications. Thus, from the perspective of the modern construction concepts of the last
almost two centuries, concrete can be definitely regarded as a traditional material. Many
reinforced concrete buildings are, therefore, already designated as cultural monuments,
several ones also in the Czech Republic. Within the project “Analysis and presentation of the
values of modern architecture of the 1960s and 1970s as part of the national and cultural
identity of the Czech Republic” a particular attention is paid to diagnostics of selected
reinforced concrete structures and heritage procedures for restoration of building cores. In this
paper, structural concrete of the building of Vítkovice railway station from 1970s (Šimonová
et al., 2016) as well as new repairing concrete are characterized using standard fracture test
and described via parameters of selected relevant mechanical fracture models. These
parameters are important indicators of the material behaviour, although common
contemporary engineering practise is usually limited to elastic and strength characteristics
only which can be derived from ‘simple’ compressive tests. However, the material brittleness
vs. ductility can’t be expressed by these classical parameters and thus characteristics
describing the resistance of the material against the crack propagation are becoming important
for many types of analyses and assessments of the structures nowadays. The main objective of
this paper is to compare the values of these parameters of old and new repairing concrete.
2. SPECIMENS
An analysis of old concrete was first carried out on parts of the samples taken from the
structure. The composition of old concrete was found and new concrete test specimens were
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produced to determine the concrete properties observed. The effort was to produce concrete
comparable to those originally used to respect the original design material.
2.1 Old structural concrete
Six cylindrical specimens were obtained as cores drilled out from the above mentioned
building. These samples were geometrically adjusted to create regular beam-shaped
specimens with circular cross-section and then provided by the Chevron type notch. Tab. 1
introduces specimen dimensions used in further calculations. The test configuration and
meaning of individual dimensions can be found e.g. in (Šimonová et al., 2016). Note, this
shape of specimen and notch type is typically used for determination of mechanical fracture
properties of rocks – see Ouchterlony (1988), Backers (2004), Vavro (2014).
Tab. 1: Dimensions of old concrete tested cylindrical specimens
Specimen ID
Symbol Unit
V7
V9
V13
V15
V17
Diameter
mm 74.09
74.16
74.97
75.05
74.99
D
Length
mm
215
237
211
224
196
L
mm 11.28
11.46
11.98
11.77
11.94
Notch tip depth
a0
Notch depth
h0
mm 18.54
18.59
19.00
19.30
18.90
2
Ligament
Alig
mm
2743
2749
2791
2751
2807

V18
74.68
194
12.55
19.12
2763

2.2 Repairing structural concrete
During the development of new concrete, the raw materials used were respected. By
analyzing the old concrete, the amount of cement and aggregate contained in concrete was
determined. The aggregate was separated and the amount was determined by dividing it into
individual grain sizes. Also, the location and type of aggregate used was determined. Based
on this knowledge, the composition of repairing concrete was based on the original
composition of the concrete. The new concrete had the composition listed in Tab. 2.
Tab. 2: Composition of the new concrete mixture
Unit
Amount
Ordinary Portland cement CEM I 42,5 R
kg
350
Aggregate grain size 0/4 mm
kg
810
Aggregate grain size 4/8 mm
kg
230
Aggregate grain size 8/16 mm
kg
790
Water
kg
170
Plasticizer based lignosulfonates
kg
3.15
For concrete from the period around 1960, simple lignosulfonate based plasticizers were used.
Three fractions of aggregate were used: sand, fine gravel and coarse gravel. The problem is in
cement, which varies considerably compared to the currently used cement. Today, the cement
is very finely ground, previously a larger grain cement has been used, and the hydration of
individual grains has gone very slowly over a longer period of time. Today's cements are very
reactive and have a great fineness of milling, and a milling intensifier is used to obtain a high
level of fineness. There is a different degree of hydration. The design of the new concrete was
based on compressive strength and for old concrete was compressive strength about 38 MPa.
The new concrete had a compressive strength of 38 MPa after 28 days of ripening and after 60
days of aging the compressive strength was 42 MPa.
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Six cylindrical specimens for fracture tests were obtained as cores drilled out from beams of
nominal dimensions 100 × 100 × 200 mm. These samples were provided by the Chevron type
notch. Tab. 3 introduces specimen dimensions.
Tab. 3: Dimensions of repairing concrete tested cylindrical specimens
Specimen ID
Symbol Unit T4_A T4_B T5_A T5_B T6_A
Diameter
mm 75.12
75.14
75.20
75.08
75.08
D
Length
mm
199
199
201
197
198
L
Notch tip depth
a0
mm 11.46
10.14
10.97
10.28
10.88
Notch depth
h0
mm 17.96
18.18
17.88
18.06
18.06
2
Ligament
Alig
mm
2939
2874
2944
2887
2904

T6_B
75.05
199
10.90
18.03
2905

Three reference beam specimens for fracture tests were also prepared with nominal
dimensions 100 × 100 × 400 mm – see Tab. 4 for details.
Tab. 4: Repairing concrete tested beam specimens with central edge notch
Specimen ID
Symbol
Unit
T7
T8
T9
Width
mm
100.6
100.5
100.7
W
Breadth
mm
99.1
99.7
100.3
B
Length
mm
399.7
399.8
399.0
L
Notch depth
a0
mm
32.8
32.7
33.0
–
0.327
0.325
0.328
Notch to width ratio a0/W
Weight
kg
8.895
9.149
9.120
m
3
Density
kg/m
2240
2280
2280
γ
3. FRACTURE TESTS
The mechanical fracture parameters of concrete (Karihaloo, 1995; Veselý and Frantík 2014)
were determined from experiments on specimens in three-point bending test configurations.
Specimens were loaded under displacement control; therefore, it was possible to record the
load vs. displacement and also the load vs. crack mouth opening displacement curves (F–d
and F–CMOD diagrams) during the course of the test. The load span was set to 170/180 mm
in case of cylindrical specimens and 300 mm in case of prismatic beams. The initial Chevron
type/edge notch was made before testing with a diamond blade saw. The fracture tests were
carried out using a Heckert FPZ 100/1 testing machine with measuring range of 0−10 kN; the
speed of the induced displacement of the upper support was equal to 0.02 mm/min. Selected
illustrative pictures are shown in Fig. 1.
The GTDiPS software (Frantík and Mašek, 2015) was used to correct the raw recorded F–d
and F–CMOD diagrams which essentially represent data points registered by the acquisition
system at the same time. The correction consisted of elimination of duplicated data points and
substantial reduction of the number of the recorded data points). A selected section of the
ascending part of each individual diagram (a linear portion of the steady elastic response) was
used for its approximation using a linear regression function. Subsequently, the point of
intersection of this straight line with the horizontal axis was determined and denoted as the
beginning of the loading; then all points on the diagram were shifted by the same distance so
that the point of intersection of the straight line belonged to the origin of the coordinate
system. Similarly, the next data modification is motivated by the nature of the experimental
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system. The configuration of the used experimental system may result in a sudden event,
which does not satisfy the requirements of a quasi-static test progress/measurement. During
the performed transformations, the violation of such requirements was detected by analyzing
the point sequences in time domain which resulted in removing the unsuitable points (the
snap-down phenomenon). Then, the resulting gaps in the data sequences were filled with new
points generated using an interpolation (gap filling) method based on polynomial
approximation.

Fig. 1: Illustration related to old/repairing concrete specimens with central Chevron type/edge
notch and fracture test
4. METHODS
The mechanical fracture parameters of concrete are calculated from corrected F–CMOD and F–
d diagrams using academic software CheF (Koryčanská et al., 2017). The first, almost linear
part of the F–CMOD diagram (determined by a selected point with values Fi, CMODi) is used
to estimate modulus of elasticity (E) value with help of geometrical factor g0 (Backers, 2004):
(1)
Afterwards, maximal load Fmax is used for fracture toughness KIc assessment with help of
geometrical factor Amin (Ouchterlony, 1988) and span length S:
(2)
The toughness GIc is then calculated as follows:
(3)
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The work of fracture value WF, and then the specific fracture energy GF value, is assessed
from the complete F–d diagrams (RILEM TC-50 FMC Recommendation, 1985):
(4)
Mechanical fracture parameters of concrete of prismatic beams are calculated in similar way
using effective crack model (Karihaloo, 1995); academic software StiCrack (Stibor, 2004)
was used.
5. RESULTS
All mechanical fracture properties (modulus of elasticity, effective fracture toughness,
effective toughness, and specific fracture energy) of old/repairing concrete evaluated using
Eq. (1) to (5) are summarized in Tab. 5 – results obtained for each specimen and
corresponding basic statistics, i.e. mean values and coefficients of variation, are shown.

New
concrete

Old
concrete

Tab. 5: Mechanical fracture parameters of concrete of each tested cylindrical specimen:
mean values (coefficient of variation in %)
Specimen
Symbol Unit
V7
V9
V13
V15
V17
V18 Mean (CoV)
GPa
57.6
30.2
43.7
29.2
30.3
45.3
39.4 (29.1)
E
KIc
MPa·m1/2 1.15
0.92
0.79
0.73
0.79
1.06
0.90 (18.5)
J/m2
22.8
28.0
14.4
18.0
20.4
24.8
21.4 (22.8)
GIc
GF
J/m2
224.9 211.3 169.8 149.7 100.1 187.9 174.0 (26.0)
T4_A T4_B T5_A T5_B T6_A T6_B
GPa
37.4
30.6
37.9
43.4
42.4
47.5
39.9 (14.7)
E
1/2
KIc
MPa·m
1.21
1.24
1.25
1.47
1.59
1.56
1.38 (12.5)
J/m2
39.2
49.9
41.0
49.5
59.3
51.3
48.4 (15.1)
GIc
GF
J/m2
91.9 114.8 91.7 124.7 148.1 127.4 116.4 (18.8)

New
concrete

Tab. 6: Mechanical fracture parameters of concrete of tested beam specimens: mean values
(coefficient of variation in %)
Specimens
Symbol Unit
T7
T8
T9
Mean (CoV)
GPa
32.0
28.7
26.2
28.9 (10.0)
E
1/2
KIc
MPa·m
1.35
1.44
1.62
1.47 (9.5)
J/m2
57.0
72.2 100.7 76.6 (18.1)
GIc
GF
J/m2
260.4 213.5
–
237.0 (14.0)
6. CONCLUSIONS
Structural concrete of the building of Vítkovice railway station from 1970s and new repairing
concrete are characterized via mechanical fracture parameters. Three-point bending fracture
tests were conducted on specimens with Chevron type/edge notch tip. Load vs. deflection and
vs. crack mouth opening displacement diagrams were recorded, corrected and processed using
linear elastic fracture mechanics approach and work-of-fracture method. Parameters
describing the materials ability to resist the deformation and failure propagation, i.e. modulus
of elasticity, fracture toughness, toughness and fracture energy were estimated. Comparable
results were obtained for old and repairing concrete from point of view fracture parameters
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and almost identical in case of modulus of elasticity. Variability of the determined parameter
values was also comparable for both materials – it was between 13 to almost 30 %.
Comparison of the results from the tests of specimens of different cross-sections and notch
types shown that in the case of a Chevron type notch, the modulus of elasticity was evidently
overestimated, whereas the fracture toughness and fracture energy values were
underestimated.
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SUMMARY
In the 1965 Waclaw Zalewski (1917-2016) designed an experimental structure consisting of
compressed concrete shell hung on a hexagonal system of steel arches. Since at that time
advance research tools were unavailable, the structure, considerably complicated from the
static and technological point of view, had to be built in an experimental manner, based
entirely on conceptual assumptions of Zalewski. Dynamic technical research accompanying
the process of erecting the construction may be perceived as an early stage of the so called
“form finding” - recently developing movement, which places the form of structures in the
centre of interest. In the following consideration the technology and technical premises of the
structure are going to be analysed. In the absence of documentation the author establish the
present report on the information obtained directly from Waclaw Zalewski and on archival
photographs made available by the designer.

Fig. 1: View on the experimental shell by W. Zalewski
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1. THE TOPOGRAPHY
The experimental structure designed by Waclaw Zalewski at the University of Merida
(Venezuela) drew significantly on the research models by Honoracio Caminos, devised as
rubber membranes stretched over an artificial ring and upthrust by different configurations of
internal support system distorting the flat rubber membrane.
Inspired by these shapes, Waclaw Zalewski proposed to cover an exposition space at the
University campus by a structure of a circular projection 36 m in diameter. According to the
design the shell was supported by a system of six steel arches forming a regular hexagon. The
external perimeter ring was situated 3 m above the ground level. In order to remove the ring
away from the support arches in the lines of their topmost point, a circle in the horizontal
projection was deformed by a system of six arches ending in the circle line, whose radius was
smaller than the circle.

Fig. 2: Supporting on steel arches
The external ring lacked any secondary support and was elevated in its entirety to the sling
system of the hanging shell. The internal ring was designed in the circular projection of
approx. 3 m in diameter. The load bearing slings of the shell were attached to the rim of this
ring. The shape of the shell was adjusted to the sling system attached to the hexagon framed
by the steel arches connecting the two rings: the external and internal.
In order to balance the internal ring, the breaklines between the rings of the shell were run
along the diagonals of the hexagon, so that rainwater could flow down the breaklines.
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The upper parts of the steel arches in the hexagonal system served at the same time as the
breaking edge of the hang slings. Sectional roofing bent parallel to the curvature of the arches
was added in order to shield this edge from the atmospheric conditions. The lower sections of
the steel arches projecting in an open space beneath the surface of the shell formed a
hexagonal system of V-shaped columns supported in the corners of the hexagon. The arches
of the hexagonal system were constructed from two bifurcating steel arches connected by
steel elements assembled in a truss system. From the outside the structure formed a hanging
shell, flowing down from the upper sections of the six arches towards the internal and external
ring. The spacing between the load bearing slings influenced the shape of the shell, which was
not continuous in terms of bicurvature of geometrical surface, but flattened between the lines
of load-bearing slings.
2. STRUCTURAL SYSTEM
Concrete blocks situated in support points of the steel arches in the apexes of the hexagon
served as the foundations of the experimental structure. While the horizontal forces of support
reactions between the adjacent arches were to a large extent counterbalanced, only the vertical
component of this reaction force needed to be transferred to the ground. Parabolic arches in the
hexagonal system were double arches composed of C-shaped steel profiles. The parabolic shape
was also rendered by the straight sections of steel beams welded together. The middle walls of
C-profiles were situated on the external surface of the arches. The arches bifurcating upwards
were connected by a spatial truss of steel bars, on whose lower rim the load-bearing slings were
hung. The points of sling attachment were adjusted to the nodes of the truss structure. The
roofing of the upper section of the steel arches was made by laying out concrete on the truss
branches of the arches supplemented by a margin placed outside of the arches. The external
perimetral ring of the shell was made as a concrete trough. The sections of the ring between the
steel arches were prefabricated. The sections facing the arches were cast in situ.

Fig. 3: Configuration of cable net

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVENCED CONCTERE STRUCTURES
– 490 –

Steel load-bearing slings of a profile diameter of approx. 4cm were hung with an initial bent
against the string length of the overhang. While the adopted length of a bent vertically measured
inside the structure was 1m long, for the internal bent of the sling 0,75m was assumed.
Spanning slings were placed perpendicularly to the load-bearing slings, forming fields of
linear system resembling regular quadrangles. In the system of slings, it was possible to
distinguish radial directions convergent to the middle ring of the shell. The connectors of the
obtained sling mesh were made with the help of steel clamps joined together by screws. In
order to position the concrete shell, a steel mesh of small openings was unfolded on the sling
system. Since the concrete mass had been hand-laid, its layer varied in terms of thickness on
each of its sections. A crucial role in preserving the form of the structure was played by
dynamic changes of weight of both the external and internal perimetral ring, which helped to
maintain a force balance in the whole structure. After concrete had solidified, the shell
functioned as a rigid load-bearing surface. Bicurvate form of the shell had a positive influence
on the compensation of deformations caused by wind-load or thermal load resulting from
insolation of the external surface. The influence of insolation was minimized by covering the
shell with silver paint.
3. ADOPTED TECHNOLOGIES
The roofing structure was executed by a renovation group of the University in Merida. The
elements of the structure were made with the use of locally available materials, such as steel
beams, steel slings, steel meshes and concrete obtained from fine-grained gravel. Elements of
the arches were connected by welding. The arches tapering towards the support in joints were
balanced in the hexagonal position with the help of the sling system. The external ring was
partly prefabricated as a concrete trough of variable cross-section. The ring lying opposite the
arches was made as a monolithic structure, unfolded on wooden boarding. In order to
maintain a tension of the load-bearing slings during concreting the shell, the internal ring was
additionally loaded with sand sacks until the internal part of the shell was made. The shape of
the shell was corrected by relieving the load from the slings with hand-winches affixed to the
steel arches. Concreting the shell was executed by hand-laying of consecutive layers of
concrete, beginning with the perimeter ring of the shell. Suitable tension of the load-bearing
slings was continuously corrected by increasing the degree of concreting in the trough of the
internal ring. The long-lasting process of hand-concreting was performed without any
technological breaks, which helped to obtain a monolithic concrete shell.
4. THE USE OF THE STRUCTURE
The experimental structure of hanging shell was executed in order to cover a space used by
the university students for work on models. The covering shielded the space from atmospheric
conditions, especially from intense insolation typical of this geographical zone. Unfortunately,
during the few years of its use, the technical condition of the structure was not examined.
According to the statement of Waclaw Zalewski no cracking or delamination on the concrete
shell was noted. It should be stressed that in the subtropical climate the structure was not
exposed to the destructive effect of freezing and defrosting or snow load. Due to the changes
in the investment plans of the University after a few years of usage the structure was
disassembled. Apart from photographic material, neither technical nor research
documentation of this original structure was preserved.
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Fig. 4: Outside balancing ring
5. CONCLUSIONS FROM THE EXPERIMENT
The experimental structure was one of the first hanging concrete shells ever executed. The
spatial bicurvate shape of the shell was obtained in accordance with a logical application of
static qualities of steel arches characterised by complex diametral profile. Introducing an
active counterbalancing of the shell load to the structural system was an innovative solution,
both in terms of form and technology. The correctness of theoretical assumptions adopted in
the design phase was confirmed by the period of safe usage. Such a structure could be
employed in the public spaces as a cover of expositional objects. Further research on
structures of similar kind is planned. Modern technologies employing compressed reinforced
concrete or 3D concrete printing could be adopted in the execution of such structures. To this
end material research on new concrete formulas is being conducted.
6. RECONSTRUCTION OF THE STRUCTURE
In order to carry out detailed research on the structure of the article, it is designed to
reconstruct the shape of the structure using modern technology. It is planned to use the
reconstructed construction as an auditorium named prof. Waclaw Zalewski. Reinforced
concrete is expected to be made as a compressed material on rope nets. The surface coverage
of the nets will be made using a special thin-layer printing of concrete laid automatically by
means of mechanical devices designed for this purpose. The addition of the outer cylinder will
be made of glazed curtain walls.
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Fig. 5: Cross section of the structure

Fig. 6: Perspective view of the plane
7. REFERENCES
Archives of prof. Waclaw Zalewski, Boston, 2015
R. Castellano, students workshop MIT, 1972

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVENCED CONCTERE STRUCTURES
– 493 –
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SUMMARY
This paper is to present how a proposal for a Hungarian river bridge is forming from the first
idea until the approval design in the case of a given project. The main aspects taking into
consideration while deciding, and the circumstances like the flow and the back up of water;
the alignments of the linear infrastructure; how the views of the existing bridges of the river
effect the selection of the bridge type are discussed. The visualizations of several bridges that
would be possible to build are shown detailing their advantages and drawbacks. The
economies of the probable superstructures are also dealt with, analyzing not only their
construction but also their maintenance costs. Thereafter it is reasoned why that bridge was
chosen for designing further on, and some details of the drawings are presented that are
already parts of the approval design of the future bridge.
1. INITIAL DATA
1.1 Call for tender
The National Infrastructure Development Plc. had given an order to the ÚT-TESZT Ltd. to
make the approval design of the motorway M44 between the town Kecskemét and the village
Tiszakürt. The road would cross Tisza, the second largest river of the country flowing from
upper eastern to the middle southern part of Hungary. This demands a new bridge that is
under design at UVATERV Ltd.. This company has a great experience on designing river
bridges (Kovacs et al., 2008), especially with composite superstructures (Teiter, 2008, 2015).
Till this time study and approval design phases has been finished (Teiter, 2016).
1.2 Design conditions
The task of the bridge designers was to lead the 2×2 main lanes of the cross-section of the
motorway (Fig. 1) over the river. Design speed was 110 km/h. The application of additional
paths (e.g. cycle tracks) to the bridge superstructure was under consideration.

Fig. 1: Typical cross-section of the motorway
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The horizontal alignment of the road was favourable, because on both sides of the river it had
a curve so the future bridge could be recognized quite well when someone is getting closer to
the river (Fig. 2). The top of the vertical alignment situated in the middle of the main span.

Fig. 2: Horizontal alignment of the motorway at crossing the river
The local water authority provided the data of the river (governing water levels, section of the
river bed etc.). They specified that the piers of the river bed could not be in the mean water
level and the abutment could not be on the inner side of the embankment. To verify the
number and the distances of the substructures of the designed bridge there was a need to
simulate the back up of water caused by the piers intended to place within the flood area. For
this purpose a 2D model was applied. In Fig. 3 it can be seen that river Tisza has two narrow
curves above the bridge (flowing direction is from up to down). Flood area is the networked
one and the greenish-bluish thick line stands for the river bed.

Fig. 3: 2D model simulation of the flowing of water
The most important prescription was given by the environmental authority. They limited the
pier distances to a minimum of 50 m in the flood area with no reason (Fig. 4). This made the

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVENCED CONCTERE STRUCTURES
– 495 –

usage of regular PPC girders almost impossible as the longest Hungarian ones are for 44.0 m
span. To keep the possibility of the comparison of different structure types the pier cap beams
were widened to be able to hold the longest girders. Thus the spans were taken as fixed 50 m.

Fig. 4: The restriction for the minimum span in the flood area
1.3 Review of the existing bridges on the river Tisza
Looking for ideas and to be informed, we reviewed all the Hungarian bridges over Tisza. We
could also see if there were any trends regarding their types, form etc. There were 26 bridges,
most of them were beam structures with truss or opened, haunched, plated web, steel main
girders. There were some exceptions: a steel arched footbridge at the town Szolnok and an
extradosed prestressed concrete road bridge with corrugated steel webs (Fig. 5)

Fig. 5: The most unique bridges over the river Tisza
Finally the conclusion was that if any kind of bridge being different from a single beam
bridge had been built that would not have followed the tradition, which was not a need
anyway. According to the call for tender the investor would have seen a bridge here, which is
a notable structure and has some sort of attraction for the people happened to be nearby. Our
decision was to find a superstructure which is interesting and able to call the attention but it is
not difficult to construct and economical. To get closer to the solution we made a study.
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2. STUDY VARIANTS
2.1 Bridge types
By the rules of the contract there had to be at least three worked out variants. We made five
variants (v1-v5 of Fig. 6). For the request of the involved experts and the future operator we
added three more bridges (v6-v9 of Fig. 6).
v1

v2

v3

v4

v5

v6

v7

v8

Fig. 6: Bridge variants made for consideration
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According to the restrictions mentioned in 1.2., it got clear that a bridge with about 150 m
main span would needed. In Tab. 1 there is a summation of the proposed bridge variants. In
the upper part there are some details of the bridges, and in the lower parts we emphasized the
advantages of the actual structure.
Because of the flatland around the river we preferred simple beams and/or arches in the
appearance. Arch bridges are conventional structures in that part of the country. In our
opinion a through bridge was more favourable, even if it had an upper part which could be
seen well from a passing car. Constructions of an orthotropic plate deck with hanging up
between the middle lanes were considered more complicated. The ease of calculation was less
important but that of the inspection and maintenance were.
Tab. 1: Main data and aspects of comparison of the variants
(+ advantage)

v1

v2

v3

v4

v5

v6

v7

v8

Main span

148

152

152

152

152

150

152

150

Deck

orthotropic

concrete

orthotropic orthotropic orthotropic

concrete

orthotropic

concrete

Beam type

steel box

steel box

steel box

steel box

steel box

conc. box

steel box

conc. box

Beam depth

haunched

constant

constant

constant

constant

haunched

constant

haunched

Pylon / Arch

concrete

steel

steel

steel

concrete

steel

concrete

Spectacle

++

+

+

++

+

++

++

++

++
++

+

+

+

Landscaping

+

+

Cost

+

+

Construction

+

+

Calculation

++

Maintenance

+

+

Inspection

+

+

+
+

+

+

+

++
++

++

+

+

2.2 Cost analysis
A complete cost analysis was attached to the study, taking into account not only the
construction but also the later maintenance costs of the bridge variants. The calculation was
based on general price per square meter data belonging to the materials and the types of the
bridges. Due to lack of space we cannot publish the whole cost table but we can show the
simplified result of that in Fig. 7.
The lowest rate was represented by the simple beam girder and the arched truss girder variants
while the cable stayed bridge and the one with double arches proved to be the most expensive.
Because of the relatively moderate cost together with the unique appearance the jury chose
the second variant which was also preferred by us. With the arched pylons the stay cables
provides a spectacle which is depending on the point of the viewer. From the river the bridge
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looks like a usual cable stayed bridge while from the deck the arch with the cables seems to
give a hug (Fig. 10).
Construction
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Fig. 7: Costs of the examined bridge variants
3. APPROVAL DESIGN OF THE CHOSEN BRIDGE
As the bridge was chosen we had to make the approval designs for it. That meant making
general layout drawings, technical report, and force analysis of the structure with proving that
the main sizes were adequate for building and the functioning of the bridge.
To keep the costs lower and to ease the construction procedure we recommended that only the
steel part of the main girder should placed and hanged up by the cables, and only after its
completion the concrete deck should be cast. In this way the parts to be moved could be
lighter and with the usage of the ready steel parts the pouring of the heavier concrete could be
possible. In this way there would be no need of temporary supports for the formworks under
the bridge. The pylons were planed to be made of concrete.

Fig. 8: Lateral view of the designed bridge
The lateral view, that part of the general layout drawing can be seen on Fig. 8. The span is
quite close or even a little under the usual range of the cable stayed bridges, so the weight of
concrete deck favourable in this point of view as well. Because of aesthetic aspects the pylon

12th Central European Congress on Concrete Engineering 2017 Tokaj • ADVENCED CONCTERE STRUCTURES
– 499 –

is wider down at the pier wall and thinner on the top sideward (Fig. 8), however its depth are
constant transversally (Fig. 9, left side). It has a half elliptic shape and the shape of the top of
the pier walls tries to balance it. The cross section of the stiffening girder consists of two steel
boxes which are connected transversally by opened I profiled steel cross beams (Fig. 9, right
side).

Fig. 9: View of the pier with pylon and the cross-section of the bridge
5. CONCLUSIONS
In this paper it was aimed to show that even a more spectacular superstructure could be
competitive in economy point of view. Taking into consideration the maintenance and other
additional circumstances finally a decision could be made with which, for a little more cost,
such a bridge could be built that might be interesting enough for the public and the
contributors might be proud of (Fig. 10).

Fig. 10: The sight of the lit up bridge at sunset
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MONITORING OF RC STRUCTURES WITH INTEGRATED SENSORS
Dalibor Sekulić, Mario Ille, Igor Džajić
Institut IGH d.d.
J. Rakuše 1,
HR10000 Zagreb
SUMMARY
Timely observation of damages and degradation of concrete and reinforcement is very
important for planning of repair works on the RC structures. Common practice is assessment
of the state of RC structures, based on the visual inspection and specimens sampling in the
phase when damages are already significant. By the monitoring techniques it is possible to
notice damages in the early phase when there are no visible from the outside. This can make
possible repair work planning on time which lowering maintenance costs.
Paper emphasize importance of the monitoring of RC structures and gives description of
monitoring techniques used in Institut IGH d.d. Monitoring of the state of the advanced RC
structures is performing by different sensors embedded into concrete. From monitoring data,
it is possible to estimate remaining service life.
1. INTRODUCTION
State of the RC structures estimation is of great importance to insure determination of degree
of structure deterioration and remaining load carrying capacity when damages aren’t visible
yet. For this purpose, use of efficient monitoring methods is necessary.
Main aspects of the advanced monitoring methods are early detection of developing damages,
accurate determination of damage type and extent and increased objectivity of assessment.
Advanced monitoring techniques based on measurement data minimize the subjective human
factor.
Continuous monitoring systems equipped with mobile data transmission units provide
information that are always up-to-date and represent advantage over the traditional periodic
inspection approach (Spencer, B.F. at al., 2017).
The goal of monitoring techniques is to provide assessment tools with such capabilities that
would allow maintenance strategies to improve from reactive to proactive approaches.
2. CORROSION MONITORING
Corrosion of steel reinforcement in structures made of reinforced concrete is the major reason
for their deterioration and lifetime shortening and therefore very well studied and known
(Broomfield, J. P., 2007; Tuutti, K., 1982; Song1, H-W and Saraswathy V., 2007).
The Krk Bridge was built in 1980 with the largest reinforced concrete arch span (390m) in the
word. Bridge is situated in the aggressive maritime environment. Strong wind cause salted water
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spraying on the bridge structure, which governed by mechanisms of Cl- diffusion through thin
protective concrete layer of only 2 cm caused reinforcement corrosion. As a consequence of
corrosion, spalling and deterioration of concrete cover occurred. This is a reason for the extensive
repair of bridge elements, especially of columns during past decades (Ille, M. et al., 2011).
After repair works, a group of in-house manufactured sensors was installed on the structural
elements of the small arch of Krk bridge, at island Krk side. Sensors 4 and 5 were installed in
1998 at the column S29 (Fig 1). Three groups of sensors were installed in January 2014: one
in a zone of sea water splashing (height 2 m above sea level); second group into arch at 10 m
height; and third group in a Column S26 at the 20 m height (Fig. 1).

Fig. 1: Positions of the corrosion sensors on the small arch of the Krk bridge
Sensors are fixed to exposed reinforcement of diameter 14 mm, which was at the depth of 7-8
cm as shown in Fig. 2a. Each group of sensors consists of MnO2 half-cell sensor, corrosion rate
sensor installed at the reinforcement depth and anode ladder corrosion current sensor (Fig. 2a).
Concrete is repaired with reprofiling mortar and afterwards covered with protective coating.
At that way part of construction surrounding sensor acts as a new rehabilitated structure as
shown in Fig. 2b.
a

b
A1

C1
C2

A2
A3
A4

Anode
ladder
sensor

A5

MnO2 half-cell sensor
Additional corrosion rate sensor

Fig. 2: In-house produced sensor installed in the column of the bridge, a) sensor, b) sensor
coated with reprofiling mortar
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Self-made anode ladder are composed of 5 rebars of black steel (A1 to A5) that act as anodes
and two rebars made of stainless steel acting as a cathodes as shown in Fig. 2a. First electrode
of anode ladder is at the depth of 2 cm and 5th electrode at the reinforcement depth.
Additional to anodes there is a direct connection to reinforcement. Potential and current are
measured between each of the anodes versus the cathode. Concrete electrical resistivity is
measured between the each pair of adjacent anodes. Therefore, with these sensors it is
possible to detect corrosion through different depths of concrete cover and at the end to
evaluate corrosion on the level of reinforcement. Half-cell potential is also measured by the
MnO2 sensor, and concrete resistivity by the AC method using two stainless steel electrodes
(Sekulić, D. and Gabrijel, I. 2016).
Corrosion current density for all sensors was above the corrosion initiation limit, indicating
that there was no corrosion. Potential measurements also indicated that there was no corrosion
except for the anode of Column S26 at the depth of 20 mm. Electrical resistivity of concrete
was between 500 Ωm and 1500 Ωm for sensors installed in January 2014. For sensors
installed 16 years ago on column S29, electrical resistivity of concrete is lower (100 Ωm –
200 Ωm). Despite of the low electrical resistivity of concrete there is no corrosion activity.
Protective coating on concrete prevents drying of concrete, which causes low electrical
resistivity. Ingress of chlorides and oxygen is also prevented by the protective coating, which
does not enable any corrosion activity. So, low resistivity of concrete does not necessarily
mean that there is corrosion activity. Rehabilitation procedures at this site included removal of
concrete contaminated with chlorides, application of new protective layer and protective
coating, therefore presence of corrosion activators is not likely.
It is important to emphasize that the multidepth sensor monitoring technique has the ability to
predict future corrosion of the reinforcement. As multidepth sensors measure initiation of corrosion
by anodes placed at the depths lower than reinforcement, the time for the initiation of corrosion at
the reinforcement level can be predicted by the extrapolation of measurement results, as shown in
Fig. 3a. For example, reinforcement is placed at the 80 mm depth it will start to corrode after 300
days, which is predicted from the measurements during the first 160 days (Fig. 3a).

a

b

Fig. 3: a) Example for the corrosion front prediction – laboratory measurements, b) Results of
reinforcement diameter decrease – measurements on the real structures.
For corrosion prediction the following function is proposed (Equation 1):

D = A ⋅ t + B ⋅ ( 1 − e C⋅t )

(1)

where, D is the corrosion front depth, t is the time and A, B, C are fitting parameters. In real
structures we have a combination of chloride diffusion (first part of eq. 1), and capillary
absorption process (second part of eq. 1). (Sekulić and Gabrijel, 2016).
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Fig. 3b shows reinforcement cross section decrease in time obtained from measurements at
three Croatian coastal bridges, where corrosion measurement data is available during 4 years
after construction for “Cetina” bridge, at 11 years for “Krka” bridge and at 17 years for
“Maslenica” bridge (right) (Sekulic, Serdar, 2017.). From Fig. 3.b it is visible that first 13
years we have corrosion initiation phase, and after that corrosion propagation phase occurs.
For these bridges similar commercially available multidepth sensor systems are used
(Raupach, M. and Schießel, P. 2001).
3. DEFORMATION MONITORING

During last years an extensive repair works on the Krk bridge was conducted, consisting of
hydro-demolition of chloride contaminated protective layer from columns, reinforcement
cleaning, and application of new protective coating (Wurth, et al., 2006). World experiences
are that about a half of repair works were poorly performed, from which 75% repairs are
attributed to poor durability properties, and 25% to structural failures (Mavar, K. et al., 2007).
So, during the repair work design some important questions and open issues arouse: the stress
increase rate in the rest of the concrete after hydro demolition of the concrete cover, the rate
of elastic deformation and plastic creeping caused by disburdening of column S26, the rate of
influence of the new concrete shrinkage on additional longitudinal loading and how the new
layers (of repairing concrete) affect loading capacity of the repaired columns - when and in
which rate will new concrete participate in useful freight bearing.
In order to find out what really happens during repair phases and afterwards, during further
exploitation of the bridge columns, it was decided to perform deformation measurement on
two characteristic columns S20 and S26. Different deformation measurement techniques was
considered, among that monitoring with interferometric fibre optic sensors was selected as the
most appropriate measurement method.
Among several different commercially available fibre optical sensors (FOS) which is based
on different principles (Sekulić, D. et al., 2006), interferometric FOS are chosen as the most
suitable measurement technique (Inaudi, D. et al., 1994). Used sensors characterise long
measurement base of 2 m, which enable averaged deformation measurement without
influence of local phenomena as a cracking and concrete non-homogeneity. Another
advantage of used FOS is possibility of embedding into concrete which makes sensors
insensitive to mechanical influences during operation, unlike conventional extensometers.
FOS is insensitive to temperature changes, chemical influences, and to electrical fields.
Measurement stability is estimated to about 20 years. Tab. 1 shows main characteristics of
used fibre optical sensors.
Tab. 1: Characteristics of used fibre optical sensors

Measurement base
Resolution

2m
2 μm
-50 °C to +110 °C (sensor)
Working temperature range
-40 °C to +80 °C (optical cable)
20 °C to +60 °C (measurement device))
Linearity, accuracy
< 0.002 % of measured deformation
Maximal length of optical connection 5 km
between sensor and measuring unit
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Fig. 4 shows mounted sensors on the column S 26 before new protective layer application.
Column S 26 above Small arch are disburdened during reparation by help of load bearing
scaffolding and hydraulic presses, as shown in Fig. 5.

Sensor
positions

Fig. 4: Mounted sensors

Fig. 5: Disburdening of the column S 26
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Fig. 6: Measurement results for load application and load removal for column S 26 before
new concrete layer application
Measurements with disburdened and loaded column was conducted, before and after new
protective layer application.
Fig. 6 shows measurement results for 4 sensors on a column S 26 before new concrete
layer application. At the beginning of measurement session a column was loaded by road
construction, and after that it was unloaded by reclining of road construction on
scaffolding, by hydraulic presses. Pressure reading on hydraulic presses corresponded to
1600 kN at the beginning, and to 1640 kN at the end of measurement in unloaded state,
which give column stress of 1.39 MPa and 1.43 MPa respectively. After unloaded phase
column was loaded again.
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Fig. 7: Measurement results for load application and load removal for column S 26 after new
concrete layer application.
Few months later, after new concrete layer application, measurements were repeated, for the
same states of loading and unloading, but this time column was more unloaded and force was
2100 kN. Taking into account larger force and larger column cross section due with thicker
new concrete layer, column stress of 1.46 MPa was calculated. Deformation measuring results
exhibit similar relative deformations, as before refurbishment of columns, as shown in Fig. 7
(Mavar, K. et al., 2007). It leads to conclusion that concrete used for repair exhibit
satisfactory mechanical properties and acts as a load bearing layer coupled with old concrete.
It is planning to repeat measurements after more than 10 years after repair works to prove
deformation state of the columns.
Similar projects with deformation measurements on bridges are conducted worldwide (Inaudi,
D., 2009).
4. CONCLUSIONS

Paper emphasizes importance of the monitoring of RC structures and gives description of
some monitoring techniques used in Institut IGH d.d.
By the corrosion monitoring techniques it is possible to notice degradation of chloride
exposed RC structures when there are no visible degradation yet. It is shown that corrosion
monitoring is very useful for proactive repair works planning.
Measurement results of deformations give practical evidence of usability and advantages of
fibre optical sensor measurement technique. Measurements after and before refurbishment of
Krk bridge columns show similar deformations under load application, which leads to
conclusion that concrete used for repair exhibit satisfactory mechanical properties and acts as
a load bearing layer coupled with old concrete. Fibre optic sensors have many years stability,
which is the main advantage compared with traditional deformation measuring techniques.
Paper also shows that it is possible to predict future degradation of structure from monitoring
data to determine remaining service life and to prescribe maintenance actions. This is a
complex issue, requiring accurate measurements, optimal number of installed sensors at
representative places to obtain relevant conclusions about state of the structure.
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5. NOTATIONS

Corrosion monitoring system development, testing and application is funded by the European
Commission FP7 project Tomorrow’s Road Infrastructure Monitoring and Management
(TRIMM), 1st December 2011 to 31st November 2014).
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ADVANCES IN BRIDGE MANAGEMENT SYSTEMS
Jelena Bleiziffer1, Ivana Milić
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1

SUMMARY
The paper provides an overview of some current developments in bridge management
systems and discuss prospects of further advances – incorporation of new monitoring
techniques and especially implementation of bridge information modelling (BrIM) in an asset
management system. There are constant advances in the health monitoring techniques, and
increase in number of applications of health monitoring on road structures such as bridges.
However, the capabilities of the measurement systems themselves are not always targeted at
the key input requirements of an asset management system. A methodology developed to
integrate the monitoring data in asset management systems is discussed. The possibilities of
implementing bridge information modelling in a bridge management system are discussed
using the asset management system of Croatian Motorways authority as an example.
1. INTRODUCTION
World Road Association clearly underlines the importance of road maintenance (PIARC,
2014) stating that “Road infrastructure provides a fundamental foundation to the performance
of all national economies, delivering a wide range of economic and social benefits.
Adequately maintaining road infrastructure is essential to preserve and enhance those
benefits. Road network performance is a result of, among other things, road and bridge
conditions, road design, and traffic regulations. Information on condition and performance of
bridge and road assets are crucial to ensure proper service to road users and society but also to
strengthen management”. Within the transportation networks, bridges are key elements for
connecting people and delivering goods (Casas, 2015).
Faced with limited resources, the authorities must prioritize the work. It has long been
generally accepted that the only rational way to do so is to determine the inherent risk levels
in structures so that those at most risk can be dealt with first (Hearn, 2002). For this purpose,
it is necessary that structures are inspected and assessed at regular time intervals, according to
prescribed procedures. Asset management systems are developed to assist in reaching
decisions related to carrying out management activities.
According to ISO 55000, “asset management involves the balancing of costs, opportunities
and risks against the desired performance of assets, to achieve the organizational objectives”,
and “enables an organization to examine the need for, and performance of, assets and asset
systems at different levels. Additionally, it enables the application of analytical approaches
towards managing an asset over the different stages of its life cycle (which can start with the
conception of the need for the asset, through to its disposal, and includes the managing of any
potential post disposal liabilities).” Furthermore, it identifies the potential benefits of asset
management as improved financial performance, informed asset investment decisions,
managed risk, improved services and outputs, demonstrated social responsibility,
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demonstrated compliance, enhanced reputation, improved organizational sustainability and
improved efficiency and effectiveness.
2. ROAD BRIDGE MANAGEMENT IN CROATIA
The road network of Republic of Croatia is managed by several companies. Public roads
authority (Hrvatske ceste d.o.o. – HC) is responsible for operation, construction and
maintenance of state roads (6,890 km). There are also 20 county road authorities responsible
for county (9,650 km) and local (9,080 km) roads. The 1,313-km long motorway network is
operated by 4 companies (Drazenovic, 2017a): 925 km by Hrvatske autoceste d.o.o. – HAC,
187 km by Autocesta Rijeka-Zagreb d.d., 141 km by BINA-ISTRA d.d. and 60 km by
Autocesta Zagreb-Macelj d.o.o. The latter three, are concession societies for the construction,
maintenance and operation of motorways and structures for toll collection. The motorway
network comprises 219 bridges, totalling 40 km in length (Drazenovic, 2017b) i.e. 3 % of the
motorway.
The project of modernization and restructuring of the Croatian road sector was launched with
the objective of strengthening the institutional effectiveness, enhancing the operational
efficiency and increasing the debt service capacity of Croatia's road sector (Marteau, 2017).
One of the indicators for the results achieved is the implementation of Road Asset
Management System (RAMS). It has been identified that road sector agencies and companies
do not have integrated RAMS, and the end target is to have RAMS inputs incorporated in
rolling plan by the end of 2021.
Sector reorganization is described in a Letter of Sector Policy, announced in March 2017 by
the Ministry of Sea, Transport and Infrastructure (MMPI, 2017). It specifies that RAMS will
use all available asset management systems from public companies within the road sector. It
will ensure availability of current data on the condition of the network and serve as the basis
for continuous updating of motorway and state road periodic maintenance estimates. It will
also be available for county-managed roads, namely for data-entry on road inventory and road
condition, and to generate their own future maintenance programs. It will allow rehabilitation
and periodic maintenance to be programmed, based on actual road conditions and not based
on predefined standards.
It is recognized that Croatian public road sector companies have existing systems for
managing elements of the road infrastructure (e.g. structures at HAC; pavement at HC) and
are in the process of expanding such systems (Dimitropoulos, 2017). Thus, the RAMS
development will include review of existing RAMS elements, support to implementation and
integration of missing elements including data collection.
One of those existing systems is asset management system SGG implemented by HAC
(Bleiziffer, Juric and Kuvacic, 2012). It is focusing on civil engineering aspects of
maintenance and management of motorway structures (support for data collection, condition
assessment based on inspection results, and planning of execution of appropriate and timely
maintenance measures, within the prescribed budget). SGG provides the list of priorities with
the approximate bill of quantities of maintenance works required. This asset management
system includes all types of motorway structures, categorized as: bridges (incl. viaducts,
overpasses, underpasses, animal crossings), tunnels, pavements (incl. all paved surfaces),
drainage (gutters, ditches, drains, separators, overflow structures etc.), geotechnical structures
(retaining walls, embankment and cut slopes), other roadway components (safety barriers,
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wind barriers, sound barriers) and buildings (roadside service facilities, maintenance and
traffic control centres). The general framework and guidelines on subsequent development
were set out in 2006, followed by staged development of modules for bridges, drainage,
pavement, tunnels, and data collection on the inventory and condition of inventory, which is
still undergoing.
It is very important that restructuring of Croatian road sector clearly identified the goal of an
integrated asset management system for the entire network and all responsible authorities.
That is a very welcoming objective. Still, asset management worldwide is facing new
challenges and developments, and it would be beneficial to consider incorporation of new
monitoring techniques and especially implementation of BIM from the earliest stages of
development of road asset management system. The following chapters discuss these two
elements focusing on road bridges.
2. BRIDGE MONITORING AND BRIDGE MANAGEMENT
Any asset management system requires collecting the data on inventory and on inventory
condition. The condition is usually described using the condition indicators.
The calculation of condition indicators is based on evaluation of defects of an asset, detected
during manual inspection of the asset and/or measurements that are routinely carried out
during prescribed inspections/ condition assessment. The manual inspections are carried out
in regular time intervals, prescribed in regulations/ guidelines of the country and/ or road
authority. The major prerequisite for a manual inspection to serve as a basis for calculation of
a condition indicator that is usable in an asset management system, is that inspection
addresses all elements of an asset, and is focused on detecting all damage that occurred on
any part of an asset. This is of major importance when considering incorporation of
monitoring data in an asset management system, because monitoring techniques are often
focused on only a fraction of elements and/ or only a fraction of parameters that indicate
damage/ defects. However, there is a huge advantage of some advanced monitoring
techniques that it may indicate damage/ defects even if they are not apparently visible on the
external surfaces of an asset, and as such may go unnoticed during manual inspections. Thus,
some advanced monitoring techniques are especially important for proper preventive
maintenance management.
Part of the research carried out in FP7 Project Tomorrow’s Road Infrastructure Monitoring
and Management was to provide the methodology on how to utilise the monitoring data in
decision making processes of a road asset management system, for which it is essential to
establish relationship from monitoring data to condition indicators and maintenance measures.
The methodology developed addressed the following specific barriers to inclusion of
monitoring data into road asset management systems:
• difficulty of systematic handling and interpretation of the monitoring data (by establishing
relationship between measurable data and condition indicators),
• practicality of the monitoring data within asset management systems (by allowing to
combine the information from monitoring and manual inspections in an asset management
system),
• the fact that the capabilities of the measurement systems themselves are not always
targeted to the key input requirements of an asset management system.
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The guiding idea of this task was to break down all damage/defects that may occur on an asset
into technical parameters and measurable data. Required data may then be measured by a
simple technique during manual inspections (e.g. crack width), or by an advanced monitoring
technique (e.g. corrosion rate). If no measurements are available, the condition indicator
related to a specific damage/defect may be added manually, based on engineering judgment of
damage identified by manual inspection. If certain condition indicators are not readily
available, the proposed methodology is still working, as the missing condition indicators are
simply neglected, just as is the case in manual inspections. However, there is a risk that
resulting planned maintenance measures may not be adequate due to missing information on
all condition indicators. But, if there is a health monitoring system installed on a bridge, this
valuable data is also included in the calculation of the condition indicator.
In order to implement monitoring information, all condition indicators needed to be related to
measurable data in quantitative terms. Referenced document (van Kanten Roos et al., 2013)
details the proposed set of bridge condition indicators and transfer functions to calculate each
condition indicator from the value of technical parameter. Transfer functions are provided in
separate sheet, with indication which measurable data from monitoring is required for
calculating values of condition indicators. The report also provides the relationship from
monitoring data, through bridge condition indicator to choosing an appropriate maintenance
measure.
Flowchart showing how bridge condition index is derived from element single condition
index is shown in Fig. 1.

Fig. 1: Flowchart for calculating bridge condition index
Since a bridge is composed of a series of elements, relationship between condition indicators
and defects (monitoring data) is done on an element level (element single condition
indicators). Single element condition indicator is calculated from the value of technical
parameter, using an appropriate transfer function. Then, relative importance of single element
condition indicators is introduced to calculate the values of 6 combined condition indicators
which correspond to 6 defect types (contamination, deformation, deterioration, loss of
material, discontinuity and displacement). Subsequently, relative importance of combined
condition indicators (relative importance of defect type) is introduced to calculate the value of
general element condition indicator. Finally, general condition indicator for the entire bridge
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is calculated considering the relative importance of an element for the entire bridge. The
urgency of the maintenance measures was defined by considering only the aspect of asset
condition. When deciding on priorities on a network level, other aspects need to be considered
(importance of a bridge for the functioning of the network).
3. BRIDGE INFORMATION MODELLING AND BRIDGE MANAGEMENT
Building information modelling (BIM) is a huge topic and causing true digital revolution in
the construction sector. This was especially emphasized with the adoption of European
directive 2014/24/EU on public procurement stipulating that for public works contracts and
design contests, Member States may require the use of specific electronic tools, such as of
building information electronic modelling tools or similar. Many countries have turned to
developing appropriate strategies for the implementation of BIM. For instance, BIM will be
mandatory for all transportation projects by the end of 2020 in Germany (Bramann & May,
2015).
In Croatia, general guidelines for BIM approach in construction sector were recently
published by the Croatian Chamber of Civil Engineers (Jurcevic, Pavlovic and Solman,
2017). It acknowledges that the motivation to develop the guidelines was to encourage the
application of BIM in Croatian construction sector as the proportion of Croatian design
engineers that apply any of BIM technologies is much lower than in the countries of the
Western Europe, and if one looks at the proportion of design offices that use BIM processes
to encompass the work of different engineering disciplines, the situation is even poorer. These
guidelines are not obligatory, but a recommendation. The guidelines cover the following
topics: organization and BIM project management, design, construction, maintenance and
management, thus encompassing the entire life-cycle of a building. This document clearly
identifies that to gain the maximum benefit from BIM approach, it is necessary to incorporate
information created during design and construction stages into asset and maintenance
management systems, and use them throughout the life-cycle.
The joint ICE – ICES – IAM position paper (Shetty et al., 2014) defines the relationship
between asset management systems and BIM as “mutually supportive”, and emphasises the
need to “mitigate the danger of treating BIM and asset management as isolated practices”.
The paper clearly points to how BIM supports asset management: “The availability of
appropriate and reliable information about assets is vital for effective asset management as it
supports decision making, planning and execution of activities on assets. By providing a
structured framework for the creation, collation and exchange of information about assets,
BIM supports effective asset management. However, to enable this BIM must provide
information covering the whole life cycle of assets.” In this sense, new standard PAS 11923:2014 “Specification for information management for the operational phase of assets using
building information modelling” was developed to extend BIM to cover the in-service phase
of assets. As specified in its forward, it is a companion document of, and refers heavily to
PAS 1192-2:2013, Specification for information management for the capital/delivery phase of
construction projects using building information modelling. It applies to both building and
infrastructure assets.
There are many advantages of BIM over traditional design, the interrupted flow of
information from one stage of the project to another being particularly important for asset
management.
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Asset management systems require first a database on inventory that is being managed, and
for BIM projects these are already readily available in the BIM model. The SGG asset
management system used by Croatian motorway authority HAC stores inventory data through
combined graphical and textual / numerical inputs (Fig. 2). These may be easily adapted to
BIM data, and substantially simplified due to parametric definition of elements in BIM
models that inherently comprise material and other properties. Using BIM model in design
and construction stages assures that all inventory data is up to date and representative of the
structure at the beginning of its service life. Since the asset management system database is
already populated by a large number of data, one should carefully consider how to treat the
existing information by making appropriate adaptation of procedures for the new projects
delivered in BIM first, and then taking a phased approach to extending BIM to existing assets,
prioritised by their importance / criticality. The implementation of BIM in asset management
systems in this sense is rather straightforward, but requires substantial work on
standardization of both BIM and asset management to be mutually supportive, and to consider
the entire life cycle of an asset, as well as very clear client requirements for the entire
processes, including data specification, information systems, roles and responsibilities.

Fig. 2: Screenshot from SGG with bridge inventory data
More research work is required for collecting inventory condition data in BIM environment,
although there are clear advantages both for the carrying out on-site inspection (Turkan et al.,
2015), and subsequently storing data on observed damage and defects by introducing changes
to the BIM model (McGuire et al., 2016).
4. CONCLUSIONS
Asset management systems are used worldwide to support the decision-making process
related to carrying out appropriate maintenance actions on structures within the budget
constraints. They rely on inventory data and inventory condition data; the latter being usually
collected by manual inspections. The advances in monitoring techniques and building
information modelling should be incorporated in the existing asset management systems, as
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they provide more accurate data and thus more informed and efficient maintenance
management.
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NEW CONCEPT FOR DESIGN OF CONCRETE STRUCTURES
Andor Windisch
BMGE Department of Structural Engineering
Schwarzhölzlstrasse 19A, 85757 Karlsfeld, Germany
SUMMARY
Structural Concrete (SC) consists of concrete, reinforcement, cracks and bond. Besides of
these four constituents at dimensioning of SC structures equilibrium- and compatibility
conditions, kinematics and physically correct material characteristics must be considered. SC
structural elements shall not be modelled as trusses, stress fields, strut-and ties but as
continuums with discrete, not rotating cracks. Shear and torsion are “products” of the
orthogonal global coordinate system only. The structural members do not “know” them
concrete. The dimensioning for bending and shear must not be carried out separately. The
“concrete contribution” is the “shear component” of the load bearing capacity of the concrete
compression zone. A slab is not a sandwich at all. Theoretically really sound dimensioning of
SC structures in the XXIth century is a big challenge for all of us.
1. INTRODUCTION
“International and national codes must be transparent, easy to apply for designers and should
result in safe but economical structures. Meanwhile codes are significantly more complicated.
This is partly due to the development of more scientific background knowledge, nevertheless
also due to a lot of unfortunate developments” (Walraven, 2017).
At the beginning of the XXth century it was found/accepted that the dimensioning for bending
and shear should be performed independently of each other. For bending in a beam the top
and bottom flanges are included whereas for shear the web is “responsible”. This presumption
was practical and most inconsistencies which occurred and were perceived by the engineers
during practice were smoothened out during the last decades with more and more
sophisticated models, concepts, e.g.:
•
•
•
•
•
•

Varying angle truss model
Aggregate interlock
Size effect underlined with the theory of fracture energy
Strut and tie model
Modified Compression Field Theory,
Compressive Force Path-Model.

Windisch (2016) evaluated these models, revealed their shortages. Most of these models
disregard basic requirements of equilibrium, compatibility and kinematics.
In this paper the concept of a revised dimensioning model is outlined. The transparency and
applicability of the model will be presented on two examples.
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2. NEW MODEL FOR DIMENSIONING
2.1 Dimensioning for bending and shear are interrelated
The most fundamental –hence diametrical to habitual– principle of this model is that
dimensioning for bending and shear is carried out interdependently.
Structural Concrete (SC) consists of concrete, reinforcement, cracks and bond. Besides of
these four constituents at dimensioning of SC members equilibrium- and compatibility
conditions, kinematics and physically correct material characteristics must be considered. SC
is at macrolevel a “simple”, user-friendly and transparent material for those who understand
and feel it.
2.2 SC members fail along a discrete, critical section
Properly dimensioned SC members fail along a critical section which consists of a discrete
crack along the tensile zone and an attaching sliding surface along the compression zone. The
form of the critical section depends on the local geometry of the member and the action
effects in the given section and can be deduced from the elastic trajectories: in case of pure
bending it is a plane perpendicular to the member’s axis; at bending + shear it is a cylindrical
surface (bending-shear crack, see Fig. 1, in case of punching –depending on the cross section
of the column- a pyramidal or conical surface, see Fig. 2; when torsion, too, is acting then the
surface performs a “warped” surface (Fig. 3). The inclined shape of the critical section reveals
the real physical character of the staggering: it is a length along the longitudinal reinforcement
and no plus/minus force supplement in a vertical section.

Fig. 1: Critical section in case of bending and shear

Fig. 2: Punching cone (Menétrey, 1995)

Fig. 3: “Warped” failure section in case of bending + shear + torsion (Gvozdev et al. 1968)
2.3 The location and form of the possible critical sections in ‘D-regions’
The location and form of the possible critical sections can be easily predicted in ‘D-regions’,
too. If the tensile zone has a kink, the corner point is always the starting point of a crack. It is
inclined with respect to the member’s axis and to the direction of the flexural reinforcement.
The inclination of this crack depends on the geometric conditions of the ‘D-region’ and / or
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on the ratio of the concrete tensile stresses in the two edge fibers joining in the corner point.
The laws of the crack directions can be determined by linear elastic FE calculations.
Examples see in Chapter 3.
If the compression zone has a kink or the direction of the compressive force has to change for
other reasons, tensile stresses occur transversely to the compressive stresses, which can lead
to cracks (e.g. in opening corners). These cracks have the same characteristic features as the
"shear cracks"; they are inclined to the respective axis of the member. The tensile force,
which is necessary for the equilibrium of the region separated by such a transverse crack,
must be taken by reinforcing bars, which are crossing the crack and are properly anchored on
its both sides.
2.4 In the shear resistance the aggregate interlock has no influence
In the shear resistance the aggregate interlock has no influence, the “concrete contribution” is
the “shear component” of the load bearing capacity of the concrete compression zone.
Applying recent advanced measurement technics the relative displacements of the crack faces
was traced during the loading procedure: no relative displacements which could activate the
aggregate interlock were detected, see Fig. 4 (Völgyi et al. 2017). Moreover, hindering the
eventual development of the aggregate interlock with plastic sheets did not change the failure
load at all.

Fig. 4: Optical detection of relative displacement and measured magnified relative
displacements between the faces of the failure shear crack at different percentages of the
failure load (Völgyi et al. 2017)
2.5 The concrete contribution is the ‘shear’ component of the compressive zone stresses
The dimensioning for bending and shear must not be carried out separately. In a beam the
web has not that fundamental role as attributed to it during the last century. The size effect is
the result of an erroneous model for the shear resistance. The size of the ‘concrete
contribution’ equals with the flexural tensile force. Dividing this constant value with the
increasing web depth of beams with constant longitudinal tensile reinforcement a decreasing
‘concrete web shear strength’ is obtained. Recently a “side size effect” was detected which
arises from similar reasons.
A slab is not a sandwich at all. Its core (like a web, too) transmits inclined compressive
stresses, acts as spacer, controls the deformation of the bonded shear reinforcement (if it
exists) and increases the member’s stiffness.
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2.6 Efficiency factor of inclined rebars
It is known that rebars placed along the compressive trajectories (i.e. perpendicular to the
cracks) are more efficient than inclined rebars. This shall be considered at dimensioning.
This reduced efficiency is taken into account through the efficiency factor, ψ,
introduced/deduced by Windisch (2000).

Fig. 5: Efficiency factor, ψ, of an inclined/skew rebar, legend (Windisch, 2000)
Applying the legend shown in Fig. 5
Asα = N1 / (ψα · σs0 · cosα)
Windisch (2010) pointed out that the specimens of the well-known Toronto panel tests are in
principle skew reinforced panels which failed as the weaker band of rebars begun to yield.
The failures cannot be attributed to any kind of failure of concrete, Fig. 6. Accordingly the
validity of the Modified Compression Field Theory and the shear design methods in MC2010
are questionable.

Fig. 6: a) Effective compressive concrete strength as function of the transverse tensile strain
(Vecchio and Collins, 1986); b) Evaluation of the Toronto test (biaxial loading) results as
skew reinforced panels (Windisch, 2000)
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3. APPLICATIONS, EXAMPLES
3.1 Dapped end
The cracks of the two dapped ends shown in the Fig. 7 can be classified as follows:

Fig. 7: a) and b)
crack patterns of test
specimens of Steinle (1975)
c) legend

Fig. 8: Dimensioning of
the characteristic critical
sections

Fig. 9: Dimensioning
a) with orthogonal rebars,
b) with supplementary
inclined rebars

To the left of the corner point B and to the right of the lower corner point C, the cracks are
conventional bending-shear cracks. Also the cracks occurring between the points B and C
show the usual form of a bending-shear crack; the flexural parts of the cracks are
perpendicular to the edge BC. The critical section at corner point B has an initial inclination
which depends on the ratio dk / d.
On the basis of linear elastic FE calculations, the inclination angle of the corner crack can be
estimated with good approximation for the practice to:
α = 90 ⋅

dk
d

[°]

The necessary reinforcement quantities can be determined by the dimensioning of the sections
shown in Fig. 9. The course of these critical sections also determines the size of the moments
for which the rebar there should be dimensioned. The horizontal distance between the point
where the crack crosses the rebar and the compression zone, resp. is the staggering v.
In case of the critical section II, the inclined position of the rebars relative to the direction of
the crack must be taken into account. According to the legend given in Fig. 9 a):
M II = Ash ,II ⋅ ψ α ⋅ f sy ⋅ zkB + Asv ,II ⋅ ψ (90 −α ) ⋅ f sy ⋅ zkB ⋅ cot α
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If an supplementary inclined rebar with Ass is applied, it should be taken into account with its
efficiency factor corresponding to the angle β. Accordingly:
M II = Ash ,II ⋅ ψ α ⋅ f sy ⋅ zkB + Ass ⋅ ψ β ⋅ f sy ⋅ cosβ ⋅ zkB + Asv ,II ⋅ ψ (90 −α ) ⋅ f sy ⋅ zkB ⋅ cot α
In the case of the bending dimensioning of the cross-sections, the bearing capacity of all the
rebars which cross the crack may be considered. For further details (e.g. proper anchorage of
the different rebars) see Windisch (1988).
3.2 Opening corner
The opening corner is a very instructive example of the fact that the usual dimensioning at the
adjoining vertical- and horizontal cross sections or in the diagonal section, without a
supplementary inclined reinforcement in the corner area, led to corners which failed significantly
below the calculated breaking load. The reason for this is to be seen in the fact that the
compressive and tensile forces from the adjoining components in the frame corner are forced to
change their direction. (Note: until today no practicable Strut-and-Tie model was found.)
Properly dimensioned and reinforced corners can fail in two ways (Fig. 10):
•
•

The corner crack a opens strongly; The transverse crack b, which adjoins the
corner crack a, also opens too strong, and it constricts the compression zones
of the adjoining sections that fails.
During loading a further transverse crack (crack c in Fig. 10) develops in the
outer corner region.

Stütze = column
Riegel = beam
Fig. 10: Typical cracks of an
opening corner

Fig. 11: Course of the angle
of inclination of the corner
cracks at 90° opening corners

Fig. 12: η-values a) acc. to
Nilsson (1973); b) acc. to
the new concept

The evaluation of very extensive linear-elastic FE calculations of opening corners with
different cross-section depths and stress ratios in the corner revealed that the direction of the
tensile stress and thus the direction of the first bending crack at the corner depends only on
the ratio of the inner edge stresses, σR and σS, resp. (Fig. 11).
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The jumps in the course of this relationship can be explained as follows: the corner crack is
actually the last crack of the beam or the column.
The corner can be loaded in such a way that, despite the positive moment, in the inner edge on
the column section a small compressive stress occurs (σS/σR < 0). Then the crack, beginning
practically from the inner corner, will proceed at an angle of α < 10 °. In case of the stress
ratio σS/σR = 0.5, it is practically still the beam that first cracks at the inner corner; But the
inclination angle becomes larger (~ 23 °). This crack, as it is known, relieves the concrete
tension zone on its both sides, thereby fundamentally changing the conditions of the
occurrence of another crack in the corner which could be a crack of the column. Practically,
the occurrence of a second corner crack needs not be taken into account in the design.
In the vicinity of the stress ratio σS/σR ≈ 1.0, the distribution of the local tensile strength of the
concrete with respect to the first corner crack is decisive. The angle can be practically of any
value between 30 ° and 60 °. In this case 45 ° is decisive for the design of both cross-sections
joining the corner region. For further details see Windisch (1988).
As verification in Fig. 12 the efficiency of the reinforcement pattern:
η = Mtest / Mcalc
is plotted as function of the mechanical rate of reinforcement
ω = μ fsy / fc’
with µ – geometrical rate of beam- and column tensile reinforcement, resp. for typical
reinforcement patterns with and without additional corner reinforcement. It is striking that the
two reinforcement patterns lead to two independent point groups. Fig. 12 b) shows the η-

values calculated according to the methods presented here as function of the effective
mechanical rate of reinforcement:

e fω =

μ L ψ L f syL + μ S ψ S f syS cos β −
f c′

N
bh

It is noteworthy that in Fig. 12 b) all η-values form a single set of points.
4. CONCLUSIONS

A new concept of design of SC members was presented:
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•
•
•
•
•
•

Dimensioning for bending and shear are interrelated
SC members fail along a discrete, critical section
The location and form of the possible critical sections in ‘D-regions’ can be predicted
In the shear resistance the aggregate interlock has no influence
The concrete contribution is the ‘shear’ component of the compressive zone stresses
Efficiency factor of inclined rebars must be taken into account.

The straightforward applicability of the proposed method is presented on two examples:
dapped end and opening corner. The results are more than promising. Theoretically really
sound dimensioning of SC structures in the XXIth century is a big challenge for all of us.
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SUMMARY
Deep beam with large dimensions was investigated experimentally at University of Toronto,
Canada. A competition for blind prediction of the beam failure was organized with more than
60 participants worldwide. The shear behaviour, cracking and strength of the beam was
significantly affected by the large beam size. The best results were achieved and submitted by
Červenka Consulting with ATENA deterministic numerical analysis based on nonlinear
constitutive model of concrete using fracture mechanics. After the predictive contest authors
performed several studies about input parameters of the material models, FE-mesh size etc.
and their influence to the beam capacity, response and cracking. An advanced probabilistic
analysis based on LHS method with random fields and random variables approaches has been
consequently applied and evaluated.
1. INTRODUCTION
Theories are best validated on laboratory experiments in competitions, where experimental
results are not known to competitors, because experiments are performed after the predictions
are submitted. Recently, the “Prediction contest for strength of four meter deep reinforced
concrete slab strip” organized by M.P. Collins and E.C. Bentz from University of Toronto
(Collins et al., 2015) was aimed to large structures, where size becomes an important factor.
The strength prediction submitted by the authors was selected as the best among
66 participants. The Toronto contest included two tests, one without shear reinforcement and
other with stirrups.
The authors simulated the specimen behavior, namely the crack propagation, by the finite
element method with a constitutive model based on the smeared crack approach with crack
band regularization. At the prediction phase when the experimental response was not known a
sensitivity to model parameters was experienced. This poses a problem for the right choice of
model parameters relevant for the fracture analysis. The laboratory test provided the concrete
compressive strength as the only parameter describing concrete properties. The other
parameters such as tensile strength or fracture energy were not tested. In this situation, which
is typical in practice, one has to rely on derivation of these parameters from generally known
relationships from codes and other research sources. Further on, an effect of the finite element
size should be minimized. At the prediction phase authors based these choices on experience
gained from other validations (Galmarini et al., 2015), (Cervenka et al., 2014). After
publication of the contest results (Collins et al., 2015) an investigation of parameter sensitivity
was conducted with the aim to describe the model uncertainty of the simulation method.

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 526 –

2. NUMERICAL MODEL
The specimen representing a 0.25 m wide strip of a 4 m deep slab shown in Fig. 1 has the
support span of 19 m, is loaded by the force positioned non-symmetrically and provided by
shear reinforcement in the left shear span only. The left span is reinforced by vertical T-head
bars Ø20 mm at spacing 1.5 m. The bottom bending reinforcement is realized by 9 bars of
30 mm diameter in 3 layers. Material properties were described by concrete strength 40 MPa,
reinforcement yield strength 573 MPa, ultimate steel strength 685 MPa and ultimate strain
18%. It is designed so that it would fail first in the right shear span denoted as the “east test”,
with a/d ratio 3.12 while that of the left span denoted as the “west test” with a/d ratio 1.82 is
expected to have an increased strength.

Fig. 1: Test specimen geometry
The smeared crack analyses performed in this investigation were made with the program
ATENA (Cervenka et al., 2015) using the combined fracture-plastic model for concrete of
Červenka & Pappanikolaou (Cervenka & Papanikolaou, 2008). Model principles can be
described as follows:
•
•
•
•
•

strain decomposition into components of damage (elastic, plastic, fracture and others),
smeared crack model, crack band localization limiter, fixed cracks,
fracture modes I and II, due to crack opening and sliding,
reduction of compressive strength due to tensile cracks,
multi-axial behavior in compression by the Menetrey-Willam model (Cervenka &
Papanikolaou, 2008),
• Rankine criterion for tensile fracture with exponential softening of Hordijk (Hordijk,
1991),
• determination of stress softening in tension using the crack band approach of Bažant & Oh
(Bazant & Oh, 1983) and analogically in compression according to Cervenka et.al
(Cervenka et al., 2014).
The nonlinear solution is incremental with iterations in each load step by Newton-Raphson
method until restoring equilibrium. The finite element model is made for a plane stress
simplification, with low order quadrilateral isoparametric elements with 2x2 integration
scheme, with the square elements shape and size of 100 mm, i.e. 20 elements through the
height. In addition, in a case study a quadratic element with eight nodes and nine integration
points was used. The loading is applied by the imposed displacement on the top loading plate
and the force is obtained as a reaction. Reinforcement was modelled by truss elements
embedded into concrete elements. A perfect bond is assumed for interaction between
reinforcing bars and concrete.
Based on previous experience (Cervenka, 2013), (Cervenka & Papanikolaou, 2008) it was
assumed that the basic material parameters (such as concrete elastic modulus, Poisson ratio,
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compressive and tensile strengths and fracture energy) can be considered by standard values,
see Tab. 1. The attention was devoted to shear behavior of crack face, described often as
“aggregate interlock”, which is characterized by the shear factor SF. It relates the shear
fracture Mode II to the crack opening fracture Mode I. Shear factor SF = 50 was used in the
prediction stage.
Tab. 1: Concrete material parameters
Value
Parameter
34129
Elastic modulus initial E [MPa]
0.2
Poisson ratio
40.0
Compressive strength fc [MPa]
3.0
Tensile strength fct [MPa]
78
Fracture energy Gf [N/m] (MC90)
5
Plastic disp. in compression wd [mm]
1.0
Fixed cracks
lim
0.8
Strength reduction rc
50
Shear factor SF
3. PREDICTION AND EXPERIMENT
The loading test was performed in two phases. In Phase I loading was increased till failure,
which occurred in east span. After this the east span was strengthened by external bars and the
west test was performed. This allowed to obtain two shear tests on one test specimen. Both
tests were simulated in the ATENA software; load-displacement diagrams are compared in
Fig. 2. Average error from two predictions is only 1% indicating extremely good prediction.
A source of individual errors can be attributed to the random effects of material properties and
also to model uncertainties. Detailed information about the prediction results can be found in
(Cervenka et al., 2016b).

Fig. 2: Load-displacement diagrams - comparison of prediction by ATENA with experiment
Failure mode is described by crack patterns shown in Fig. 3. In the east test without shear
reinforcement a distinct diagonal crack formed, which can be attributed to a brittle tensile
failure in concrete. In the west test with shear reinforcement and also with lower shear span
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ratio the failure was due to the simultaneous contribution of tensile crack, vertical
reinforcement yielding and compressive crushing of concrete at the top root of diagonal crack
near the loading point. The yield stress of the main horizontal reinforcement was not reached
in any of the tests. It could be concluded that predicted strength as well as failure modes
agreed very well with experiments, as documented in Fig. 3.

West: Pmax = 2162 kN

East: Pmax = 685 kN

West: Pmax = 2017 kN
East: Pmax = 745 kN
Fig. 3: Crack patterns: above – experiment (Collins et al., 2015), below - ATENA prediction
4. PARAMETER STUDY
After the test results were made public, the authors performed a sensitivity study on the
selected model parameters (Červenka et al., 2016a). First, the mesh size effect was
investigated for the element sizes 50, 100, 200 and 400 mm. The load-displacement diagrams
are shown for low order square elements with 2x2 integration scheme in Fig. 4 (left) and for
high order quadratic elements with 3x3 integration scheme in Fig. 4 (right).

Fig. 4: Mesh size effect – (left) low order elements, (right) quadratic elements
The shear factor was found to be an essential parameter for the study. Low shear factor may
produce a change of failure mode. Instead of a diagonal crack a system of strut and tie can be
formed. Consequently, the tensile failure due to a diagonal crack is changed to the
compressive failure and may lead to a high resistance. Therefore the shear factor SF = 200 was
used for this study.
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Both element types indicate systematic increase of stiffness with the mesh refinement. The
response curves are almost parallel but shifted to higher resistance. This trend can be
attributed to the concrete tension stiffening, i.e. contribution of the cracked concrete to the
reinforcement stiffness. Apparently, in large meshes the concrete contribution is less due to
large volume of the cracked concrete. The crack patterns after failure shown in Fig. 5
reproduce very well the experimental behavior and are consistent for both element types and
all mesh sizes. Visible cracks larger than 0.2 mm are denoted by lines showing crack
orientation in elements.

Linear M50

Quadratic M50

Linear M100

Quadratic M100

Linear M200

Quadratic M200

Linear M400
Quadratic M400
Fig. 5: Crack patterns for low order meshes (left) and quadratic meshes (right)

Linear M400

Quadratic M400

Linear M50
Quadratic M50
Fig. 6: Strain localization for different meshes
The mesh size effect on the shear strength is stronger in linear elements. The strength range
for linear elements is 260 kN (from 646 to 906 kN), for quadratic elements it is 181 kN (from
603 to 784 kN). This is probably caused by different crack paths, which are the result of
a strain localization in different meshes and element types. This is illustrated in Fig. 6, where
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iso-areas of strains indicating the crack paths in early post-failure stages are compared for two
meshes M400 and M50 and two element types. Such a difference can be observed, for
example, between the linear and quadratic elements in mesh M400 near the bottom edge and
in the mesh M50 near the top and bottom edges.
5. PROBABILISTIC ANALYSIS
A discrepancy between prediction and experiment was observed at the stage of crack
initiation. It is believed that this is due to inability of the deterministic model to capture the
non-homogeneity of concrete. This is illustrated in Fig. 7, where a “jump” in the simulated
response diagram at point A is caused by a sudden propagation of a vertical crack at point B.
This can be explained by the instability of the softening solution in the nearly uniform field of
smeared cracks with a sudden strain localization. Such response was not observed in the
experiment. It is believed that in a real material the localization is triggered by imperfections
in early stages of cracking and large zone with almost homogenous strains does not appear.
This can be addressed by the application of the spatial probabilistic distribution of material
properties. The effect of two fracture parameters, tensile strength ft and fracture energy Gf,
was investigated using the probabilistic model.

Fig. 7: Strain localization at the crack initiation
In attempt to explain this behavior a probabilistic model was developed using the software
SARA, which is based on the work of research group in Brno Technical University reported
by Vorechovsky (Vorechovsky & Novak, 2005).

tensile strength ft
fracture energy Gf
Fig. 8: Example of random fields
In the probabilistic model, two material parameters deciding about the fracture response,
namely tensile strength and fracture energy, are modeled as random fields over the twodimensional domain of the strip as shown in Fig. 8. The fields are generated under the
assumption of normal distribution with average values of parameters given in Tab. 1,
coefficient of variation 0.2 and two correlation lengths, 0.2 and 0.1 m for horizontal and
vertical directions respectively.
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A set of 32 simulations was generated using the LHS sampling resulting in load-displacement
diagrams shown in Fig. 9 (left).
1000
900
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] 600
N
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e
cr
o
F 400
300
200
100
0
0

5

10

15

20

Displacement [mm]

Fig. 9: (left) response diagrams generated by random fields, (right) best fitting sample No. 32
It can be observed that for many simulations the stability jump at the crack initiation does not
happen and thus the agreement with the experimental response is even better, as documented
by comparison of the test response and the best fitting random field sample (Fig. 9 left).
The average strength of 715 kN from random simulations corresponds well with the strength
of the experiment 685 kN. The range of random strength values is quite large, 306 kN (from
573 to 879 kN). The scatter is obviously directly dependent on the assumed variability of
random fields. More data describing the non-homogeneity distribution in real structures are
required for further improvement of this exercise.
6. CONCLUSIONS
The finite element analysis based on the smeared crack approach and fracture mechanics
provided a realistic prediction of slab strip behavior tested experimentally in Toronto shear
contest. However, significant uncertainties are involved and should be considered in result
interpretation.
The model uncertainties were investigated for two element types, linear and quadratic, and for
four mesh sizes. The experimental response described by a load-displacement curve was
located approximately in the average of all simulations. The uncertainty of strength due to
mesh size effect described by the range of strengths was 38% (i.e. +/- 19% about average) for
linear elements and 26% (i.e. +/- 13%) for quadratic elements (with reference to the
experimental strength).
Considering strength prediction the mesh sizes of 100 and 200 mm provided the best results
close to mean (and also to experiment), while the extreme sizes 50 and 400 mm gave worse
results. Thus, element sizes close to sizes of usual material test specimen (150 mm) seems to
be optimal.
The probabilistic model revealed, that a “jump” during the initial crack propagation can be
explained by the homogenous material assumed in the model. An introduction of randomly
distributed material properties helped to avoid this discrepancy. The probabilistic study
indicated also an effect of material random variability on strength, which was in the range of
42% (or +/- 21%) of the shear strength.
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The present study offered interesting answers to many questions related to the Toronto
contest, while it also opened many questions. It is a motivation for a future research to derive
partial safety factors for large structures for material and model uncertainties based on
probabilistic safety formats.
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SUMMARY
This research paper deals with different concrete slab railway bridges, which were built in the
years 1930 to 1990 and should be used in their current mode of operation at least until the end
of their expected economic lifetime or even further.
Due to the conservative approaches in terms of design, it is not possible to provide documented
evidence of conformity for slab bridges of the last century 0. But for all that, these structures are
still in use and do not show many noticeable damages. Hence, it was important to represent the
interacting load bearing capacity, or rather the remaining safety, with the use of nonlinear FE
modeling. The main target of this research was to display structural reserves of existing slab
bridges within the context of the bridge management system nowadays. To ensure the quality of
the results, all investigations are verified by numerical analysis, which use the current Eurocode
1 for the design action referring to load model 71, the operation trains D4 and the limits of the
VEk values of B2302 (ÖNORM B2302, 1931) from the year 1936. The shear resistance values
were compared with different design methods like EC2 (ÖNORM EN 1992-1-1), the fib Model
Code 2010 and the results of the nonlinear FE- modeling of ATENA 2D and 3D (Cervenka et
al. 2015). The calculation of ATENA 2D (Cervenka et al. 2015) used single span girders, which
were bonded at the threefold of their effective depth.
Finally the investigations pointed out that 50% of the design value of the reinforcing steel in
addition to the concrete contribution according to EC2 should be used by the verification of
existing slab bridges with bent-up bars. Furthermore, with the consideration of these calculatory
assumptions, the normative safety of bridge structures could be achieved and many bridges are
still safe to use in their mode of operation, if the maintenance conditions are adequate.
1. INTRODUCTION
According to the recalculation using current standards 0, some bridge structures do not need
any strengthening whereas others may need to be strengthened or even completely replaced.
In addition to that, the Eurocode 2 prescribes that bent-up bars should cover only fifty percent
of the entire shear load. In this way, there is often no option to fulfil the requirements of the
current standards for the assessment of the existing bridges, which has to be done if there is a
change due to enlargement of the load. This high level of safety, which happens due to
neglected load bearing effects, was investigated for existing concrete slab bridges with bentup bars.
The calculation, respectively the assumptions, was generated referring to the proof of
perforation. Contrary to bent-up bars in slab bridges, the provision for bent-up bars in the

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 534 –

ceiling refers to the thickness of the slab. The results of the numerical simulation and the
suggestion in this research paper are to consider fifty percent contribution of the yield strength
of the bent-up bars.
The most important facts concerning the investigated bridge structures are:
• the static system of each bridge is a single span girder with a span width from ten to nearly
thirteen meters,
• the statically effective depth varies between 69 cm and 87 cm,
• the steel types are B500A and B550A,
• the longitudinal reinforcement area varies between 39.1cm2/m to 72.75cm2/m.
1.1

Investigations of bridge structures

For the analysis of the ultimate load, a cross-sectional area of the existing reinforcement of
the total span was used. The span has a length of 7.2 m; the height of the slab varies between
0.66 m and 0.8 m in the middle of the bridge. The concrete class was C30/37 and the
thickness of the concrete cover was about 3 cm. To induce the force into half of the bridge’s
structure due to symmetric boundary conditions, steel plates were used. The dimensions of the
steel plates are about 20 cm in length and 3 cm in thickness and are positioned at the distance
of 3.5 times of the effective depth of the section. All results are listed in table 1. The
reinforcement of the beam was calculated in relation to the whole slab. The analysis is
separated in two load cases, load case 1, the support of the beam with the steel plates and load
case 2, the load which was applied by prescribed deformation which presses the slab
downwards. The load steps, which have different multipliers, were calculated step by step.
The first 40 load steps have a coefficient of 1.0, the next 40 steps work with a coefficient of
0.1 and the next steps are continuously levelled till 120 analysis steps are remaining.
2. NONLINEAR FINITE-ELEMENT INVESTIGATION OF BRIDGES
2.1 Dimensions and reinforcement of bridge structure B05

Fig. 1: Dimensions of the beam B05

Fig. 2: Reinforcement of the 2D structural model
In comparison with the other bridge structures, B05 pictures the highest shear resistance, as shown in
Figure 3 excepting B09 bridge structure, which was a post-tensioning bridge structure. The stated
reasons are the lean beam and the high graduated shear reinforcement ratio of about ρw=0.013. Also,
the good concrete quality of C30/37 influences the load-bearing behaviour positively.
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Fig. 3: overview of the parameter study 2D and 3D
3. 2D – MODEL ANALYSIS
The nonlinear-finite-element simulation was carried out with the software ATENA (Cervenka
et al. 2015). Therefore, different material models were used to calculate the bridge structures.
In total, 5 bridge structures, built between the 1940s and the 1990s were investigated. For the
simulation, the SBETA Model, as well as a Fracture Plastic Constitutive Model
(CC3DNonLin Cementitious2), were used to investigate the influence of the material model.
3.1 Parameter study 2D beam
Fig. 4 shows the ultimate load of 819 kN/m, which comes to failure at a displacement of
92 mm. After achieving the maximum load, the iterative calculation process is stopped due to
discontinuity. Fig. 4 significantly marks the higher shear resistance of the SBETA 0 material.
Furthermore, the chart describes a shear failure, which can be seen in the big difference
between the shear resistance of the structure with and without bent-up bars. The design shear
resistance achieved by the concrete without shear reinforcement according to EC2 is about
246 kN/m, which points out existing reserves of the load-bearing behaviour in contrast to the
FE-model of about 560 kN/m. This would mean in further consequence, that EC2 shows
additional safety. The simulation of the slab without bent-up bars was limited by an ultimate
load of 550 kN.

Fig. 4: Depiction of the differences between the shear-load displacement course with and
without bent-up bars and different material parameters like the 3D – cementitious and SBETA
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3.2 Required characteristic action of shear (VEk) under the terms of LM71, Eurocode 1
for railway bridges
The plot significantly marks the higher shear resistance of the SBETA material. Furthermore,
the chart describes a shear failure, which can be seen in the big difference between the shear
resistance of the structure with and without bent-up bars. The design shear resistance achieved
by the concrete without shear reinforcement according to EC2 is about 278 kN/m, which points
out existing reserves of the load-bearing behaviour in contrast to the FE-model of about
540 kN/m. This would mean in further consequence, that EC2 shows additional safety.

Fig. 5: Comparison of shear resistance over slab thickness for bridge structure B05 according
to EC2 and EC1
As Fig. 5 shows, the calculations illustrate that an ultimate load level of 819 kN/m could be
achieved by nonlinear-finite-element modeling, whereby the required design load for railways
should consider a load level of about 925 kN/m as a result of all load combinations and additional
load class factors. This implies that the value of the FE-model overruns the characteristic value of
the load model 71 according to the EC1, which correlates with the other findings of the research.
The current standards allow taking into account 50% of the shear contribution of the bent-up bars
in addition to the shear stirrups. A combination of the contributions of bent-up bars and concrete
without shear reinforcement is not allowed in the current standards.
3.3 Detailed results of the 2D model

Fig. 6: The progress of steel stress σxx [MPa] at the load concrete resistance level VRd of EC2
with a flexural crack width starting from 0.1mm
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The maximal stress of the reinforcement at the load concrete resistance VRdc level of EC2
faces a force of 374 kN/m, which was achieved at load step 26. This resistance causes a stress
of 146 N/mm2 in the reinforcement. The concrete starts cracking once a stress of 60 N/mm2 is
achieved in the reinforcement, which is set at load step 6. This confirms the assumption that
the bent-up bars can only be activated if there is an increase of the strain in the concrete and a
crack crosses the shear reinforcement.

Fig. 7: The progress of steel stress σxx [MPa] at the ultimate load level
In ultimate load level condition, which starts at load step 68, the bent-up bars face a shear
stress of 250 MPa. Fig. 7 shows that the concrete is cracking through the shear reinforcement
area accordantly to the rising shear stress. In this connection, the shear reinforcement operates
at 50% of its capacity.

Fig. 8: The progress of steel stress σxx [MPa]of B05 at the transition of condition I to
condition II
At the transition of condition I to condition II the maximum stress of the reinforcement before
cracking is about 15 N/mm2, which is achieved at load step five.

Fig. 9: Progress of stress τxy at ultimate load [MPa]
The area of stress includes shear stress from τxy –3.0 N/mm² to +3.0 MPa at maximum or
minimum loaded elements.
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Fig. 10: Crack configuration and crack openings of structure B05 at the ultimate load level
faces crack patterns at ultimate load, which visualizes cracks at a width of more than 0.1 mm
The maximum crack width is about 0.8 mm, which starts at a stress level of σT = 2.75 MPa.
The simulation shows that the concrete starts cracking at load step 6, which equals a
deflection of about 1 mm.

Fig. 11: Principal tensile stress [MPa], shear reinforcement stress of structure B05
D1

D1

Fig. 12: 2D girder modeling – quasi-continuous load VEk=350 kN/m, above displayed with
crack pattern
Figure 12 displays the results of the quasi-continuous load, which is about 44% of the
ultimate load. The chart illustrates the different load levels and points out that there is no
exceeding of the ultimate load. The stress in the longitudinal flexure reinforcement has a
value of 160 MPa, and the stress in the bent-up bars show values of 38 MPa after cracking.
The results show that the shear forces are covered mostly by the concrete contribution.
Tab. 1: Overview of the comparison between different design standardizations and the
numerical analysis
structure

shear resistance [kN/m]
MC 10

EC 2
B05

LoA II

VRd,c
374

335

shear stress
[N/mm²]

ATENA 3D

τtest

VR,test

VR,test/(bw*z)

819

1.61

performance ratio [ ]
ATENA/EC 2

ATENA/MC10

2.17

2.43
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4. COMPARISON OF THE DIFFERENT TEST SERIES
Fig. 13 displays the shear stress of the different samples as a function of the inner lever arm.
The described bridge structure is noted as B05. The approach exemplifies that the 2D and 3D
analysis picture quite similar results. The overview makes clear that the numerical results of
this investigation conform to the results of other researchers. Further, this work deals with the
question of a realistic bent-up bar calculation and how it could be represented in an
appropriate calculation model for Eurocode 2 or fib Model Code 2010. To adapt the currently
valid standards for assessment of existing structures, continuing test series have to be carried
out. The analysis of five different slab bridges in Austria was carried out by using 2D and 3D
nonlinear FE modeling. These FE models vary between two different conditions, one
condition uses bent-up bars, the other does not have any kind of shear reinforcement,
consequently, there are two kinds of material parameters.

Fig. 13: 2D girder modeling – comparison of shear stress as a function of the inner lever arm
The calculation displays the bridges with shear failure and the bridges with bending failure
and it also gives advice for the right use of the different material parameters. Nowadays, the
most important design specification insists on the verification of existing bridges and giving a
statement about their load-bearing behaviour. Through the use of the currently valid design
standards, it is not possible to get positive, documented evidence of conformity, so this
approach uses nonlinear FE modelling to expose load bearing reserves. To get a good
overview, the complementary shear stress of the analysed slabs is compared with the limits of
B2302 (ÖNORM B2302, 1931) and the VEk values of load model 71. The design concept of
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B2302 from the year 1936 deals with a high level of loads for beams without any shear
reinforcement. As opposed to this, one-third of the shear reinforcement is needed compared to
current requirements. The analysed models also contain a pre-stressed concrete bridge, which
shows the threefold concrete design ultimate load of the EC2 provisions.
The sensitivity analysis of this research describes that the bent-up bars can only be activated if
a shear crack crosses the shear reinforcement. If this crack does not cross the shear
reinforcement, the activation of the bent-up bars would not happen.
As a threshold matter, there was no exceedance of the yield strength of bent-up bars during
the simulation at ultimate load. Neither was there total utilization of the stress in the steel.
Therefore only a specific percentage of the yield strength of bent-up bars in addition to the
shear contribution of concrete should be used in the calculatory approach. Conformable to the
study, the bent-up bar’s consideration is limited to 50% of the yield strength of steel, because
the strain of the shear reinforcement inclination would cause a distinctive crack pattern, which
further causes a reduced shear contribution of concrete. According to design standards, the
shear resistance provided by bent-up bars is only permitted to be considered if the concrete
struts display an underutilization. Furthermore, it is important to mention, that the maximum
space between the bent-up bars of the existing bridges exceed the defined design limits in
many cases. It becomes apparent, that the contribution of the bent-up bars of beams or slab
without required shear reinforcement significantly influences the shear behaviour.
This fact would represent the good conditions of the existing bridges, which are not confirmable
with the shear design standards nowadays. Therefore, a new simplified verification model for
existing bridges is urgently needed, which also involves the continuously rising traffic impact.
Last but not least it’s important to say, that the analysed bridges last the impact of the actual
traffic, because of the actual lower traffic loads in comparison to the values of Eurocode 1,
which should be mainly used for designing bridges and not for verification. Finally, it’s
important to have bridge inspections need to be condensed in terms of time to fulfil the whole
criteria of the bridge management guidelines. In the case of doubt, the structure has to be
verified by numerical, respectively extended methods.

5. CONCLUSION
Due to the different investigations, results of both models 2D and 3D (not published in this
paper) showed free reserves in the load bearing capacity compared to EC2 (ÖNORM EN
1992-1-1) and fib model code (fib 2010). Referring to the live load trains according to the
current ONR 24008, a high level of safety still remains. In accordance with the defined
assessment proposal of this paper and in consideration of the ratio of the concrete
contribution, a positive verification could be achieved. Many parameters depend on the load
capacity of slab bridges, so no general guidance could be listed. Only by taking each
parameter such as the aggregate interlock, dowel effective, arch effect and the shear
contribution of concrete into account, could realistic conditions be simulated. An established
theory in the field of structural engineering makes clear that the aggregate interlocking
resistance of the cracked tension zone is considered an additional shear resistance mechanism.
To get an efficient output for slabs with a low level of shear reinforcement, the research
results were compared to the conservative approach of EC2 and the fib Model Code 2010.
This comparison points out that the beams without shear reinforcement do not show any
differences between using EC2 and Model Code for the level of approximation II. The
nonlinear finite element simulation showed that the bent-up bars contribution could be taken
into account with 50% of the design value of reinforcing steel in addition to the concrete
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contribution according to EC2. The limit of 50 % is caused by the limitation of the crack
pattern, which would further reduce the concrete contribution.
Moreover, it is suggested to have additional bridge inspections to get a reliable projection
about the structural behaviour due to actual loading.
With the help of frequent surveying and inspections of the existing structures, it becomes
clear that there is no current demand for strengthening or replacement of many structures.
Thus, adjusting the engineering standards for the assessment of existing concrete bridge
structures, and especially for shear load capacity, appears to be necessary.
Finally, the investigations pointed out that the normative safety of bridge structures could be
achieved by considering a reduced resistance of the bent-up bars in combination with the load
bearing capacity of the concrete contribution. The results of the FE modeling and the
comparison of the different test series from different universities and different researchers
(Huber et al. 2012; Leonhardt, Walther, 1962; Rumpf et al. 2013; Weilhartner et al. 2015)
confirm that the structures are still safe to use for the current load classes, if the maintenance
condition of the bridge structure is adequate.

6. LIST OF NOTATIONS
V
VEd
VRdc
Vs
Vtest
F
as
σ

shear force
shear design load
shear resistance of concrete
without shear resistance
shear bar
Shear force of test
load
longitudinal reinforcement
stress

ε
fyk
fu
wk
wk,b
wk,s
Vd
Vca

strain
yield strength
fracture strength
crack opening
bending crack
shear crack
dowel action
aggregate interlock
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SUMMARY
The simulation of viscoelastic effects in hardening concrete is in general a challenging task.
The main reason is the significant dependency of the viscoelastic behaviour on time. This
refers to both the influence of the age of concrete at loading as well as the fact that
viscoelastic strains occur only in the course of time. In hardening concrete, this is additionally
affected by a significant evolution of stiffness in this course of time as well as a variable stress
history due to the hydration-induced temperature history in combination with shrinkage.
The modelling of viscoelastic strains in hardening concrete over the course of time on basis of
rheological bodies can provide an efficient solution, however, the calibration of these
rheological bodies as well as their application is not trivial. This contribution presents the
implementation of a rheological body in form of a generalized Maxwell-model in a time step
based Finite element simulation. In detail, the model was calibrated against the creep curves
given in (Eurocode 2, 2012) with consideration of a modified creep under tension according
to the proposal of (Schlicke, 2014). This model was then applied for the simulation of
experimental studies with restraining frames of (Turner et al., 2017), whereby a satisfying
agreement between experiments and simulation could be achieved.
1. INTRODUCTION
In structural design, viscoelasticity of concrete is usually considered in form of two limit
cases according to the restraining situation: (i) creep in case of free deformability (degree of
restraint a = 0.0) and (ii) relaxation in case of perfect restraint (a = 1.0). In case of hardening
concrete a common scenario is also the partial restraint (0.0 < a < 1.0) where creep and
relaxation occur simultaneously. Fig. 1 illustrates these three cases with respect to applied
forces F and imposed deformations ε0 as well as resulting concrete stresses σc and strains εc.

Fig. 1: Viscoelastic behaviour related to the degree of restraint a
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The simulation of viscoelastic effects in hardening concrete is in general a challenging task.
The main reason is the significant dependency of the viscoelastic behaviour on time. This
refers to both the influence of the age of concrete at loading as well as the fact that
viscoelastic strains occur only in the course of time. In linear viscoelasticity, a conventional
solution can be provided by the discrete superposition of viscoelastic strain increments with
respect to the viscoelastic potential of each stress change in each time step, as shown in
(Schlicke, 2013). However, such a solution requires a holistic recording of the stress history in
each element which becomes costly in computational-time with increasing size or fineness of
the calculation model as well as the size of the simulated period.
On the contrary, rheological bodies can provide an efficient solution since they do not require
such stress recording because the viscoelastic strain of a certain time step can be determined
by the initial conditions of each element in the actual time step. The challenge in the
application of rheological bodies is their calibration as well as their application in terms of
solving their differential equations for each element in each time step.
This contribution presents the implementation of a rheological body in form of a generalized
Maxwell-model in a time step based Finite-Element-simulation and shows its calibration. In
detail, the model was calibrated against the creep curves given in (Eurocode 2, 2012) with
consideration of a modified creep under tension according to the proposal of (Schlicke, 2014).
This model was then implemented in a FE-solution and applied for the simulation of
experimental studies with restraining frames of (Turner et al., 2017), whereby a satisfying
agreement between experiments and simulation could be achieved.
2. APPLIED RHEOLOGICAL BODY AND SOLUTION OF ITS DIFFERENTIAL
EQUATION
2.1 Basic principle
In the present contribution, the rheological body for the determination of viscoelastic effects
is a so-called generalized MAXWELL-model (also known as ZENERm-body). This body consists
of four parallel Maxwell-elements (series of a HOOKEan spring and a NEWTONIAN dashpot)
and a parallel single Hookean spring, as shown in Fig. 2.

Fig. 2: Generalized Maxwell-model and resulting creep strain εcc caused by σ
In order to represent the effects of aging viscoelasticity, the applied generalized Maxwellmodel consists of elements that develop their properties according to the concrete age. In
detail, these are the four dashpots of the Maxwell-elements which have variable viscosities
(ηi) whereas the stiffness of the springs (E1) of the Maxwell-elements remain constant. The
single spring, however, has also a variable stiffness (E0).
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According to the current state of the art the concrete age is considered by the equivalent age
teq depending on the real time as well as additional aging due to the present concrete
temperature (maturity / concept of aging). This equivalent age is implicitly provided by the
thermo-mechanical material model for temperature and stress simulation, see e.g.
(Schlicke, 2014).
Altogether, the generalized Maxwell-model leads to the inhomogeneous fourth-order (stiff)
differential equation eq. (1) with time-dependent coefficients. This equation describes the
strain-response ε (t) under a random stress-impact σ (t).
4

a 0 ⋅ σ +  ai
i =1

4
d iσ
d iε
=
⋅
+
b
b
ε
 i dt i
0
dt i
i =1

(1)

ai and bi are functions that depend on both the dashpot viscosities (ηi) and all spring stiffness
(E1) and (E0). The time dependency of the viscosities and stiffness are herein described by
form functions. Further details concerning the definition of ai and bi, are given elsewhere,
e.g. (Hermerschmidt, 2016).
2.1 Numerical Solution

For inhomogeneous differential equations with time-dependent coefficients an analytical
solution is only possible until order 2. For problems of higher order, it is necessary to solve
such equations in a numerical way. In general, it is common to use RUNGE-KUTTA
formulations as solving algorithms. For stiff problems, there exist some special routines, like
the Runge-Kutta based ROSENBROCK-WANNER-method as included in some mathematical
suites, like MATLAB.
2.2 Incremental Solution

Although there exist some open-source implementations written in FORTRAN by one of the
developers of the Rosenbrock-Wanner-method (Hairer and Wanner, 1996), an implementation
in or porting that algorithm to arbitrary programming languages is not trivial.
A reasonable solution which also helps to save further computation-time, is to shift the
obvious problem as first approximation to a incremental/stepwise-solution, treating the
equation as initial-value-problem. Therefore it has to be assumed that:
• the time-steps in the restraint analysis are so small that a change of the material-parameters
ai, bi within a single step is negligible,
• the stress that acts on the model is applied stepwise and remains constant during a single
time-step and
• the resulting error caused by the simplification shall remain small for practical issues, even
though the simplification seems to be doubtful from a mathematical perspective.

These assumptions enable to derive eq. (2) as a simplified version of eq. (1). It holds for a
single time-step:
d iε
a 0 ⋅σ = b0 ⋅ ε +  bi i
dt
i =1
4

(2)
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Without any change of stress within a single step, all derivatives of σ vanish. The initial
conditions as well as the transitional conditions remain the same as for the original problem,
see (Hermerschmidt, 2016). Finally, the simplified equation eq. (2) can be solved for ε by a
separation into a homogeneous and a particular part, where A·t + B suffices as approach for
the particular part. The total solution for a single time-step yields to eq. (3)
4

ε (t ) =  Ci ⋅ e λ t +
i

i =1

a0
σk ,
b0

(3)

where λi are the roots of the characteristic polynomial and σk denotes the stress-increment that
acts within the considered time-step tk+1 – tk. The constants Ci can be derived by solving
eq. (3) as initial value-problem with appropriate transitional conditions. For further details see
(Heinrich et al., 2015).
The amount of the state-variables that have to be stored for every element directly refers to
the order of the differential equation: An equation of order n needs n state-variables in
storage: ε as well as its 1 … (n-1)-derivative.
3. CALIBRATION

The material parameters ai, bi in eq. (2) consist of 9 model-parameters that partly influence
each other. These parameters describe mainly the development of the time-dependent model
properties of spring stiffness and dashpot viscosities. Further information can be found in
(Hermerschmidt, 2016) where one can find also values for them which were derived from
comprehensive experiments with Temperature-Stress-Testing-Machines and represent the
viscoelasticity under tension for young concrete.
For the purpose of simulating holistic stress histories consisting of compressive stresses as
well as tensile stresses, the present contribution aims at a calibration against the creep curves
given in (Eurocode 2, 2012) with consideration of a modified creep under tension according
to the proposal of (Schlicke, 2014). In detail, a Trust-Region method from the optimization
toolbox of the MATLAB-suite was applied to determine the model parameters for a best
possible fit to the reference curves. Fig. 4 gives the results for creep under compressive
stressing, while Fig. 5 shows the results for creep under tensile stressing.

Fig. 4: Result of best possible fit to given creep curves under compressive stresses
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Fig. 5: Result of best possible fit to given creep curves under tensile stresses
The black solid lines show the “objective” creep curves and the blue dashed curves show the
creep behaviour after fitting the model to the objective curves. The optimization has taken all
6 objective creep-curves into account.
4. IMPLEMENTATION IN A FINITE ELEMENT MODEL

For the simulation of restraint stress history of hardening concrete the presented rheological
body was implemented in a volumetric FE-model. In the present case, the commercial
FE-framework SOFiSTiK was used which consists of several modules that allow
thermomechanical simulations. After generating a 3D element mesh with the module
SOFIMSHA, the development of temperature is calculated in the module HYDRA on basis of
hydration heat release in each element according to the equivalent aging as well as thermal
boundary conditions on the outer surfaces of the member. Following, the module ASE
calculates the corresponding stresses to the determined thermal strains and additional impacts
due to shrinkage as well as self weight activation. In the present solution with the commercial
FE-framework SOFiSTiK, the viscoelastic stress determination consists of two steps. Firstly,
these stresses were calculated with the assumption of linear-elastic behaviour. Secondly,
viscoelastic effects were included on basis of the linear-elastic results. This inclusion was
finally achieved by the implementation of a user defined material model, see (Sofistik, 2016).
The whole procedure is based on the principle of deformation compatibility whereby
viscoelastic strain increments were explicitly considered in each element and time step. In
accordance with the simplified approach in (Schlicke, 2014), the implementation was based
on the local axis of each element (x, y, z) depending on the actual stress-state in the considered
direction. Of course, an implementation on principal axis is possible and will be pursued in
future. However, it should be noted that there is no significant difference between
implementation on principal axes and implementation on local element axes in case of
restraint analysis with 3D-volume-elements. The reason is the very low shear stressing so that
local stresses and principal stresses do not differ significantly. Thus, the determined
viscoelastic strains fit to the total stress state of the element.
5. APPLICATION AND VALIDATION

The presented FE-model was used to simulate one of the restraining frame experiments presented
in (Turner et al., 2017). The applied thermomechanical material model for aging, heat release,
shrinkage and evolution of stiffness was taken from (Schlicke, 2014). The concrete properties
applied in this study refer to a concrete of the strength-class C 35/45 and comply with the ones
given in (Schlicke, 2014). Fig. 6 shows the experimental set-up and the calculation model used.
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Fig. 6: Experimental set-up and calculation model of the restraining frame experiment
Fig. 7 compares the measurement with results of different simulations: The solid black line
shows the stress measurement and the blue dashed line shows the calculation result for the
presented model with distinction between different viscoelastic behaviour under compressive
stresses and under tensile stresses (two parameter sets).
For sensitivity analyses, Fig. 7 shows also the results of a simulation without distinction
between different viscoelastic behaviour under compression and under tension (only one
parameter set; red dotted line, where only parameters for compressive creep were used) and
the results without consideration of viscoelastic behaviour at all (solid grey line).

Fig. 7: Comparison of measurement data and results of the FE simulations
In order to confirm the applicability of the aforementioned assumptions for the application of
the incremental solution Fig. 8 compares the results of the FE simulation using the
incremental solution (blue dashed line) with a MATLAB calculation in which the differential
equation is solved numerically (magenta dash-dotted line).

Fig. 8: Influence of the incremental solution

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 548 –

6. CONCLUSIONS

The modelling of viscoelastic strains in hardening concrete over the course of time on basis of
rheological bodies can provide an efficient solution, however, the calibration of these rheological
bodies as well as their application is not trivial. This contribution presents the calibration of a
rheological body in form of a generalized Maxwell-model and its implementation in a time step
based Finite element simulation. In detail, the model was calibrated against the creep curves given
in (Eurocode 2, 2012) with consideration of a modified creep under tension according to the
proposal of (Schlicke, 2014). This model was then implemented in a Finite element solution and
applied for the simulation of experimental studies with restraining frames of (Turner et al., 2017),
whereby a satisfying agreement between experiments and simulation could be achieved.
Besides, the comparison between the measurements of restraining frame experiments and the
results of their simulation indicated that the distinction between tensile and compressive creep
leads to a better agreement. This refers mainly to the behaviour after temperature equalization
(here: t > 11 d). In detail, the computational results with one parameter set indicate an ongoing
relaxation after temperature equalization, which was never observed in the experiments.
Next to this, the comparison between the results of the FE simulation using the incremental
solution with the results of a MATLAB calculation in which the differential equation is
solved numerically (Fig. 8) confirms the conclusion of (Heinrich et al., 2015), that the
accuracy of the incremental solution is suitable.
Altogether, the presented model is seen as a suitable model for comprehensive simulations of
the stress development in large structures. Compared to the aforementioned conventional model
with stress recording, the simulation time can be reduced by the presented model in a multiple.
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SUMMARY
Shanghai metro extension is one of the most enormous TBM tunnel investigation nowadays
in Republic of China. Because of the size of the investment several research connected to the
project. The Customers tried to use the most economic concrete reinforcement, and joint
element between the rings. The Tongji University made a real scale test about the full precast
concrete tunnel ring. The test was verified with numerical models. After the clarification of
the material parameters, finite element analysis was done to optimize the steel bar
reinforcement in the ring, and replace it with synthetic fibres. To find the optimum joint
formation different models were carried out. The effect of the different bolt types (curved or
straight) was significant, just like the use of fibres. With the optimum solution the structure
will be more ductile than with the original formation.
1. INTRODUCTION
The authors were engaged to optimize a traditional rebar cage reinforced concrete segmental
lining by means of Finite Element Analysis (FEA) using macro synthetic fibres for the
Shanghai metro extension. The aim of this study was to reduce or entirely replace the original
steel reinforcement of the segmental lining, in order to make the precast production process
faster and more economic.
A one-to-one full scale model of an assembled tunnel ring using the original reinforcement cages
was tested at Tongji University in Shanghai, July 2013. The ring was tested to differing load
levels where load and displacement were measured until failure (Liu et al, 2016). The author’s
first step was to calculate the real displacement characteristics of the original reinforced concrete
ring, then calculate the numerically modelled version, so as to compare them. The numerical
modelling undertaken has shown good correlation with the full scale physical test results.
Optimization of the lining reinforcement was achieved through the addition of fibres, resulting in
a substantial reduction (~50-70 %) of the steel rebar cages (Juhasz et al, 2014). After the analysis
the weak points of the tunnel and the type of failure could be visualised easily. For this type of
tunnel and its loading, the mechanism of failure was at the segment joints where the connecting
bolts burst out from the concrete. The authors investigated the bolted segment joints and the
influence of the macro synthetic fibre on its performance (Juhasz, Nagy and Schaul, 2016).
The numerical calculations were performed by Atena Finite Element software (Cervenka,
2013), with the help of the Modified Fracture Energy Method (Juhasz, 2013). In this paper the
design process and the steps of the finite element analysis will be presented.
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2. ORIGINAL DESIGN AND LABORATORY TEST
2.1 Geometry and reinforcement
This typical Shanghai metro tunnel example has an inner diameter of 5500 mm, an outer
diameter of 6200 mm and a wall thickness of 350 mm. One ring is made from six segments.
The key and the invert segment have a different geometry and reinforcement whilst the lateral
ones are identical. The invert segment has an angle of 84 degrees, the key 16 degrees, and the
four sides 65 degrees.
The longitudinal length of one segment is 1200 mm. The segments were connected with
400 mm long and 30 mm diameter straight bolts at two points, so the six segments were
connected at 12 points. The longitudinal bolts are similar to the circumferential. Only one ring
was checked in the laboratory test so the longitudinal connections were not included in the
test. The segments were hoisted at two points whereas the key segment was hoisted at a single
point only. Geometry and loading configuration can be seen in Fig. 1.

Fig. 1: Geometry, loading configuration and the real scale test
The aspect ratio of the segments, which is the developed length over the lining thickness,
computes to 12.2 for the invert segment and 9.5 for the regular lateral ones. Given that a
segment aspect ratio not exceeding 10 generally provides a safe opportunity for a fibre only
solution, the lateral segments present no problem (Winterberg, 2012). However, the invert
segment’s aspect ratio is over this threshold, so it was decided to use combined steel and
synthetic fibre reinforcement for the numerical studies.
The steel reinforcement, as per the original design, altogether amounts to a total of 559 kg per
ring. This yields an average reinforcement ratio of 72 kg per cubic meter of concrete for the
invert and side segments. This is not a very high degree of reinforcement, however, the other
driver in using FRC for segmental linings is the enormous gain in productivity, giving this
technology more and more momentum in countries with already high or still soaring labour
costs, such as China. Replacing the complex rebar cages of a segment cuts out the time required
for cutting and bending, fixing or welding, placing and checking of the position of the cage.
2.2 Materials
The general tests to characterize the materials were carried out after the full scale laboratory
test. The mean concrete compressive strength was determined to be 50 MPa cubic, the strain
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at this stress was 1.8 ‰ (0.0018). A concrete class C40/50 according to the European design
standard was used, Eurocode 2 (2004), for the finite element analysis. The grade of the steel
bar reinforcement was HRB335 with a yield strength of 335 MPa, using ribbed bars.
2.3 Full scale laboratory test
Tongji University in Shanghai has carried out a full scale test in their laboratory loading a full
segmental ring and measuring the load and the referring displacements. The ring was loaded
at 24 points, with hydraulic jacks located every 15 degrees. The load was distributed on the
ring by means of transverse beams onto the segments as a line load. This closely spaced,
distributed load modelled the loading from the soil under permanent condition. The load
configuration and the one to one laboratory test setup can be seen in Fig. 1.
During loading the 24 loading jacks applied varying levels of load. At the invert and at the
crown a load P1 was acting at three points respectively. At the benches the load P2 was
applied as a function of P1 and at the walls a load P3 as a function of P1 and P2. Because of the
different loads the structure not only experienced different central thrust force, but has
undergone eccentricity as well, modelling the real conditions of the tunnel. The loading phase
had two stages. In the first stage the functions of the loads were the following:

Load P1 was increased until P2 reached its design value which was 292.5 kN. In the second
stage the load P2 was unchanged, where load P3 had the following function:

and P1 was increased until its design value of 455 kN. With these functions it was able to
model the loading changes as a function of the tunnel depth below surface.
The displacement was measured at 14 points of the ring. The most important positions herein
were the 0, 180, and the 90, 270 degrees positions, which are measuring the horizontal and
vertical displacements. From these results a load-displacement diagram was generated,
showing load P1 over the displacements at the different angles, which can be seen in Fig. 2.
3. FINITE ELEMENT ANALYSIS OF THE TUNNEL
3.1 Material tests for input of the FEA
To produce the most realistic calculation, material tests were carried out with different dosages of
macro synthetic fibres, using the original concrete mix design at Tongji University. Four point
beam tests were carried out on 450 mm span and the load was applied in the third points. The beam
was loaded until 4 mm central displacement and the load-displacement diagram was recorded. The
material tests for FRC were done with 6 and 10 kg/m3 dosage of macro synthetic fibre.
3.2 Material models
The concrete was modelled with an advanced material model, using the combined fracture
surface criteria (Cervenka, 2008). This material model can handle the different behaviour of
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the concrete in tension and in compression and also capable to calculate the non-linear
behaviour after cracking.
The fibre reinforced concrete was modelled with the Modified Fracture Energy Method
(Juhasz, 2013). The main idea is to use the concrete fracture energy (Gf) as an initial value
and then increase it with an additional fracture energy (Gff) from the post-crack FRC
performance. The performance of the fibre was determined with inverse analysis from the
existing beam tests. This method is recommended also by the ITAtech Activity Group (2015).
The concrete has a stress-strain diagram according to Eurocode 2 (2004). The crack width was
calculated from the stress-crack width diagram, determined by means of inverse analysis, with
the help of the characteristic length, which is a function of the size of the element and the
angle of the crack within the element. This method is the only one that could realistically
represent the cracks in the quasi-brittle material. This is the main advantage of this advanced
material model.
Steel rebars and bolts were modelled as discrete link elements with a uniaxial ideal elasticplastic stress-strain material model. The rebars link element was connected to every single
concrete brick element which was crossed. The bolts had no connection with the concrete
brick elements, however, at both ends they were held by the nuts on the concrete surface,
which were only able to undergo tension.
The connection surface of two adjacent segments was connected with an interface material,
which could hold compression only through friction on the surface. With this special interface
material the connections of the segments were modelled, which could be open or closed for
bending, where tension would be held by the connection bolts.
3.3 Numerical model of the tunnel
After defining the accurate material model the geometry was defined. Firstly, the concrete and
reinforcement and then the loads and supports must be defined. The tunnel is symmetric at the
horizontal and the vertical axis, so only a quarter of the full ring geometry is sufficient to
model the structure with symmetrical support conditions on the symmetrical plane. This also
helps to define the boundary conditions and makes the calculation faster. Finally, the
monitoring points need to be defined, where the load and resulting displacements were to be
measured. The loads were positioned at exactly the same locations and with the same values
as in the full scale laboratory test.
4. RESULTS OF THE FINITE ELEMENT ANALYSIS
4.1 Result of the original RC solution
After running the FEA the results were checked. Most important was the load-displacement
diagram, which was compared to the full scale laboratory result. It can be seen in Fig. 2 that
the result of the laboratory test and the result of the FEA are similar in both characteristic and
values and show the same maximum load capacity.
The maximum compressive stress of the concrete was 35.9 MPa, while the maximum crack
width just before complete failure was 5.0 mm. The steel bars were grouped according to the
stress-levels experienced and selection was based on the ones that could be said to be not
providing any input and which could be reduced or completely omitted as a first step.
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According to the computed stress levels, the remaining steel bars could be reduced in
diameter in accordance with the computed stress value. Full animation could be done and the
entire loading process could be observed from the formation of the crack until total failure. In
this way the weak points of the tunnel and the type of failure could be visualised easily. For
this type of tunnel and its loading, the mechanism of failure was at the segment joints where
the connecting bolts burst out from the concrete, see Fig. 2.

Fig. 2: Results of the laboratory test and FEA
4.2 Optimizing the segmental lining with synthetic fibre reinforcement
After the successful modelling of the original RC ring, the optimization could be started, recalculating with reduced steel bars and added fibre. Firstly, the lowest stress-level steel bars
were omitted and replaced with a moderate dosage of fibre. Then, with increasing fibre
dosage, more and more steel bars were omitted. These calculation processes were laborious as
adding fibre also changes the occurring deformations, thereby changing the arising
eccentricity, and eventually, can change the failure mode, too. However, the ruling failure
mode always was radial joint bursting at the bolt pockets. After these calculations were made
three viable solutions were proposed, which can be taken from Tab. 1.
Tab. 1: Reinforcement optimization with using synthetic fibres
original solution

solution 1

solution 2

solution 3

added fibre (kg/m3)

-

6

7

10

max. crack width (mm)

5.0

2.3

2.1

1.9

559 kg steel

344.3 kg
steel
(-39.8%)
+46.3 kg
fibre

282.4 kg
steel
(-49.5%)
+54.0 kg
fibre

140.4 kg
steel
(-75.0%)
+77.2 kg
fibre

used reinforcement in
one full ring

Adding fibre in conjunction with steel bar reduction improved control of both crack width and
crack propagation. The crack width of the original RC solution was 5.0 mm before total
failure, where in solution one this was reduced to only 2.3 mm with less visible cracks. This is
a reduction of crack widths of more than 50 %, which provides a substantial gain of
durability.
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From the calculated solutions, number two seemed to be the most viable. However, the FEA
is valid only for this given situation, where for other conditions more parameters would need
to be checked. The characteristic failure mode occurred at the radial joints (connection bolts
and their surrounding area) so review and redesigning of this part could lead to a more
optimized solution. The final recommendation is 7 kg/m3 macro synthetic fibre in conjunction
with 50 % steel rebar reduction. This solution is planned to be verified by physical laboratory
testing in the near future.
5. INVESTIGATION OF THE BOLTS
5.1 Finite element model of the joints
The three main types of connectors used in tunnel segments are: curved bolts, straight bolts
and dowels. The advantages and disadvantages of these connectors are studied in the
publication of Delus, Jeanroy and Klug (2010). In this article the mechanics of the curved and
straight bolt connection was investigated by advanced FEA. The research has two main parts:
(A) modelling only the joints to determine the moment capacity; and (B) modelling the whole
tunnel with the same joints to determine the loadbearing capacity of the tunnel. All joints are
modelled with plain concrete (PC), fibre reinforced concrete (FRC), traditional reinforced
concrete (RC) and hybrid solution (HYB: traditional steel bar reinforcement with fibre
reinforcement). The reinforcement was the same like in the full round models.
The material model for the concrete elements was the same like in the previous chapter. The
material model for the steel bolts is a uniaxial ideal elastic-plastic stress-strain material.
Straight bolts were modelled with a 1D link element that had no connection with the concrete
brick elements, however, at both ends they were held by the nuts on the concrete surface,
which were only able to undergo tension. Curved bolts needed to be modelled as a 3D
element with a connection surface at all side. The adjacent surfaces were linked by connection
elements. These connection elements can only hold compression through friction on the
surface. The bolts’ tensile strength is 500 MPa, the elastic modulus is 200 GPa.
The joints were modelled like a 3 point loaded beam, supported at the two edges and loaded
in the centre. This geometry layout can be tested in reality, too. The load and the central point
deflection was monitored during the analysis.
The whole tunnel model and the loadings were adopted from the previous FEA of the
Shanghai Metro Extension tunnel (Juhasz et al. 2014). Geometry and loading configuration of
the joints can be seen in Fig. 3.

Fig. 3: Geometry and loading configuration of the joints
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5.2 Results of the Finite Element Analysis’s joint and tunnel model
In the joint models with plain concrete the stiffness and load bearing capacity of the
connection with straight bolts was slightly higher, but the ductility (which is determined as the
area under the load-displacement curve) was greater for the curved bolts. By adding fibre, the
sequence has changed: the joint with curved bolts had the higher load bearing capacity and
showed remarkably increased ductility. At this modelling phase, the added fibre has a bigger
effect on the joint with curved bolts, although in general, the capacity and the ductility of both
connection types has increased (Fig. 4a). The added fibre significantly changed the crack
propagation, which could be the reason for the increase of the load bearing capacity.
Joints with traditional reinforcement showed a smaller difference, but the tendency is the same: by
adding fibre reinforcement both the load bearing capacity and the ductility has increased (Fig. 4b).
Without traditional reinforcement the tunnel lining will fail between the joints, because the
joints are stronger than the middle section of a lining (segment). By changing the stiffness of
the joint (straight to curved bolt) the failure point will also change, but the load bearing
capacity is almost the same (Fig. 4c). The tunnel lining with curved bolts has some post crack
load bearing capacity, while with straight bolts the load immediately drops. By adding fibre
the load bearing capacity and ductility is greatly increased to almost the same level for both
connection types. Generally, with added fibre the crack localization could be eliminated.
Adding fibre to the reinforced concrete will also increase the load bearing capacity of the
tunnel (Fig. 4d). It is noteworthy that the highest load bearing capacity was reached with
straight bolts and hybrid solution, but this was not reflected in the joint tests where the
capacity of the curved bolts was slightly higher. Hence, the capacity of the joints is not the
only factor that will affect the global capacity of the tunnel ring.

Fig. 4: Results of the joint and tunnel models with different type of joint and reinforcement
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6. CONCLUSION
A full scale TBM segmental tunnel ring was modelled with an advanced material model in
FEA. By using the modified fracture energy method an accurate material model can be used
for FRC. A typical Shanghai Metro extension TBM tunnel segmental ring was tested to full
scale at the Tongji University, Shanghai, and the load-displacements results were compared
with the FEA. The similarity was deemed appropriate, so the model has been justified. Lowstressed steel bars within the section were reduced and macro synthetic fibre was added to the
structure. By using macro synthetic fibre reinforcement the volume of steel bars could be
reduced. This, in return, leads to significant cost savings in both material and labour, as well
as a reduction of the production cycle times.
Three different joint types were modelled in FEA to investigate the effect of them to the
capacity of the tunnel. The present numerical research showed that there is no influence of the
fibre to the stiffness of the joints. Straight bolts provide a higher stiffness of the joints than
curved bolts, but less ductility. The load bearing capacity and crack propagation are
significantly improved by adding macro-synthetic fibres for both plain and conventionally
reinforced concrete, and for both straight and curved bolts. With advanced design of bolted
joints it is possible to increase the load bearing capacity of the entire tunnel, even if the moment
capacity of the joint does not reach the moment capacity of the lining (semi-rigid joint).
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SUMMARY
Synthetic reinforcements in concrete structures are becoming more widely used because of
their most important advantage to be resistant against electrolytic corrosion. The fibre
reinforced polymer (FRP) bars can increase the capacity of beams as main reinforcement and
as stirrups. Macro synthetic fibres can increase the ductility of the elements and the shear
capacity of the concrete structures as well. For design with FRP and synthetic fibre
reinforcement concrete structures some guidelines exist but there is no standard available for
them. In the literature several articles can be found which modify the formulas for steel bars
and for steel fibres to be able to use for synthetic as well. Because one of the most dangerous
failure mode in concrete structures is the shear failure, it is important to determine the shear
resistance properly. In this article shear design opportunities will be presented for synthetic
reinforced concrete beams.
1. INTRODUCTION
The shear and the punching shear failure is one of the most dangerous failure modes in all

structural elements especially in reinforced concrete slabs and beams. The shear phenomena is
complex, contains many different component (Balázs, 2010). During shear failure of the
reinforced concrete beams an inclined crack is appearing on the side of the concrete beam,
and the beam starts to separate along the crack. The mechanism can proceed very quickly.
Because the pretermission of this failure mode is very important part of the design, the
reinforced concrete standards (ACI, JSCE, Eurocode) have a different section for the shear
design. These standards usually calculate the shear capacity of the concrete and the steel
reinforcement with separate terms.
These standards specify the stirrups as they are made of steel and the formulas are only valid
for steel as well. However, the synthetic reinforcements, such as fibre reinforced polymer
(FRP) rebars and synthetic fibre reinforcement in concrete may become alternative nonmetallic reinforcement for concrete structures. The FRP bars are made from longitudinal
fibres, usually glass, carbon and basalt, and from a thermoset or a thermoplastic resin. The
fibres carry the load and the resin protects the fibres and transfers the loads to the fibres.
Usually these bars have an orthotropic behaviour because of the manufacture. The process of
the manufacture called pultrusion. The bars can be used as main reinforcement and as stirrups
also, but with using thermoset resin the bars cannot be bent after the manufacture procedure.
With thermoplastic resin the bars can be formed after the pultrusion as well with applying
heat to the bar, however, the strength of the bar will be lower. Significant field for using FRP
bars are the MRI rooms in hospitals, tramlines, where no magnetic material can be used. Also
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an alternative reinforcement can be the FRP bars in concrete roads and bridges where the
electrolytic corrosion can be significant.
Synthetic macro polymer fibres became a well-used material in concrete structures at the
second part of the 20th century. Similar to the steel fibres, this reinforcement must be added
into the concrete until it will be equally mixed. The average length of the fibres is from 40
mm up to 60 mm and their material is usually polymer (olefin, polypropylene etc.). The fibres
can increase the residual flexural strength of the concrete. In the literature a considerable
amount of publication can be found about how the synthetic fibres can increase the shear
capacity of the concrete elements (Li et al., 1992; Juhász and Schaul, 2015). The main area of
using synthetic fibres are the precast industry, the industrial floors, the tunnels (shotcrete or
segmental) and the tramlines- concrete railways.
Both of these synthetic reinforcements can increase the reinforced concrete elements’ shear
capacity, however there is no standard for the calculation method. In this article the formulas
and recommendations will be presented which can help in the shear design of synthetic
reinforced concrete beams.
2. SHEAR IN CONCRETE STRUCTURES
The shear stresses are special tension stresses which always perpendicular to the direction of
the principal compressive stress trajectories. These trajectories in a simply supported beam
can be seen in Fig. 1. The crack pattern in a beam where only main reinforcements are follows
the trajectory lines.

Fig. 1: Principal compressive stress trajectories in a simple supported beam (Wight and
Macgregor, 2012)
In a reinforced concrete beam the shear resistance comes from a contribution of several
different effects.
2.1 Effect of the un-cracked compressed concrete zone
In reinforced concrete beams the depth of the compressive zone highly determines the shear
resistance of the element. This part of the beam is un-cracked, therefore, a part of the vertical
forces can be transferred here.
2.2 Aggregate interlock
In the tensile zone, shear forces transfer across a crack by mechanical interlock, when the
shear displacement is parallel to the direction of the crack (Fig. 2). Considerable amount of
scientific research tried to determine the contribution of the aggregate interlock to the full
shear resistance. Some researchers questioned the existence of the effect (Völgyi et al. 2016)
and some of them determined the contribution can be even 50% (Taylor, 1970). The vast
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majority of the articles locate the contribution between 33 and 50% but with increasing the
crack width this value can be reduce as well (Walraven, 1981).

Fig. 2: Mechanism of aggregate interlock (fib Bulletin 40, 2007)
2.3 Dowel action
The dowel action is a combination of the tensile resistance of the concrete near to the flexural
reinforcement and the bending and transverse shear resistance of the main reinforcement.
According to the literature this shear component has the smallest contribution in the full shear
resistance (Kotsovos, 1999).
2.4 Shear reinforcement
Shear links (stirrups), bent main reinforcement and fibre reinforcement can also take a
contribution of a shear resistance of reinforced concrete beams. The bars bridge the two parts
of the crack and can transfer the shear forces between the upper and the downer part of the
crack. The most efficient bars are perpendicular to the crack. The fibre reinforcement can also
increase the shear resistance by bridging the cracks. These small fibres with a randomly
distribution can be effective independently of the place of the shear crack.
Determination of the shear resistance requires a lot of attention, the contribution of the
different effects can change in beams with different geometry, main or shear reinforcements.
The current standards try to simplify the shear mechanism, and summarize the different effect
in a simple formula, which can be used for every reinforced concrete beam. One of the oldest
explanations for the behaviour of reinforced concrete beams is the truss analogy. It says that
the behaviour of a simply supported concrete beams is similar to a truss: the tension is carried
by the flange members and the shear is carried out by the inclined compressed concrete
trusses and by the shear reinforcement. This analogy is the basis of the formulas in many
standards, they calculate the shear resistance for the concrete and for the shear reinforcement
as well. Some standards define the angle of the concrete truss in a specific value (Eurocode)
and some of them give the opportunity of the determination to the designer. However, in a
reinforced concrete beam these two effects can exist parallel, the codes allow to use only one
of them (the shear resistance of concrete or that of the reinforcement).
3. SHEAR DESIGN OF FRP REINFORCED CONCRETE BEAMS
The shear behaviour of the FRP reinforced concrete beams are similar to the traditional steel
bar reinforced beams, because the mechanism is the same, just the material parameters are
different. However, this different material parameters and material behaviours can change the
contribution to some of the shear components. The material behaviour of FRP bars can be
considered as perfectly linear-elastic: the stress-strain relationship is linear up to the failure
there is no plastic part of the diagram. This means that the failure can occur without any
preliminary sign, which make the proper design necessary. The elastic modulus of these bars
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is from 50 MPa (glass) to 220 MPa (carbon). From the shear components the effect of the
compressive concrete zone changes most significantly. In FRP reinforced concrete (FRP RC)
beams the area of the compression zone after cracking is smaller than the traditional RC
structures because of the low elastic modulus. However, in case of traditional RC structures
the depth of the neutral axis decreases significantly after the yield of the steel bars. This
phenomenon is not happening in case of FRP bars because of the material behaviour, the
depth of the neutral axis is continuously increasing after the first crack (Fig. 3).

Fig. 3: Depth of the neutral axis in terms of the longitudinal reinforcements’ strain (fib
Bulletin 40, 2007)
Because of the low elastic modulus of polymers the cracks are larger in case of concrete beams
with FRP bars than RC structures in the same load level, the effect of the aggregate interlock is
smaller. Also because of the FRP bars have a really low transversal stiffness, the dowel action is
negligible (Kanakubo and Shindo, 1997). The effect of the shear reinforcement depends on the
tensile strength of the material which is usually the yield strength of the steel bars. In case of
FRP the maximal elongation and the bond between the bar and the concrete is more significant
because of the linear- elastic material behaviour. Because of this usually the standards use the
strain limit for FRP bars: the strains in the bars must be under a defined value.
The codes and the guidelines contain separate chapters for shear design of FRP bar reinforced
concrete structures. These formulas are usually the modification of the formulas for traditional
RC structures, with taking into consideration the mentioned phenomenon.
3.1 ACI 440.1R (American Concrete Institute 440 Committee, 2015)
The formulas in the ACI recommendation are modifications for the shear formulas for RC
structures according to the ACI 2005, but with using the maximum strain limit. The formula
for concrete’s shear resistance contains the effect of the FRP bars in the part of the calculating
the depth of the compressive zone. The formula for concrete shear resistance with FRP main
reinforcement is the following:

where c = k·d for rectangular cross section

where
Af is the area of the FRP reinforcement.
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In the presented equations bw is the width of the cross section, d is the effective depth, and nf
is the ratio of the elastic modulus of the FRP and the concrete.
The contribution of the FRP stirrups is similar to the steel ones, but defining the tensile
strength of the FRP bar as 0.004 Ef. The code defines also the minimum reinforcement ratio
for FRP stirrups as 0.35/0.004 Ef.
3.2 Design approach of Guadagnini et al. (2003) (Modification of EN 1992-1)
This recommendation based on the Eurocode 2 (European Committee for Standards, 2004)
shear formula for calculating the shear resistance of the concrete with taking into
consideration the ratio of the elastic modulus of the FRP and the steel bars.

where Ef is the elastic modulus of the FRP, Es is the elastic modulus of the steel bars, fck is the
characteristic value of the concrete’s compressive strength.
The formula for FRP stirrups uses the strain limit as well, it defined the maximum strain as
0.45%. The minimum reinforcement ratio for FRP stirrups can be calculated according
Guadagnini et al. (2003) as:

4. SHEAR DESIGN OF SYNTHETIC FIBRE REINFORCED CONCRETE BEAMS
The fibre reinforcement is a well-used material for shear strengthening, several recent studies
show promising results with using steel fibre reinforcement (SFRC) as shear reinforcement
(Kovács and Juhász, 2013). The added fibres increase the fracture energy of the concrete
which makes the structure more ductile, and raise the residual flexural strength of the
material. Because it was mentioned that the shear crack is a special type of the tensile cracks,
the randomly distributed fibres can bridge the crack, and can transfer loads between the two
parts. Also the fibre reinforcement decreases the crack width which helps to the aggregate
interlock to be more efficient. The fib MC 2010 (fib, 2013) the RILEM (Dupont and
Vandewalle, 2003) recommendation and many literature gives design formulas for steel fibre
reinforcement as shear reinforcement, but there is no guideline for synthetic fibre reinforced
concrete structures. However in the literature several recent articles show (Li et al., 1992;
Juhász and Schaul, 2015), that synthetic fibre reinforcement (SYFRC) can used as shear
reinforcement as well. According to Yazdanbakhsh et al. (2015) the fib and the RILEM
formulas can lead to proper results with SYNFRC as well, and with these the synthetic fibre
reinforced concrete shear resistance can be calculated.
4.1 fib MC2010 (fib, 2013)
The Model Code 2010 (fib, 2013) defines the fibre reinforced concrete beam with longitudinal
reinforcement by adding the effect of the fibre reinforcement to the concrete’s shear resistance:
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where fctk is the characteristic value of the concrete’s tensile strength.
(1)
In Eq. 1 the wu=1.5mm and the fFts=0.45fR1. The fR1 and fR3 values are the residual tensile
stress values at Crack Mouth Opening Distance (CMOD) stage 0.5 mm and 2.5 mm
reprehensively. These values can measure from three point bending beam tests according to
RILTEM TC 162 (2003).
4.2 RILEM
The formula (Dupont and Vandewalle, 2003) was developed at the beginning of the 21th
century to present a simple tool with a huge amount of safety for SFRC structures. During the
years the formula modified, but the original one gives better correlation for synthetic fibre
reinforced concrete beams.
The shear resistance of a SYFRC beam can be calculated by summarize the shear capacity of
the concrete and the added shear resistance by the fibres.

where a is the shear span, ρ is the reinforcement ratio, fe,3 is the equivalent flexural strength.
5. SHEAR DESIGN OF SYNTHETIC FIBRE REINFORCED CONCRETE BEAMS
WITH FRP BARS
The combination of using FRP bars as longitudinal reinforcement and synthetic fibre
reinforcement as shear reinforcement can be an alternative solution for traditional reinforced
concrete where the conditions require the non-corrosivity of the reinforcement. In the standards,
guidelines or codes there is no design formula for these structures. However, according to the
mentioned literature the shear resistance of a synthetic fibre reinforced concrete beam with
longitudinal FRP reinforcement and without stirrups can be estimate as follows:
(2)
However, this equation must be verified by laboratory tests, it can be a good opportunity to
predict analytically the shear resistance of a non- corrosive reinforced concrete beam. The
formula takes into consideration the ratio of the FRP and steel material, and the additional
shear capacity from synthetic fibre reinforced concrete as well. The basis of Eq. 2 is the shear
resistance formula for FRP reinforced concrete beams according to Guadagnini at all and the
fib MC2010 shear resistance formula for steel fibre reinforced concrete beams.
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6. NUMERICAL MODELLING OF THE SYNTHETIC REINFORCED CONCRETE
BEAMS
Another possible way to calculate the concrete beams with synthetic reinforcment is the
advanced Finite Element Modelling. Because the effect of the reinforcements mostly prevail
after the cracking of the concrete, it is necessary to choose software which can handle the
non-linear behaviour of the concrete, and the different behaviour in tension and in
compression. For example the Finite Element Software called ATENA meets with these
requirements. It uses the combined fracture surface model to handle the difference in
compression and in tension, and uses the Crack Band Method to model the cracking of the
concrete (Cervenka and Papanikolaou, 2008).
If the software can follow the plain concrete’s behaviour well, there are several method to
model FRP bars. The worldwide used is to model the bars as 1D link element. In this case it is
possible to define the shape (hooked end, etc.) and the position of the bars. With defining the
bond-slip law, which model the connection between the bar and the concrete, proper results
can get for shear capacity of the concrete beams (Juhász and Schaul, 2015). Another way is to
model the FRP bar with its exact cross section (ribs surface etc.) with 3D elements. In this
case the connection between the concrete and the bar must be a 2D interface material. The
parameters for both of the contact materials can get from pull out tests.
One of the widely used methods the Modified Fracture Energy Method is a proper opportunity
to model fibre reinforcement in concrete beams. The main idea of the model is to use the
concrete fracture energy (Gf) as an initial value and then increase it with an additional fracture
energy (Gff) from the post-crack FRC performance. The performance of the fibre can be
determined with inverse analysis from the three point bending beam tests. This method is
recommended also by the ITAtech Activity Group (2015). Another way is to model the fibres
discretely into the concrete (Schaul and Balázs 2016). With this method the random distribution
of the fibres, and the effect of the formworks (wall effect) can be modelled as well. Also with
generating different random distributions virtual beam test series can be perform.
7. CONCLUSIONS
The shear failure of reinforced concrete beams is one of the most complex failure modes, where
inclined crack disconnect the upper and the lower part of the beam. The shear resistance of
reinforced concrete beams depends on several different effects such as effect of the compressed
concrete zone the aggregate interlock, the dowel effect and the effect of the shear reinforcement.
The contribution of these effects depends on many parameters, such as beam geometry,
reinforcement ratio type of shear reinforcement, and also has an impact on each other.
Standards, codes and guidelines specify the shear resistance for steel reinforced concrete
beams and steel fibre reinforced concrete beams as well. For non-corrosive materials, such as
FRP bars or synthetic fibre reinforced concrete elements the literature recommend formulas to
calculate the shear resistance. These formulas are basically the modification of the shear
capacity equations for traditional steel reinforced concrete.
With combining the different formulas for FRP reinforced concrete beams and for SYFRC
beams the shear capacity of the synthetic fibre reinforced concrete beam with longitudinal
FRP reinforcement can be estimate according to Eq (2). The formula summarizes the effect of
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the FRP bars to the concrete’s shear resistance, and the additional shear capacity of synthetic
fibre reinforcement.
Structures with FRP bars and with synthetic fibre reinforcement are more and more frequent
in modern constructions, the development of a proper analytical model for shear resistance
became necessary.
With defining a proper material model and choosing an advance finite element software
which can model the concrete’s complex behaviour well, it is also possible to calculate the
concrete beams shear capacity with FRP main reinforcement and with synthetic fibres as
shear reinforcement.
With this overview and our future work we intend to contribute in the development of a
proper and precise analytical model for shear capacity of concrete beams with non-metallic
reinforcement.
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SUMMARY
Creep strain, a requirement of the concrete design process, is a complex phenomenon that has
proven difficult to model. Although laboratory tests may be undertaken to determine the
creep, these are generally expensive and not a practical option. Hence, empirical code-type
prediction models are used to predict creep strain.
This paper considers the accuracy of both the relatively new international fib Model Code
2010 (MC 2010) and RILEM Model B4, when compared with the actual strains measured on
a range of concretes under laboratory-controlled conditions. Both models investigated underestimated the creep strain. In addition, the MC 2010 (2012) model, which yielded an overall
coefficient of variation (ωall) of 50,4 %, was found to be more accurate than the RILEM B4
(with a (ωall) of 102,3 %).
1. INTRODUCTION
Creep of concrete is a complex phenomenon that has proven difficult to model. Nevertheless,
for many reinforced and prestressed concrete applications, a reasonably accurate prediction of
the magnitude and rate of creep strain is an important requirement of the design process.
Although laboratory tests may be undertaken to determine the deformation properties of
materials, these are time consuming, often expensive and generally not a practical option. In
addition, this is not often an option at the design stage of a project when decisions about the
actual concrete to be used have not yet been taken.
Hence, empirical based design code type models are often used for the estimation of creep
deformation, by considering one or more intrinsic and/or extrinsic variables such as concrete
stiffness and age at first loading as input.
This paper assesses the accuracy of two such models, the fib Model Code 2010 (2012) and the
RILEM Model B4 (2015), when compared with the actual strains measured on a range of
South African concretes which were subjected to a compressive strength related uniform load,
under laboratory controlled conditions (relative humidity and temperature), for a period of
approximately six months. These concretes included two strength grades (w/c’s of 0,56 and
0,4) and three aggregate types (quartzite, granite and andesite).
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The accuracy of the fib Model Code 2010 (MC 2010) and RILEM B4 (2015) Models was
compared to the accuracy of other models, which were assessed (using the same concrete
mixtures) during previous investigations.
In the abovementioned assessments, the predicted and measured creep results were presented
in the form of specific creep (Cc), which is the creep strain per unit stress, as defined by
Equations 1 and 2.
(1)
Which can also be expressed as:
(2)
Where: φ(t) is the creep coefficient at time t.
E is the elastic modulus of the concrete.
2. MODELS INVESTIGATED
The two models evaluated in this investigation were the fib Model Code 2010 (MC 2010) and
RILEM B4 Model (2015).
The Comité Euro-International Du Béton - Federation Internationale De La Précontrainte
(CEB-FIP) Model Code (2010), fib Model Code 2010 (MC 2010), superseded the CEB-FIP
(1990) model, which was in turn superseded by the CEB Model Code 90-99 which accounted
for particular characteristics pertaining to high strength concretes.
The RILEM Model B3 (1995) was superseded by the RILEM Model B4 (2015), which
accounts for additional parameters including the cementitious material type, admixtures and
aggregate type (Wendner et al., 2013). The RILEM B3 AND B4 Models are relatively
complex in comparison to the creep prediction models of international design codes.
3. EXPERIMENTAL DETAILS
3.1 Materials
CEM I 42,5 cement, from the Dudfield factory of Alpha Cement (now AfriSam), was used for
all the tests carried out in this investigation. Quartzite (Q) from the Ferro quarry in Pretoria,
granite (G) from the Jukskei quarry in Midrand and andesite (A) from the Eikenhof quarry in
Johannesburg were used as both the coarse and fine aggregates for the concrete. The stone
was 19 mm nominal size and the fine aggregate was crusher sand.
3.2 Preparation of prisms
For each of the concretes, six prisms were prepared, measuring 100 x 100 x 200 mm and cast
with the 200 mm dimension vertical. After de-moulding, these prisms were continuously
water cured up to an age of 28 days. After curing, three of the six prisms of each mix were
used for creep tests and the remaining three were used for shrinkage measurements.
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3.3 Elastic Modulus measurements
The creep test prisms were stacked into creep loading frames and subjected to elastic strain
measurements, within 10 minutes of application of the loads, which were used to determine
the secant moduli of the concretes.
3.4 Creep and Shrinkage measurements
The creep tests commenced immediately after the elastic modulus measurements were taken.
These tests entailed subjecting the prisms in each frame to an applied load of approximately
25 % of the 28-day compressive strength, for the 168-day period, in a room controlled at 22 ±
3 oC and RH of 65 ± 5 %.
The shrinkage (companion) prisms were placed on a rack in the same room as the creep
samples and, in order to ensure a drying surface area equivalent to the creep samples, the two
100 mm square ends were dipped in warm wax to prevent drying from these surfaces.
Creep and shrinkage measurements were recorded daily for the first week, thereafter, weekly
for the remainder of that month and then monthly until the culmination of the approximately
six-month total loading period. The strain of each group of prisms, that is the three creep
prisms or the three companion shrinkage prisms of a particular mix, was taken as the average
of the strains of the prisms in that group.
The results of shrinkage measurements were subtracted from the total time-dependant strain
of the loaded specimens to determine the total creep strain.
3.5 Mix details
Details of the mixes used are given in Tab. 1.
Tab. 1: Details of the mixes and laboratory test results (after Fanourakis, 2011)
Aggregate Type

Quartzite

Mix Number

Q1

Q2

G1

G2

A1

A2

3

Water (l/m )

Granite

Andesite

195

195

195

195

195

195

3

348

488

348

488

348

488

3

1015

1015

965

965

1135

1135

3

Crusher Sand (kg/m )

810

695

880

765

860

732

w/c Ratio

0.56

0.4

0.56

0.4

0.56

0.4

a/c Ratio

5.24

3.50

5.30

3.55

5.73

3.83

90

50

115

70

95

55

37

65

38

65

48

74

30

53.5

30.7

53.5

38

59

30

50

30

50

30

50

25

40

25

40

25

40

2371

2410

2385

CEM I 42,5N (kg/m )
19 mm Stone (kg/m )

Slump (mm)
Cube Compressive Strength (MPa)
Cylinder Compressive Strength (MPa)

a

Characteristic Cube Strength (MPa)
Characteristic Cylinder Strength (MPa)
3

Concrete Density (kg/m )
Average Elastic Modulus of included
Aggregate (GPa)
a

a

73

2432 2596
70

Inferred from cube strength using the conversions from EC 2 (2004)

2585
89
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4. RESULTS AND DISCUSSION
4.1 Specific Creep with Time
Figs. 1 to 3 show the comparisons between the measured results for the six mixes (Q1, Q2,
G1, G2, A1 and A2) and the corresponding strains predicted by the MC 2010 (2012) and
RILEM B4 (2015) Models.

(a) Mix Q1
(b) Mix Q2
Fig. 1: Measured and predicted specific creep for quartzite concretes

(a) Mix G1
(b) Mix G2
Fig. 2: Measured and predicted specific creep for granite concretes
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(a) Mix A1
(b) Mix A2
Fig. 3: Measured and predicted specific creep for andesite concretes
From Figs. 1 to 3, the following is evident regarding the prediction models.
• Both the MC 2010 (2012) and RILEM Model B4 (2015) models under-predicted the creep
strain for all six of the concrete mixes.
• The MC 2010 (2012) Model was more accurate than the RILEM Model B4 (2015), in the
case of all six mixes.
• In the case of each aggregate type, for both models, the mix with the lower w/c (0,4)
yielded lower creep magnitudes than the mix with the higher w/c (0,56).
• In the case of the andesite concretes (A1 and A2), the rate of creep predicted by the MC
2010 (2012) model did not increase after approximately one week of loading to replicate
the trend observed in the case of the measured creep strains.
• In the case of all the mixes, the rate of creep predicted by the RILEM Model B4 (2015) did
not increase after approximately one week of loading to replicate the trend observed in the
case of the measured creep strains.
When considering the effect of the aggregate type on the measured specific creep, the
following was evident.
• For each aggregate type, the mix with the lower w/c ratio (stiffer mix) yielded relatively
lower specific total creep values.
• No correlation was found to exist between the specific total creep strains and the stiffness
of the included aggregate.
Detailed information regarding the effect of these aggregates on creep strain is given in
Fanourakis and Ballim (2006a).
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4.2 Accuracy of the Models Assessed
In order to provide a statistical basis for comparing the results of creep prediction methods,
Bazant and Panula (1979) define a coefficient of variation of errors (ωj) for single data sets as
well for a number of data sets compared against the same prediction model (ωall). The more
accurate the prediction, the lower the value of ωj. The calculated values of ωj and ωall for the
different models assessed are shown in Tab. 2.
Tab. 2: Coefficients of variation for specific creep of the MC 2010 and B4 Models
Prediction Method
Fib Model Code 2010
(2012)
RILEM Model B4
(2015)

Mix
Q1

Coefficients of Variation (ωj)
Mix
Mix
Mix
Mix
Q2
G1
G2
A1

Mix
A2

ωall

32.6

42.0

26.3

48.8

63.6

72.7 50.4

102.1

101.9

95.9

101.4

105.0 109.0 102.3

From Tab. 2, it is evident that the RILEM Model B4 (2015) was the least accurate of the two
models assessed with a ωall of 102.3 %.
4.3 Comparison with the Accuracy of other Models
The Coefficients of variation of other code-type models that were assessed during previous
investigations by Fanourakis (1998), Fanourakis and Ballim (2006b) and Fanourakis (2011)
are included in Tab. 3.
A comparison of the results in Tab. 3 with those of other investigations is included in
Fanourakis and Ballim (2003).
When comparing the accuracy of the MC 2010 (2012) and RILEM B4 (2015) Models,
assessed in this paper, with other the accuracy of other models, it is evident that the MC 2010
(2012) was less accurate than its predecessor CEB - FIP (1990), which was only applicable to
normal strength concretes. Furthermore, for the mixes used, the RILEM B4 (2015), which
was the most complex of all the models considered, was the least accurate of the seventeen
models validated in all the investigations, including the model it superseded (Model B3).
In addition, Wendner et al., (2015) found the relative accuracy of laboratory test total creep,
of six models considered, to increase in the order GL (2000), ACI 209 (1992), MC 2010
(2012), RILEM Model B3 (1995), CEB – FIP (1999) and RILEM Model B4. The results of
the two models investigated in this paper and those of previous investigations (shown in Tab.
3) agree with the relative order of accuracy of Wendner (2015), except in the case of the
RILEM Model B4 which was found to be the least (and not most) accurate of the six models.
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Tab. 3: Coefficients of variation for specific creep for various models
Coefficients of Variation (ωj)
Mix
Mix
Mix
Mix
Q2
G1
G2
A1

Prediction Method

Mix
Q1

Mix
A2

BS 8110 (1985)

29

27.4

26.5

8.6

26.9

15.5 23.6

SABS 0100 (1992)

20.1

41.4

26.5

8.6

47.9

26.5 31.3

SABS 0100 (1992)
modified

45.2

17.3

49.5

31.9

34.4

15.2 34.7

ACI 209 (1992)

52.6

36.3

45.7

45.1

60.8

58.4 50.5

AS 3600 (1988)

12.5

n/a

13.4

n/a

47.2

n/a

AS3600 (2001)

67.4

16.6

51.1

13.2

25.5

25.8 38.6

AS3600 (2009)

103.0

84.2

85.8

42.6

68.6

43.9 74.7

GL (2000)

24.4

56.6

7.9

21.7

21.1

36.5 31.9

GL (2004)

26.5

62.0

9.7

26.0

22.9

41.1 35.4

GZ (1993)

58.4

46.8

46.3

37.4

55.7

49.8 49.5

CEB - FIP (1970)

18.1

31.3

15.0

12.3

13.9

9.9

CEB - FIP (1978)

66.0

148.6

53.9

95.1

65.6 112.8 96.1

CEB - FIP (1990)

32.7

19.8

27.7

31.2

39.6

38.3 32.2

EC 2 (2004)

28.0

26.5

20.8

38.3

35.3

45.5 33.4

RILEM Model B3
(1995)

45.6

29.3

33.0

21.9

45.3

32.6 35.6

ωall

29.2

18.1

5. CONCLUSIONS
• Both the MC 2010 (2012) and RILEM Model B4 (2015) models under-predict the creep
strain for all six of the concrete mixes.
• The MC 2010 (2012) Model was more accurate than the RILEM Model B4 (2015), in the
case of all six mixes.
• Both the MC 2010 (2012) and RILEM B4 (2015) Models were less accurate than the
models that their predecessor CEB-FIP (1990) Model and RILEM Model B3, respectively.
• The RILEM Model B4 (2015), which yielded a ωall of 103,2 %, was the most complex yet
least accurate of all seventeen models validated by the author to-date.
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SUMMARY
The paper describes the BIM technology and visual programming applied to standard,
concrete, road bridge, superstructure design. The Building Information Modelling is a modern
tool used to collect structure data, including its physical (e.g. concrete strength) and functional
properties. The database might be represented in geometrical way as a 3D model. Visual
programming is a graphical version of prevalent textual programming. Its concept bases on
operational components and relations between them. Resultant of the code can be a bridge
solid exported to common BIM software. Typical two-girder cross-sections of concrete road
bridges are enough simple to describe them using mathematical formulas. The paper presents
implementation of the visual programming methods in creation of parametric concrete bridge
models. The code of solution and parametric cross-sections were described.
1. COMPUTER AIDED DESIGN
The character of the design process in civil engineering has been evolving over the last twenty
years. The mainstream of the changes was based on computerization and informatization of
tools and operations, including dissemination of software for numerical analysis, introducing
digital archives of documentation and computer methods to create it. One of the most
important aspects of such evolution was replacing the classic drawing boards with more and
more popular CAD software (Eng. Computer Aided Design). Parts of an object were
transferred from paper to the digital workspace by replacing hand-drawn lines and characters
with vector graphics. It allowed designers to increase the accuracy of the created
documentation and improve editorial operations. Even though, philosophy of work in CAD
systems does not significantly differ from previous methods. Despite the introduction of new
computer tools, interpretation of the documentation and its subsequent purpose still depend on
the engineer’s approach. A paper representation of the structure, as well as its CAD version, is
a flat assembly of primal elements with no engineering meaning. As separate objects, isolated
from adjacent instances, they do not carry any information about the modelled construction.
The problem still occurs even after introducing three-dimensional CAD.
Further use of such documentation entails the need of running additional tools and sources.
Because of lack of interoperability between software, given information is split, duplicated
and introduced repeatedly at different steps of a design procedure. Transferring data between
them significantly impedes the coordination of the process, especially in the case of document
revision management, completing and archiving parts of the same project, as well as no
compatibility between types of engineering software. An example of such the poorly
coordinated process can be the manual creation of a numerical model basing on conceptual
drawings and CAD drafts. In the next step, more detailed documentation is created, including
cost estimates and schedules. The process does not provide error check and clash detection. In
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conceptual design, optimization of the design approach can be disturbed as the time it takes
between the decision and observation of its effects is long enough so the analysis of the given
solution stops in a few steps and the optimal variant can be finally omitted.
The CAD concept, by definition, is limited to the design stage of the building process. It does
not lead directly to a real improvement in other stages, e.g. construction, maintenance and
operation. Paradoxically, while advantages of the CAD systems remain in the design stage,
some of the mentioned drawbacks can have an impact on the entire building process. Lack of
clash detection and limited perception in 2D modelling can lead to errors that stay hidden in
the design stage, appear during construction and generate additional costs or delays. Therefore
the construction industry requires another approach that brings opportunities to use undoubled
information at every stage of the building process, its adequate coordination, interoperability,
as well as easy reviewing, modifying and updating effects of changes in the process.
2. BIM TECHNOLOGY
Described limitations in dataflow lead to lower productivity in the construction industry.
Between 1964 and 2003, the American Bureau of Labor Statistics was monitoring changes in
values of productivity indices in the key sectors of the economy (Gilbert, 2012). The
productivity index was defined as the value of the contract referred to workhours of hourly
workers involved in the process. Fig. 1. shows a variation of such the indicator over forty
years in the United States, differentiating construction and non-construction sectors,
excluding farm industry.

Fig. 1: Construction and non-farm labour productivity indices (1964-2003) (Gilbert, 2012)
Despite the introduction of CAD techniques into general design practice in the early ‘90s, the
productivity index in the construction industry has not changed or even declined slightly. In
the same time, other industry sectors have grown markedly what was caused mostly by
automation of production lines and the digitalization of control or supervisory processes.
Moreover, solid 3D modelling was a long time standard in several mechanical industries – at
the beginning basing on physical prototypes of elements – later on producing, computing and
analyzing their numerical forms.
A similar approach in the construction industry is included in BIM technology, expanded
usually as Building Information Modelling. Its main idea assumes a three-dimensional model
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of a building as a kind of database complemented with a different kind of information
regarding the whole project and its parts. While in CAD systems, construction elements are
defined by lines, arcs and solids with their parameters, e.g. coordinates of begin and end
points, directional vectors, lengths, areas, volumes, colours and line types, BIM environment
introduces elementary objects in form of parametric blocks of special function in the building,
such as a beam, a column, a wall or a floor. As parts of the model they contain various
information, not only about placement and dimensional values but also about the material,
costs, staging and several parameters corresponding to their construction role. An essential
part of such the characteristic database is also hosting feature of selected objects against
secondary elements and ability to manage their mutual relations. This kind of information can
be then used by another type of engineering software, e.g. to generate flat drawings,
computational models, cost estimates, schedules or quantity lists. BIM environment can be
also a multi-faceted platform for cooperation between individuals involved in the construction
process. It is possible by local models being sent and merged into one central model with
additional features available in modelling tools like clash detection and communication
utilities.
An essential foundation of the BIM technology is its interoperability, not only in the 3D
modelling environment but also out of the modelling software. The exchange of information
usually bases on a two-way communication – on the one side, given data can be sent from
modelling tool to external software. In the opposite direction, model receives data that was
prepared or computed in the external environment. In cases where modelling process is
tedious and labourious, it is justified to implement set of tools to define and edit geometry of
the model. Most popular BIM modelling software is designed primarily for the creation of
residential or industrial buildings as cubature objects and solids based on a regular grid and
layouts of mutually perpendicular views. Such the forms usually do not consist of complex
curvatures and masses, as opposite to bridges, including concrete bridges. It applies to brave
bridge concepts as well as to typical road viaducts. Their form is often based on gradelines
and their vertical and horizontal alignment defined by sloped lines, arcs and transition curves
as well as their combinations. Any deviation from the perpendicularity, or the regularity in
general, can be an obstacle to the modelling process, especially when simplified geometry
may limit adequacy and usability of the model.
An exemplary method of modifying boundary conditions, input data and forcing its impact on
the behavior of the 3D model as well as managing its usage in the whole construction process
is the implementation of programmable algorithms. The convenient way to create them is to
use visual programming languages as a more intuitive concept in comparison to classic textual
languages. Modelling based on the visual programming provides a wide range of capabilities
regarding parametrization of buildings and their parts, implementation of iterative analytical
methods and quick access to basic object characteristics used in the design.
3. PARAMETRIC SUPERSTRUCTURE OF A TYPICAL CONCRETE BRIDGE
One of most popular bridge constructions in Poland is a prestressed concrete beam road
bridge, in cross-section consisting of two girders and a deck across the top of them (named
here as WD bridge). Less popular variation of such the construction can have three or more
girders. A large number of bridges of this type are built along expressways and motorways or
along passageways crossing over them. In the second case, they are usually designed as twospan concrete bridges supported by massive abutments and one middle support located in
a greenbelt.
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An attempt to create a geometrical model of a typical road bridge in a BIM environment can
be preceded by a manual definition of a parameterized component of a cross-section type
(Fig. 2.). The cross-section can be then assigned to a specified reference curve drawn in the
3D space, e.g. as a road gradeline. In the case of a transition curve being part of the horizontal
plan of the gradeline, it is important to ensure the possibility to vary chosen parameters along
the curve, especially with regard to transverse slopes of the deck that tend to change linearly
at the distance between start and end points of the transition curve. In the given example of
the parametrized cross-section, two sets of cross-sectional parameters can be imposed at the
beginning and at the end of a chosen gradeline segment where the variation occurs.

Fig. 2: Exemplary set of cross-sectional parameters of WD bridge
The presented cross-section can be controlled by 35 independent parameters, including 34
numerical parameters (dimensions) and one parameter of the Boolean type. The next 44
parameters are inaccessible for a user and are calculated automatically by the software, basing
on specified values of dimensions shown in the Fig. 2. The shape of the section is controlled
by 79 parameters in total. A given combination of dimensions that are provided by the user
allows for visualization of most of the design approaches for this type of road bridges.
Exemplary parameter values are lengths of the cantilevers, the height of the girders, the
thickness of the slab and transversal slopes. It is possible to resign from the bilinear underside
surface of the cantilevers or the slab, from the symmetry of the section or from the transverse
camber of the deck by adjusting chosen values of the parameters to bring selected edge to
required position. Introduced formulas should ensure computing all positive, negative and
zero values with no errors.
Set of parameters, apart from cross-sectional dimensions and its slopes are i.a. span lengths,
contain more general values as skew angles of supports related to the bridge axis, information
about foundations, equipment, materials, quantities or staging. In the BIM environment,
creating a geometrical model of a building is the basic task in the BIM process. Another kind
of data is assembled simultaneously during modelling or is resultant of analysis performed on
the geometrically introduced information. Each change of a single parameter leads to the
automatic correction of all parts of the project that are related to modified part of the model.
Such ability can be useful in conception design or during optimization. Proper information
management can be performed in the modelling environment but due to limitations of the
graphical user interface, it may be arduous for irregular forms. In particular cases, access to
several operations carried on the model is straightened or even impossible. One of most
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explicit examples is introducing of iterative loops with optimization algorithms that seek to
find an optimal volume or concrete consumption ratio, that cannot be used by default in the
modelling tools without access to the API functions and procedures (Eng. Application
Programming Interface). Ability to carry out this and other complex operations and analysis
can be achieved using graphical programming languages, e.g. Dynamo, together with
modelling tools.
4. VISUAL PROGRAMMING LANGUAGES
Visual programming languages (VPL) are languages which have at least two dimensions
defining their substance. Examples of such a dimension are the spatial position of code
element (x, y coordinates) or multidimensionality of its elements (2D graphs) (Webster,
2002). Visual Programming Environment (VPE) is a tool used to generate textual
programming languages (TPL) from diagrams. It is not classified as a complete visual
programming language but rather as the solution in the middle. Separate topics are program
visualisation (PV) systems used to show program code execution and graphical user interface
(GUI) creators used to describe programs frontend. Visual programming languages can be
recognized by its spatial, multidimensional objects with defined relations.
Programming paradigms are extended descriptions of programming language taxonomies
(classifications). They apply both to their textual and visual versions. They define the way in which
language code is organised and executed – its style. Code organisation is described with grammar
and syntax. Code execution is described with execution model. Execution model describes the
order of language instructions evaluation. The main difference exists between control flow and
data flow. In first flow – instruction position and type determines program execution sequence.
This solution is typical in textual languages. In second flow – data position and type determines
program execution sequence. Due to its nature, mostly used in visual languages.
Basic programming paradigms for both textual and visual languages are:
• Imperative – earliest, computer native, used in low-level assembler languages. Flow is
controlled strictly and its sequence is clearly visible. Commands operate on certain data.
Statements are used to change the state of machine – there are global variables in use.
Subroutines and “goto” instructions are characteristic for this paradigm.
• Procedural/Structural – used in high-level textual programming languages (e.g. Pascal, C,
C++). Control flow is defined with conditions (e.g. “if”) and loops (e.g. “for”, “while”). It
is a higher abstraction of imperative languages.
• Functional – used in mathematical lambda languages (e.g. LISP). Control flow is executed
through function calls (e.g. cos(cos(x)). Changes of machine global state are avoided –
there are no variables in use. Complex function calls and recursion (function self-calling)
are characteristic for this paradigm.
• Declarative – used in modern query languages (e.g. SQL). Flow is controlled with
commands but their sequence is not visible. Commands show the only logic of
computation, not control flow of program – in opposition to imperative programming.
• Object oriented – used in high-level textual programming languages (e.g. C++, C#, Java).
Control flow is based on communication between objects with the use of
procedural/structural programming. Objects consist of data and methods (functions). The
main difference between earlier paradigms lies in code organisation rather than control
flow. It is a further abstraction of previous languages.
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• Dataflow – used in parallel numerical calculations (e.g. LabVIEW). Unlike in other
paradigms – flow sequence is specified by execution of data on certain commands.
Machine state is easily visible while previously it was hidden.
• Multi-paradigm – most of the modern high-level programming languages are oriented at
least at two programming paradigms. A different approach is necessary for solving
different problems.
Additional, specific paradigms were proposed for visual programming languages. First
proposal (Myers, 1986) was very limited and not useful to properly distinct visual languages.
Second is a basis of visual languages classification in ACM publications (Burnett, Baker,
1994). Taxonomy was based on published papers analysis. Following paradigms were
developed: parallel, parametric, dataflow, spreadsheets, functional, imperative, logic, multiparadigm, object, programming by demonstration and rule-based. Most significant (Webster,
2002) paradigms in visual programming languages are:
• Imperative programming by demonstration – used in graphical data analysis software. The
user defines program behaviour with use of its GUI and introduced examples. Filtering
protein data can be such example.
• Spreadsheet-based programming – popular office spreadsheet programs are based on visual
programming. Language is presented graphically as a data and functions contained in
spreadsheet cells.
• Dataflow programming – identical with the textual paradigm. The only difference is
a graphical representation of the code.
5. VPL EXAMPLES
Engineering sciences are a specific area of visual programming languages (VPL) application.
Spatial issues with a high degree of complexity are easier modelled graphically. First, visual
programming environments (VPE) were used to prepare graphical user interfaces (GUI) for
traditional, textual languages. Next, textual languages were made from visual programming
environments diagrams. Based on previous experiences, standalone visual programming
languages were created. At first applied only in narrow areas, later they gained recognition in
more general domains of electronics, bioinformatics and construction industry. Most popular
in the construction industry are:
• LabVIEW G – used for data acquisition and analysis (DAQ). Developed since 1986 by
National Instruments, US. Based on dataflow paradigm, supports imperative,
procedural/structural and functional programming at various levels. Created as an easy
language for engineers and scientists. Due to its longevity, it delivers a big amount of
ready solutions and good quality libraries. LabVIEW compiler and IDE are proprietary
products, thus limiting usage of language.
• Grasshopper 3D – used for parametric architectural modelling. Developed since 2007 by
R. McNeel & Assoc. Based on dataflow paradigm and functional programming. Provides
easy to learn an alternative to scripting languages. Integrated with Rhinoceros modelling
software. Proprietary license limits language development.
• Dynamo – used for construction modelling. Developed since 2014, lately acquired by
Autodesk. Integrated with Autodesk Revit is Grasshopper alternative for construction.
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6. DYNAMO VPL
Dynamo is both visual programming language (VPL) and integrated development
environment (IDE). The user interface consists of two workspaces, displaying program visual
code (VPL) and program graphical output preview (PV). Language interpretation mechanism
allows for quick adjustments and live preview of output. IDE workflow is based on managing
connections between program nodes. Nodes consist of input and output ports and are objects
themselves (see object-oriented paradigm). Connections between nodes are made with wires,
which are used to control data flow in the program (Fig. 3).
Dynamo supports functional and dataflow programming paradigms. Visual language originates
from Scheme textual language – dialect of functional LISP. Flow sequence is controlled with
data, executed by instructions in nodes. Data is passed between the nodes at multiply flow paths
(parallel calculations). In each executed path – only one node is active. Lack of support for
procedural/structural programming is characteristic for this language. Iterations have to
obtained with use of recursion. Directly there is no support for the object-oriented paradigm.
However, imperative, functional and object-oriented paradigms are supported indirectly by
embedded textual Design script and Python language. The extension is possible with the use of
special purpose nodes. Dynamo language is still in ongoing development and missing useful
solutions – such as procedural/structural paradigm programming.
7. DYNAMO VPL IN CONCRETE BRIDGE EXAMPLE
An example of Dynamo VPL in parametric concrete bridge modelling is a cross-section of
typical WD bridge used in Poland (Fig. 3).

Fig. 3: VPL application in WD bridge
WD bridge characterized by simple geometry was chosen as an example – to explore its
parametric design possibilities with the use of BIM and visual programming language
Dynamo. Most of WD objects are designed nowadays with the use of CAD software. Their
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omnipresence on highway road system forces hundreds of similar projects to be made yearly.
Various approaches were made to parametrize them in CAD systems, none of them has been
widely adopted. This is partly because most of the designs were made in 2D. BIM technology
introduces 3D modelling thus providing new possibilities of parametrization with possibility
to export paramerized geometry to flat drawings, including export to CAD systems.
Geometry construction was based on arc curve made as a fillet between two lines placed in
Dynamo 3D workspace. Lines were defined, each with two geometrical points, tangent to the
beginning and the end of the arc. Arc radius was provided as a parameter. Additionally, curve
trimming function was applied to limit the length of the bridge. Revit parametric, structural
framing, the family type described in the previous paragraph was used to create beam along
the curve, creating bridge geometry. As a next step geometry was prepared for further
analysis in AutoCAD software. Bridge solid is extracted and converted to the polysurface (set
of surfaces). Polysurface is then further broken into the list of separate surfaces. Surfaces
edges are detected and converted to curves, then projected to plane and exported to
AutoCAD. Further studies will conclude relations between exported cross-section geometry.
8. CONCLUSIONS
The necessity of CAD systems development towards BIM technology is a result of low
construction sector performance compared to the rest of industrial complex. BIM technology
is based on construction 3D model, which contains information about its physical properties.
Geometry is defined with intelligent objects such as – beam, wall, column etc. instead of
simple lines. Information provided this way describes reality better than one provided with
CAD technology. It allows for better interoperability and data analysis.
Complex relations in BIM model can be replaced with simple visual programming languages.
One of them is Dynamo language, capable for simple and advanced geometry modelling, as
shown in WD bridge example. It allows for simpler and faster bridge superstructure
prototyping thus lowering costs of design. At the same time it allows to improve final quality
of project. Authors are currently working on other types of visual programming applications
in concrete bridges.
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SUMMARY
Creep of concrete is an important design consideration. National design codes therefore
provide empirical based models for the estimation of creep deformation. Such models
generally estimate a creep coefficient (φ) and an elastic modulus (E) of the concrete, both of
which are used to predict the creep strain at any age. This paper assesses the accuracy of the
creep coefficients (φ) predicted by the relatively new international fib Model Code 2010 (MC
2010) and RILEM Model B4 using a laboratory test programme. The measured creep
coefficient (φ) values were statistically compared to those predicted by the models considered.
The MC 2010 (2012) Model, which yielded an overall coefficient of variation (ωall) of 44.9
%, was found to be more accurate than the RILEM Model B4 (with a (ωall) of 103.3 %). Both
the models validated were found to yield less accurate creep coefficients than their respective
predecessor models.
1. INTRODUCTION
Creep magnitude is an important design consideration for the durability, long-term
serviceability and the load carrying capacity of structures.
The magnitude of creep can be determined by laboratory testing or estimated by means of
empirical based models of various complexities. In general, the more deformation sensitive
the structure, the more justifiable the cost and time of laboratory testing or complexity of the
estimation method employed. In cases where only a rough estimate of the creep is required,
design code-type models are ideal for predicting the creep
With the exception of the RILEM Model B3 (1995), creep models express creep strain in
terms of the creep coefficient, (φ), where:
εc(t, τ) = φ(t) εe,τ

(1)

In Equation 1, εc(t, τ) is the creep strain at any concrete age t for a concrete loaded at age τ,
where t > τ and εe,τ is the elastic strain of the concrete at age τ. The creep coefficient (φ) is
empirically determined by considering one or more intrinsic and/or extrinsic variables such as
concrete stiffness and age at first loading. The elastic modulus used to estimate the elastic
strain is estimated using an empirical equation prescribed by that method.
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The RILEM Model B3 (1995) and RILEM Model B4 (2015) are, by comparison, more
complex than the design code models and take a more fundamental materials approach to
creep prediction. In the case of these models, an elastic modulus is estimated, which is used
in the calculation of the compliance function for additional creep due to drying and may be
used to calculate the creep coefficient (φ(t)) from the relevant compliance function equations
(by dividing εc by εe).
Previous work by Fanourakis (1998), Fanourakis and Ballim (2006), Fanourakis (2011) and
Fanourakis (2016) collectively assessed the accuracy of fifteen code-type creep prediction
models when applied to South African concretes.
Fanourakis (2011) investigated the correlation between the predicted specific creep (Cc) and
the estimated elastic (E) and established that most accurate creep prediction model, the CEBFIP (1970), (for the Cc) was the least accurate in estimating elastic modulus (E).
Furthermore, the models that yielded the most accurate estimation of elastic modulus (E)
(SANS 10100, 2000 and AS 3600, 2009) did not yield the most accurate estimation of
specific creep (Cc).
Subsequently, Fanourakis (2016) established that a highly significant (P = 0.001 %)
correlation (r = 0.901) exists between the creep coefficient (φ) and specific creep (Cc)
predicted by the fourteen models considered.
This paper assesses the accuracy of the creep coefficients estimated by the relatively new fib
Model Code 2010 (2012) and the RILEM Model B4 (2015), when compared with the actual
creep coefficients measured on a range of South African concretes under laboratory controlled
conditions, for a period of approximately six months. These concretes included two strength
grades (w/c’s of 0.56 and 0.4) and three aggregate types (quartzite, granite and andesite).
The accuracy of the fib Model Code 2010 (MC 2010) and RILEM B4 (2015) Models was
compared to the accuracy of their predecessor models.
2. MODELS INVESTIGATED
The two relatively new models evaluated in this investigation were the fib Model Code 2010
(MC 2010) and RILEM B4 Model (2015).
The Comité Euro-International Du Béton - Federation Internationale De La Précontrainte
(CEB-FIP) Model Code (2010), fib Model Code 2010 (MC 2010), superseded the CEB-FIP
(1990) model, which was in turn superseded by the CEB Model Code 90-99 which accounted
for particular characteristics pertaining to high strength concretes.
The RILEM Model B3 (1995) was superseded by the RILEM Model B4 (2015), which
accounts for additional parameters including the cementitious material type, admixtures and
aggregate type (Wendner et al., 2013).
3. EXPERIMENTAL DETAILS
3.1 Materials
CEM I 42,5 cement, from the Dudfield factory of Alpha Cement (now AfriSam), was used for
all the tests carried out in this investigation. Quartzite (Q) from the Ferro quarry in Pretoria,
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granite (G) from the Jukskei quarry in Midrand and andesite (A) from the Eikenhof quarry in
Johannesburg were used as both the coarse and fine aggregates for the concrete. The stone
was 19 mm nominal size and the fine aggregate was crusher sand.
3.2 Preparation of prisms
For each of the concretes, six prisms were prepared, measuring 100 x 100 x 200 mm and cast
with the 200 mm dimension vertical. After de-moulding, these prisms were continuously
water cured up to an age of 28 days. After curing, three of the six prisms of each mix were
used for creep tests and the remaining three were used for shrinkage measurements.
3.3 Elastic Modulus measurements
The creep test prisms were stacked into creep loading frames and subjected to elastic strain
measurements, within 10 minutes of application of the loads, which were used to determine
the secant moduli of the concretes.
3.4 Creep and shrinkage measurements
The creep tests commenced immediately after the elastic modulus measurements were taken.
These tests entailed subjecting the prisms in each frame to an applied load of approximately
25 % of the 28-day compressive strength, for the 168 day period, in a room controlled at 22 ±
3 oC and RH of 65 ± 5 %.
The shrinkage (companion) prisms were placed on a rack in the same room as the creep
samples and, in order to ensure a drying surface area equivalent to the creep samples, the two
100 mm square ends were dipped in warm wax to prevent drying from these surfaces.
Creep and shrinkage measurements were recorded daily for the first week, thereafter, weekly
for the remainder of that month and then monthly until the culmination of the approximately
six-month total loading period. The strain of each group of prisms, that is the three creep
prisms or the three companion shrinkage prisms of a particular mix, was taken as the average
of the strains of the prisms in that group.
The results of shrinkage measurements were subtracted from the total time-dependant strain
of the loaded specimens to determine the total creep strain.
3.5 Mix details
Details of the mixes used are given in Tab. 1.
Tab. 1: Details of the mixes and laboratory test results (after Fanourakis, 2011)
Aggregate Type
Mix Number
Water (l/m3)
CEM I 42,5N (kg/m3)
19 mm Stone (kg/m3)
Crusher Sand (kg/m3)
w/c Ratio
a/c Ratio
Slump (mm)
Cube Compressive Strength (MPa)

Quartzite
Q1
Q2
195
195
348
488
1015 1015
810
695
0.56
0.4
5.24
3.50
90
50
37
65

Granite
G1
G2
195
195
348
488
965
965
880
765
0.56
0.4
5.30
3.55
115
70
38
65

Andesite
A1
A2
195
195
348
488
1135 1135
860
732
0.56
0.4
5.73
3.83
95
55
48
74
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Cylinder Compressive Strength (MPa)a
30
53.5
30.7
Characteristic Cube Strength (MPa)
30
50
30
a
Characteristic Cylinder Strength (MPa)
25
40
25
Concrete Density (kg/m3)
2371 2410 2385
Average Elastic Modulus of included
73
70
Aggregate (GPa)
a
Inferred from cube strength using the conversions from EC 2 (2004)

53.5
50
40
2432

38
30
25
2596

59
50
40
2585
89

4. RESULTS AND DISCUSSION
4.1 Predicted versus actual φ values
Figs. 1 to 3 show the relationships between the predicted φ and actual φ for the six mixes (Q1,
Q2, G1, G2, A1 and A2), pertaining to the MC 2010 (2012) and RILEM B4 (2015) Models.
The “r = 1” line (predicted equals actual) is included in each figure to display the relative
accuracy of the predicted values.

(a) Mix Q1
(b) Mix Q2
Fig. 1: Predicted versus actual creep coefficients (φ) for quartzite concretes

(a) Mix G1
(b) Mix G2
Fig. 2: Predicted versus actual creep coefficients (φ) for granite concretes
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(a) Mix A1
(b) Mix A2
Fig. 3: Predicted versus actual creep coefficients (φ) for andesite concretes
From Figs. 1 to 3, the following is evident.
• Both the models considered general under-predicted the creep coefficients (φ).
• The MC 2010 (2012) Model predicted the φ values more accurately than the RILEM
Model B4 (2015) Model, in the case of all six mixes.
• The variation in predicted φ values, with time, in the case of the RILEM Model B4 (2015)
was relatively low (low rate of creep).
• The MC 2010 (2012) Model was the least accurate in the case of the andesite concretes
(mixes A1 and A2), where the accuracy of the predicted φ values decreased after 7 days,
indicating a decrease in the rate of creep.
• The trend lines pertaining to the MC 2010 (2010) model and RILEM B4 (2015) Models
yielded pooled correlation coefficients (r) of 0.983 (0.967 to 0.987) and 0.988 (0.984 to
0.989), respectively.
• All the correlations established were highly significant, being at the P = 7.1E-06 % and P =
1.4E-07 % levels, in the case of the MC 2010 (2010) Model and RILEM B4 (2015)
Models, respectively.
4.2 Accuracy of the models assessed
In order to provide a statistical basis for comparing the results of creep prediction methods,
Bazant and Panula (1979) define a coefficient of variation of errors (ωj) for single data sets as
well for a number of data sets compared against the same prediction model (ωall). The more
accurate the prediction, the lower the value of ωj. The calculated values of ωj and ωall for the
different models assessed are shown in Tab. 2.
Tab. 2: Coefficients of variation for φ of the MC 2010 and B4 Models
Prediction Method
fib Model Code 2010
(2012)
RILEM Model B4
(2015)

Mix
Q1

Coefficients of Variation (ωj)
Mix
Mix
Mix
Mix
Q2
G1
G2
A1

Mix
A2

ωall

22.1

31.5

29.4

39.7

61.9

66.0 44.9

100.7

100.9

98.0

99.1

109.7 110.6 103.3
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From Tab. 2, it is evident that the RILEM Model B4 (2015) was the least accurate of the two
models assessed with a ωall of 103.3 %. Both models yielded (slightly) more accurate
predictions in the case of the low strength mixes.
4.3 Comparison with predecessor models
When comparing the accuracy of creep coefficient (φ) predictions, the CEB-FIP (1990) was
more accurate than the succeeding MC 2010 (2012), yielding a ωall of 27.7 %. Similarly, the
RILEM Model B3 (1995) was more accurate than the succeeding RILEM B4 (2015) model,
yielding a ωall of 40.8 % (Fanourakis, 2016). Furthermore, for the mixes used, the RILEM B4
(2015), which is the most complex of all the models validated by the author, was the least
accurate of the seventeen models considered in all the investigations.
5. CONCLUSIONS
• Both the models considered general under-predicted the creep coefficients (φ).
• The MC 2010 (2012) model predicted the φ values more accurately than the RILEM
Model B4 (2015) model, in the case of all six mixes.
• The trend lines pertaining to the MC 2010 (2010) and RILEM B4 (2015) Models yielded
pooled correlation coefficients (r) of 0.983 (0.967 to 0.987) and 0.988 (0.984 to 0.989),
respectively.
• Both the MC 2010 (2012) and RILEM Model B4 (2015) models were less accurate than
the models that their predecessor CEB-FIP (1990) Model and RILEM Model B3,
respectively.
• The RILEM Model B4 (2015), which yielded a ωall of 103.3 %, was the most complex yet
least accurate of all seventeen models validated by the author to-date.
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DEFORMATION OF THE GROUND CAUSED BY MINING
EXPLOITATION AND INTERNAL FORCES IN FREELY SUPPORTED
BRIDGE
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Faculty of Civil Engineering, Silesian University of Technology
Akademicka 5, 44-100 Gliwice, Poland
SUMMARY
Bridges in the mining area are influenced by ground. Deformations in objects statically
indeterminate cause additional internal forces. Due to the scale of those impacts and the
uncertainty about the actual magnitude of area deformation, the aim is to minimize the impact
of deformable ground through the use of statically determinate systems, and ensuring the
freedom of movements of bridge elements. Nevertheless, due to the fact that they are threedimensional objects and the need for proper connection access roads it cannot completely
eliminate these influences. The paper presents the forms of ground deformation influence on
internal forces caused by mining exploitation in the freely supported bridge, treated at the
typical design beyond the mining areas as a statically determinate, supported by the results of
many years of observation of the object located in the IV category of mining damage area.
1. INTRODUCTION
Rock mass deformation observed at the surface area is caused by mining. The observed
results are ground depression, horizontal movement, changes in slope, ground deformations
and curvature. Values of deformation parameters determine the category of mining area.
Those categories are 0-V, where slope value T for category V exceeds 15mm/m, deformation
absolute value ε is higher than 9 mm/m, and absolute value of curvature radius R is smaller
than 4 km (Tab. 1) (Kwiatek J., 2002; Collective work, 1980). Civil structures in mining
areas, including bridges, are often exposed to very intensive effects of mining exploitation.
Although those effects are predicted, they are often underestimated due to changes in planned
exploitation of deposits, impact of other or previous mining activities, and unpredicted
behaviour of rock masses. There is a tendency not to restrain structure deformation and to
provide free movement between spans and supports caused by significance variability of such
impacts and their values. For that purpose, statically determinate structures are used – spans
are freely supported on one fixed bearing and one-direction sliding (guide) bearing placed on
the second support, opposite to the fixed bearing. Displacement between supports and spans
and required expansions gaps are determined on the basis of kinematic analysis (Collective
work, 1980; Ledwoń J.A., 1983; Rosikoń A., 1979; Collective work, 1998; Śliwka J. et. al.,
2005; Wytyczne ..., 1977; Śliwka J., 2000; Śliwka J., 1994), which regards individual
elements of the structure as rigid bodies.
It was assumed that by completing kinematic analysis and ensuring proper movement of
bearings and extension gaps, we could eliminate the mining impact of ground deformation on
internal forces inside the load-carrying structure. However, in practice we cannot eradicate
every effect of ground deformation. Moreover, generated forces may be often powerful and
cannot be neglected while analysing the structure. Those are mainly connected with:
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• necessary connection of the structure with access roads and related embankment impact on
the structure;
• mining front diagonal to the axis of a structure or a diagonal structure.
This paper presents such effects using the example of structures observed in the mining
damage area of category IV.
Tab. 1: Categories of mining area regarding continuous ground deformation
Category Inclination T Radius of curvature R Horizontal deformation ε
mm/m
km
mm/m
0
T ≤ 0,5
40 ≤ |R|
|ε| ≤ 0,3
I
0,5 < T ≤ 2,5
20 ≤ |R| <40
0,3 < |ε| ≤ 1,5
II
2,5 < T ≤ 5
12 ≤ |R| < 20
1,5 < |ε| ≤ 3
III
5 < T ≤ 10
6 ≤ |R| <12
3 < |ε| ≤ 6
IV
10 < T ≤ 15
4 ≤ |R| < 6
6 < |ε| ≤ 9
V
15 < T
|R| < 4
9 < |ε|
2. EFFECT OF EMBANKMENT
When the load-carrying structure is connected with the embankment (bridge head) by means
of expansion joints, no additional effects resulting in strong internal forces in the structure can
be observed (Fig. 1) (Reports …, 2002-2017).

Fig. 1: Exemplary solutions for connecting the structure with embankment by means of
expansion joints
It is a good solution as it does not affect the generation of extra internal forces in the loadcarrying structure. Moreover, it eliminates some uncertainty about pressure distribution
towards the load-carrying structure. If expansions joints are not contaminated or seized, no
additional impact on the load-carrying structure is observed. Proper design of expansion joints
is crucial to provide horizontal movement in two directions and vertical movement.
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Considerable costs are regarded as the drawback of that solution. They are driven up by
possible movement in three directions and within a large distance – often up to more than
twenty centimetres, particularly in case of structures located in the mining area of damage
category IV and V.
Costs can be reduced by using another solution - expansion joints are replaced with an
approach slab. Fig. 2 illustrates the approach slab (Fig. 3).

Fig. 2: Exemplary solutions for connecting the structure with embankment by means of an
approach slab

Fig. 3: Connecting the structure with embankment by means of an approach slab
The approach slab connects the structure with the embankment. Displacement will be made
on the length of the approach slab. The approach slab together with the pavement construction
will act as a kind of expansion joint. Using that solution, we can expect some damage in the
transition zone. However, costs of periodical repair can be lower than the price of expansion
joints. Movement consists in slab pushing and pulling from the embankment and its rotation.
A slip layer and sharp slab end (Fig. 4) minimise those forces. Slip layer reducing friction is
made by laying two layers of tar paper or film covered with grease over and above the
transition plate and placing them on a certain length in the embankment. Due to this the forces
can be neglected during the structure analysis, as well. The slab fixing to the ground is the
additional result. The expected span rotations on bearings may result in the momentum of slab
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fixation to the load-carrying structure. If the hidden or designed joint is assumed to be used in
the place of fixing, the effect is eliminated and its impact on the load-carrying structure can be
neglected.
a)

b)

Fig. 4: Typical approach slab end (a) and sharp slab end (b) in mining damage areas
Massive bridge heads are usually used in such a solution (Fig. 2, Fig. 3). However, their cost
is also high. The load-carrying structure with cantilevers can be used to reduce further costs
while taking into account local conditions (Fig. 5, Fig. 6) (Reports …, 2002-2017). The
structure is connected with the embankment by means of an approach slab. As previously,
surface damage can be also expected in the transition zone.

Fig. 5: Exemplary solution of the load-carrying structure with cantilevers
This solution requires embankment constraint consisting in using a marginal cross beam with
suspended wings. Considerable ground pressure is expected as the result of soil creeping.
Pressure is also influenced by temperature changes, but they are negligibly small compared to
soil creeping due to the impact of mining exploitation. The expected elongation caused by the
increase in temperature in the case presented in Fig. 4 is about 1 cm, while the expected
elongation due to mining influences is about 30 cm. To reduce those forces, layers of
compressible material are used (Fig. 5). However, that material can be subjected to
compression if mining area is exploited many times in the structure vicinity (or causes the
same deformations or not all the effects are retreated). Consequently, much greater pressure is
exerted on cross beams, and thus on the load-carrying structure. Pressure distribution can be
diversified and difficult to determine. So, the load-carrying structure may require regular
relief. This is done by replacing the compressed material.
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Fig. 6: Exemplary solution of the load-carrying structure with cantilevers

Fig. 7: The diagram of column tilt from the pillar plane caused by vertical force of the ground
pressure caused by mining impact. The observed rapid straightening of the column is related
to the fixed bearing chamfer
Asymmetrical location of the fixed bearing can produce an additional effect. The loadcarrying structure is subjected to non-sustainable pressure, which is then transmitted to the
support through the bearing. Consequently, strong forces can be applied on the support. If
they are not taken into account, the observed result can be damage or fixed bearing chamfer
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(Fig. 7, Fig. 8). The column tilt shown in Fig. 7 was determined geodetic by measuring the
coordinates of two points fixed at the column height. This measurement can also be done in a
simple manner using the plumb-line (Fig. 9).

Fig. 8: Stabilisation of displacement direction of chamfered fixed bearing

Fig. 9: Scheme of measurement of the tilt of the support by means of plumb-line
3. THE STRUCTURE SLANT AND EXPLOITATION FRONT DIAGONAL TO THE
STRUCTURE AXIS
If the supports are diagonal, and the mining front is not perpendicular to their axis, or if the
mining front is neither parallel nor perpendicular to the structure axis due to non-uniform
settlement of supports, their twisting in the vertical plane is observed (Fig. 10). Twisting
was defined as the difference in settlement at the measuring points: (Point 1 – Pont 2) –
(Point 4 – Point 3).
The ground curvature cause the non-uniform settlement of the supports - their displacement
within the plane is observed. However, displacement is not the same for all the supports due
to diagonal type or location of the mining front. Thus, twisting of the supports occurs,
which influences the whole load-carrying structure generating considerable internal forces.
The more rigid the load-carrying structure is, the stronger internal forces are generated.
Such an interaction can be described as settlement of one corner of the load-carrying
structure.
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a)

b)
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Fig. 10: Diagram illustrating the effect of support twisting in the load-carrying structure in the
form of settlement of one corner of such a structure: support twisting (a), settlement in support
points in chosen period (b)
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4. CONCLUSIONS
Designing structures in the area of mining damage requires solutions for eliminating their
impact on the internal forces, mainly those in the load-carrying structure. Therefore, it is
common to use the free-supported load-carrying structure and to provide the unrestrained
movement by using the suitable bearing scheme. Unfortunately, all the effects cannot be
eliminated due to the spatial dimension of bridge structures and necessary connection with the
access roads. Those effects are often neglected during the structure analysis; however, the
generated internal forces should be taken into account. This paper presents only basic effects
on free-supported structures. They were observed for the structures located in the mining area
classified as category IV. Such effects should be considered every time. Moreover, we should
always analyse whether solutions for the particular structure are not connected with other
interactions.
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SUMMARY
Shear issue in the support regions of reinforced concrete (RC) beams is a complex problem
still intensively investigated all over the world. It results from the combination of the shear
force and the bending moment in the support region of RC beams. The paper presents the
comparison of two design approaches proposed for the shear strength according to Eurocode 2
and the Model Code 2010. The results from the comparative analysis were used to evaluate
the shear strength resistance and stirrups spacing, which varies in relation to the adopted
design standard and the level of approximation. The increase in the level of approximation
caused an increase in the accuracy of calculations in Model Code 2010 and stirrups spacing.
The most similar results for the shear strength and the spacing stirrups according to Eurocode
2 were obtained for second level of approximation in MC 2010.
1. INTRODUCTION
Shear is one of the complex problem governing the capacity of reinforced concrete (RC)
members due to combination of shear force and bending moment. There is not yet an
international consensus on shear design provisions, because the knowledge on shear failure
mechanism seems to be incomplete in the engineering community. Existing design code
provisions for shear are based on empirical relationships for members without shear
reinforcement and on the truss model (Mörsch, 1929), or a combination of truss and empirical
models, for members with shear reinforcement.
Generally, the shear strength of RC members is affected by the following shear mechanisms:
un-cracked concrete compressive zone, friction forces (named aggregate interlock action)
developing along the length of a diagonal shear crack, the shear dowel action of longitudinal
reinforcement and the shear strength provided by the transverse reinforcement (if it exists).
The empirical methods proposed for design approach based mainly on formulas derived from
the regression analysis of variable experimental test results. The commonly used Eurocode 2
(EC-2) (Eurocode 2, 2008) design procedure for shear is based on empirical relationships for
members without shear reinforcement and it is based on the truss model for RC members with
shear reinforcement. The shear slenderness ratio av/d (where, av is a distance between the edge
of the support and the edge of the loading plate) is considered in EC-2 by the reduction factor
of av/(2d) to reduce the shear force VEd.
The Model Code 2010 (MC 2010) ( Model Code 2010, 2012) shear design approach is based
on Simplified Modified Compression Field Theory (SMCFT) (Bentz et al., 2006) for
members without shear reinforcement and it is based on a general stress field approach for
members with shear reinforcement. The models are especially suitable for the design of
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discontinuity regions (D-regions) at supports or transverse applied forces. Alternatively, a
cross-sectional design procedure may be applied.
The main difference between EC-2 and Model Code 2010 is taking into account the
contribution of concrete to the shear strength of members with stirrups. The MC2010 includes
the new approach, namely the “level of approximation” (LoA). The design model should be
more or less complex depending on the level of detail needed at the time of calculation
(assessment or detailed design) and the level of importance of the structural element (Muttoni
& Fernàndez, 2012). In MC 2010 there are three levels of approximation for members without
stirrups and four levels of approximation for members with transversal reinforcement. In the
case of the last levels (III and IV, respectively for elements without and with stirrups) shear
strength is obtained by numerical modelling. Single physical model is adopted for all levels
(except for the one mentioned above) and lower level is derived from the higher level by
certain simplification and assumptions. The outlines the background to the fib Model Code
2010 shear rules and two design examples (for deck slab and prestressed concrete bridge
girder) could find also in (Sirgist et al., 2013).
MC 2010 similar to EC-2 considers sections placed closer to the support than the distance d
should be designed for the same shear force as at the control section provided that the member
is directly supported. Unless more refined modelling techniques are used to consider loads
taken directly to a support through strut or arch action according to the following rules:
• the contribution of point loads applied within a distance of d < av ≤ 2d from the face of the
support to the design shear force VEd is reduced by the factor β = av/(2d).
• in the case of point loads applied as close as av ≤ d from the face of the support, the design
shear force VEd shall be calculated with β = 0.5 as if the load is applied at av = d.
The paper presents the design case of the shear strength calculations performed for the RC
beam according to both codes (EC-2 and MC 2010) with a discussion of the calculated
results.
2. DESIGN EXAMPLE
A double span T-section RC beam with the axial span of 7 m analysed in the example is
shown in Fig.1. The characteristic permanent and service loads are g=15 kN/m (γg=1.35;
gd=20.25 kN/m) q=28 kN/m (γq=1.5; qd=42 kN/m), respectively with the corresponding load
factors and the factored loads in brackets. The bending moment and the shear force diagrams
shown in Fig. 2 are calculated based on the structural analysis, with a minimum value of MEd,B
over the support of 381.28 kNm and the maximum value of MEd,A in the mid-span (214.47
kNm). The required negative (top) and positive (bottom) flexural reinforcement are Ast =
34.34 cm2 (7 Ø 25) and Asb = 14.72 cm2 (3Ø25), respectively. Two control sections for the
shear analysis placed at a distance of 445 cm from the edge of the extreme support (1-1) and
the mid-support (2-2) are considered.
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Fig. 1: Details of the example beam
The following parameters are adopted for the calculated analysis:
•
•
•
•
•
•
•

thickness of concrete cover 35mm,
concrete class C20/25, fck = 20 MPa (γc=1.5),
effective flexural depth in sections 1-1 and 2-2; d =445mm,
steel bottom and top flexural reinforcement of 25 mm diameter,
steel transverse reinforcement of 8mm diameter, α = 90º,
steel yielding strength and elasticity modulus: fyk = 500 MPa, Es = 200 GPa (γs = 1.15),
support width 30 cm.

Fig. 2: Bending moment and the shear force diagrams
3. CALCULATIONS ACCORDING TO MODEL CODE 2010
The Model Code 2010 shear design approach is based on Simplified Modified Compression
Field Theory (SMCFT) and for members with the shear reinforcement on a general stress
field approach. The shear resistance VRd is determined from equation:
VRd =VRd,s +VRd,c ≥ VEd
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where, VRd,s and VRd,c are the stirrups and concrete contribution to the shear resistance at the
control section.
The shear resistance is determined for the control sections using three levels of approximation
(LoA). The inclination of the truss chord is assumed as the lowest as possible for each LoA.
The value f ck is limited to a maximum of 8 MPa for members with higher concrete strength
due to smoother crack faces where cracks pass through the aggregate particles. The minimum
transverse reinforcement ratio should be ρ w ≥ 0.08 f ck / f yk = 0.00072 , and the maximum
stirrup spacing is sw ≤ 33.3 cm (based on sw,min ≤ 0.75d = 33.3 cm or 50 cm).
The bending moment and the shear force in the control section 1-1 according to the structural
analysis, equal of MEd=86.84 kNm and VEd=126.06 kN, respectively. The results of calculated
analysis in the control sections 1-1 and 2-2 are summarized in Table 1.
3.1 First level of approximation
The longitudinal concrete strain εx at mid-depth of z (where, z = 0.9d = 400.5mm) is not
directly needed in LoA I, but should be εx ≤ 0.0001. In the control section 1-1 this condition is
satisfied, Eq.(1).

M Ed
86.64
1 Δe
+ 126.06 + 0
+ V Ed + N Ed ( ± )
0
.
438
z
z
2
εx =
= 0.00058
=
2 E s As
2 ⋅ 200 ⋅ 14.72 ⋅ 10 2

(1)

In LoA I the shear strength is assumed as: VRd = VRd ,s ≤ VRd ,max and VRd ≥ VRd ,c . This lower
limit, the shear strength of the same element without stirrups, is calculated according to the
simplified formulas:
180
180
=
= 0.12
1000 + 1.25 z 1000 + 1.25 ⋅ 438
f
20
= k v ( I ) ck zbw = 0.12 ⋅
438 ⋅ 300 ⋅ 10 −3 = 42.94 kN
γc
1.5

kv (I ) =

(2)

VRd ,c

(3)

The compressive stress field inclination is limited to θ min ≤ θ ≤ 45° , where for reinforced
concrete members θmin = 30°. The minimum inclination of the compressive stress field is
chosen θ = 30°.
The strength reduction factor kc=kεηfc includes the strain effect kε and the brittleness factor ηfc:

30 1 / 3
 30 1 / 3
( ) = ( ) = 1,14
=1
20

1

η fc = min  f ck

(4)

The strain effect factor kε can be established as a fixed value of 0.55, so the strength reduction
factor kc is equal to 0.55. The upper limit of shear strength is due to the crushing of concrete:
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V Rd ,max = k c

f ck

γc

bw z sin θ cosθ = 0.55 ⋅

20
⋅ 300 ⋅ 438 ⋅ sin 30 o ⋅ cos 30 o ⋅ 10 −3 = 381.10 kN
1.5

(5)

The required spacing of stirrups is obtained from the equation for the shear resistance provided by
stirrups assuming that VRd , s = V Ed :

Asw
1 ⋅ 10 2
sw =
zf ywd cot θ =
438 ⋅ 435 ⋅ cot 30 o ⋅ 10 − 4 = 24.0 cm
V Ed
126.06

(6)

Finally, the two stirrup legs of 8 mm diameter at 24 cm spacing are adopted.
3.2 Second level of approximation
In LoA II, the shear strength is assumed to be the same as for LoA I:
VRd ,c ≤ VRd = VRd , s ≤ VRd ,max . The minimum inclination of stress field in this level is equal to:

θ min = 20° + 10000ε x = 20° + 10000 ⋅ 0.00058 = 25.8 o

(7)

Principal tensile strength ε1 is defined by a Mohr’s circle of strain, where the adequate
approximation of the negative concrete strain is taken as the concrete peak strain εc0 = 0.002:

ε 1 = ε x (ε x + 0.002) cot 2 θ = 0.0005 ⋅ (0.0005. + 0.002) ⋅ cot 2 25.8 o = 0.01161

(8)

The factor of strain effect is calculated according to:

1
1

=
= 0.54

= 0.54
k ε = min 1.2 + 55ε 1 1.2 + 55 ⋅ 0.01175

0.65
k c = k ε η fc = 0.54 ⋅ 1 = 0.54
VRd ,max = k c

f ck

γc

bw z sin θ cosθ = 0.54 ⋅

20
⋅ 300 ⋅ 438 ⋅ sin 25.8o ⋅ cos 25.8o ⋅ 10 −3 = 341.34 kN
1.5

(9)
(10)
(11)

The lower limit of shear strength is calculated according to LoA II for members without
stirrups. In this case, the factor kv(II) includes the „strain effect” (εx), the „size effect” (z) and
the influence of the maximum size of aggregate (dg) specified as 16 mm:

32
 32
=
=1

=1
k dg = max 16 + d g 16 + 16

0.75
0,4
1300
0.4
1300
k v ( II ) =
=
= 0.20
1 + 1500ε x 1000 + k dg z 1 + 1500 ⋅ 0.00058 1000 + 1 ⋅ 438

VRd ,c = k v ( II )

f ck

γc

zbw = 0.20 ⋅

20
438 ⋅ 300 ⋅ 10 −3 = 70.91 kN
1.5

(12)

(13)
(14)
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The required spacing of stirrups is:
sw =

Asw
1 ⋅ 10 2
zf ywd cot θ =
438 ⋅ 435 ⋅ cot 25.8 o ⋅ 10 − 4 = 28.6 cm
V Ed
126.06

(15)

Finally, the two stirrup legs of 8 mm diameter at 28 cm spacing are adopted.
3.3 Third level of approximation

The minimum inclination of stress field in this case is the same as for the level of
approximation II. The shear capacity in LoA III is the sum of the resistances attributed to the
concrete and stirrups, if VRd < VRd ,max (θ min ) . With respect to the previous calculations

VRd ,max (θ min ) = 341.34 kN and VEd = VRd = 126.06 < VRd ,max (θ min ) = 369.08 kN. The condition
is satisfied, hence shear capacity is equal to:
VRd = VRd , s + VRd ,c

(16)

The shear strength attributed to concrete:
 0.4


VEd
0.4
 126.06 
1 −
=

1−
= 0.14
k v ( III ) = max 1 + 1500ε x  VRd ,max (θ min )  1 + 1500 ⋅ 0.00055  369.08 
= 0.14



0


VRd ,c = k v ( III )

f ck

γc

zbw = 0.14 ⋅

20
438 ⋅ 300 ⋅ 10 −3 = 48.16 kN
1.5

(17)

(18)

The required spacing of stirrups taking into account the shear force transferred by concrete is:

Asw
1 ⋅ 10 2
sw =
zf ywd cot θ =
438 ⋅ 435 ⋅ cot 25.8 o ⋅ 10 − 4 = 46.4
VEd − VRd ,c
126.06 − 56.67

(19)

Finally, the two stirrups leg of 8 mm diameter at 33 cm spacing are adopted.
4. CALCULATIONS ACCORDING TO EUROCODE 2

As in the case of MC 2010, the control section according to Eurocode 2 is placed at a distance
d = 445 cm from the edge of the support (595 cm from the axis support), the minimum
transverse reinforcement ratio should be ρ w ≥ 0.08 f ck / f yk = 0.00072 , and the effective
shear depth z is defined as z = 0.9d = 400.5 mm. There is a small difference in the
determination of the maximum stirrups spacing (minimum value from 0.75d = 33.3 cm and
60 cm), but finally the same value is received (33.3 cm). The control section 1-1 is presented
in the paper, where according to the structural analysis the bending moment and the shear
force are equal to MEd = 86.84 kNm and VEd = 126.06 kN, respectively. The results for control
section 2-2 are summarized in Table 1.
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The compressive stress field inclination is limited to 1 ≤ cot θ ≤ 2.5 ( 21 . 8 ° ≤ θ ≤ 45 ° ). The
factor which takes into account the stress state in compressed truss is equal to αcw=1,0 (for
non-prestressed members), and the reduction factor for cracking concrete is:

v1 = 0.6 ⋅ (1 −

VRd ,max =

f ck
20
) = 00.6 ⋅ (1 −
) = 0.55
250
250

α cwbw zv1 f cd
=
cot θ + tan θ

20
⋅ 10 −3
1.5
= 326.33 kN
cot 21.8o + tan 21.8o

(20)

1 ⋅ 300 ⋅ 438 ⋅ 0.55 ⋅

(21)

At the beginning, the shear strength member is determined. The beam is not prestressed, so σcp=0.

0.18
= 0.12
1.5

(22)


200
200
1 +
=1 +
= 1.67
k = min
= 1.67
445
d

2


(23)

v min = 0.35 ⋅ k 3 ⋅ f ck = 0.35 ⋅ 1.67 3 ⋅ 20 = 0.34 MPa

(24)

C Rd ,c =

0.18

γc

=

 As1 14.72 ⋅ 10 2
=
= 0.011

ρ l = min bw d 300 ⋅ 455
= 0.011
(25)

0.02

VRd ,c = (C Rd ,c k ⋅ 3 100ρ l f ck + k1σ cp )bw d = (0.12 ⋅ 1.67 ⋅ 3 100 ⋅ 0.011 ⋅ 20 ) ⋅ 300 ⋅ 445 = 75.00 kN (26)
The shear capacity of a member without stirrups should not to be taken as less than:

VRd ,c ,min = (v min + k1σ cp )bw d = (0.34 + 0.15 ⋅ 0) ⋅ 300 ⋅ 445 ⋅ 10 −3 = 45.08 kN

(27)

The shear force in section 1-1 is bigger than the shear strength transferred by concrete,
VEd=126.06 kN > VRd,c=75.00 kN, so the transverse reinforcement is required. The required
spacing of stirrups is obtained through the transformation of the equation for the shear
resistance provided by stirrups and assumed that VRd , s = VEd :
sw =

Asw
1 ⋅ 10 2
zf ywd cot θ =
438 ⋅ 435 ⋅ cot 21.8 o ⋅ 10 − 4 = 34.7 cm
V Ed
126.06

(28)

Finally, the two stirrup legs of 8 mm diameter at 33 cm spacing are adopted.
5. CONCLUSIONS

The results of the calculations performed according to the design provisions according to
Model Code 2010 and Eurocode 2 are summarized in Tab. 1.
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Tab. 1: Comparison of calculated parameters
Model Code 2010

Parameters
CRd,c [-]
k [-]
v1 [-]
vmin [-]
εx [-]
ε1 [-]
ηfc [-]
kε [-]
kc [-]
kv [-]
θmin [º]
θ [º]
cotθmin [º]
VRd,max [kN]
VRd,min [kN]
VRd,c [kN]
sw [cm]
Assumed sw [cm]
VRd,s [kN]
VRd [kN]
VEd [kN]
sw,max [cm]

I

Control section 1-1
II
III

0.55
0.55
0.12
30
30
1.73
381.10
42.94
24.0
24
126.13
126.13

0.00058
0,01161

0,20

0.54
0.54
25.8
25.8
2.07
341.34

70.91
28.6
28
128.96
128.96
126.06

1

0.14

48.16
46.4
33
109.42
157.58

I

-

Control section 2-2
II
III

0.55
0.55
0.18
30
30
1.73
381.10

33.3

42.94
12.9
12
252.26
252.26

0,00059
0,01158
0.55
0.55
0,20
0.056
25.9
25.9
2.06
342.05
70.62
15.3
15
240.17
240.17
234.99

23.81
17.1
17
211.92
235.72

PN-EN 1992-11:2008
Control section
1-1
2-2
0.12
1.67
0.55
0.34
21.8
21.8
2.5
326.33
326.33
45.08
75.00
99.48
34.7
18.6
33
18
132.41
242.75
132.41
242.75
126.06
234.99
33.3

The increase in the level of approximation caused an increase in the accuracy of calculations
in MC 2010 and stirrups spacing. The increase in the shear capacity between the level of
approximation I and II is about 2% for the control section 1-1, while for the control section 22 the decrease in the shear strength of about 4% is obtained. The main reason of the difference
in the shear strength is θmin and the variable stirrups spacing. θmin is assumed 30º and 25.8º for
LoA I and LoA II, respectively at the control section 1-1 and 30º and 25.8º for LoA I and
LoA II, respectively at the control section 2-2. The stirrups spacing between LoA I and
LoA II increased from 24 cm to 28 cm and from 12 cm to 15 cm for the control sections 1-1
and 2-2, respectively. In the control section 1-1, when the shear concrete strength is
considered in LoA III, the total shear strength increased in 25%.
The shear strength in LoA III for the control section 1-1 is 22% higher than the that for LoA
II, but the stirrups spacing increased by 18% due to the limit spacing. In the case of the
control section 2-2, the discrepancies between the respective levels of approximation are
lower. The shear capacity in this section decreased in LoA III by 2% relative to LoA II, and
the spacing of stirrups increased by 13%. The minimum angle of inclination of the
compression chord θmin with the increase in the accuracy of calculations is reduced. The
adoption of this angle resulted in a decrease in the maximum load capacity of the compression
chord and an increase in the shear strength provided by the stirrups.
When passing from the first level of estimation to the second one, the cross-section capacity
provided by the same member without stirrups also increased. On the other hand, in the third
level of approximation, where the shear strength of the concrete is taken into account in the
total shear capacity, the part provided by the concrete is significantly reduced in comparison
with the shear concrete strength VRd,c for the second level of approximation. This approach is
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compatible with the assumption presented in the paper (Reineck, 2009), where it is pointed
out that the load bearing capacity of the shear concrete in the RC member without transverse
reinforcement is not equal to the bearing capacity of the concrete in the transverse
reinforcement.
The minimum inclination of the concrete compression chord in accordance with the EC-2 is
similar to that obtained for the levels of approximation II and III in MC 2010. The spacing of
stirrups in both sections obtained according to EC 2 is closest to the spacing obtained for LoA
II in MC 2010. The significantly higher (by 56% and 318% for control section 1-1 and 2-2,
respectively) shear strength of the RC member without stirrups VRd,c is obtained in accordance
to Eurocode 2 than in accordance to MC 2010 in LoA III. Furthermore, in the EC-2, in
contrast to Model Code 2010, the concrete shear capacity is higher for section 2-2 due to
higher reinforcement ratio, while according to Model Code 2010 the concrete contribution to
the shear strength decreases due to deformation of the cross section.
6. REFERENCES

Bentz, E. C., Vecchio, F. J., Collins, M. P.: The Simplified MCFT for Calculating the Shear
Strength of Reinforced Concrete Elements. ACI Structural Journal, vol. 103, No. 4, 2006,
pp. 614–624.
Model Code 2010, Final draft, fib Bulletin 65, 2012
Mörsch E., Der Eisenbetonbau, seine Theorie und Anwendung. Bd 1, Verlag K. Wittwer,
Stuttgart 1929
Muttoni, A., Fernàndez Ruiz, M.: Levels-of-Approximation Approach in Codes of Practice,
Structural Engineering International, vol. 22, No. 2, 2012, pp. 190–194.
EN 1992-1-1:2008. Eurocode 2: Design of Concrete Structures. Part 1-1: General Rules and Rules
for Buildings.
Reineck, K.-H., Review of basic assumptions for the shear design. Paper SP 265-17 in:
Thomas T.C. Hsu Symposium, Part 3, Five decades of progress in shear. ACI SP 265,
2009
Sigrist V. et al. Background to the fib Model Code 2010 shear provisions – part I: beams and
slabs. Technical Paper, Structural Concrete 14 (2013), No.3.

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 607 –

MODELLING THE BEHAVIOUR OF CONCRETE ADDITIVES VIA
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SUMMARY
The nature of the additives is based on their physical and geometrical properties, which are
described with the geological parameters. The gravel and crushed stone aggregates have a big
variety of geological and geometrical parameters. The concrete additives, as an aggregate are
classified based upon their geophysical nature and the properties gained during their
processing. While the aggregate which is made of gravels (natural rocks) usually contains
grains with rounded edges, the manufactured aggregate involves grains manufactured by
crushing solid rocks (manufactured rocks) which have sharp, angular, polyhedron-like shape.
The nature of an aggregate with predefined gradation is highly dependent on the grain shape.
Using discrete element method, the gravels can be modelled with clumps, which are particles
made up by spheres. The manufactured rocks can be simulated with polyhedral elements.
1. INTRODUCTION
Concerning the design of different concrete, the qualification of concrete and the quality of
the product certification, the properties of the used additives, as traditionally, are usually the
materials that make up the quality of the concrete. Our attention is usually limited to cement
rating, cement delivery, water-cement factor, and the role of various additives. We accept that
the raw materials for making the concrete, as they are generally mineral-based, having the
right strength and strength properties, ensure the conformity of the finished product. Usually,
we do not think that sandy gravel, gravel products, and crushed stone rocks produced from
aggregate rocks show great variations in both their rocks and strength, weather resistance and
geometric properties. Concretes made using sandy gravel, pebbles, or crushed stone as a
product have a high degree of bearing on the material properties of the additives used.
In the technological process of concrete making, the interaction between the additive and its
constituent parts can be evaluated by the phases of preparation. The behaviour of the
aggregates forming the additive can be treated separately in the first phase of the concrete
preparation during mixing and application and can be evaluated separately when the material
structure connections have been formed between the granules of the additive in the solidified
concrete.
During the transportation, mixing and application process, the granules graze and impact with
each other. Their response to these loads is based on to their material and geometry. The
changes in the characteristics of the additive can be described by the changing of the
aggregate properties: gradation and shape or flakiness index. The aforementioned behaviour
can be modelled using computer simulation techniques. The discrete element method (DEM)
is suitable for the task, as it has the ability to virtually track the behaviour of individual
particles in the aggregate. This simulation requires the proper material model.
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2. THE DISCRETE ELEMENT METHOD
According to the definition of Cundall and Hart (1992), a numerical technique is called
discrete element method or distinct element method, when it contains discrete particles
(elements) with independent and finite motional and rotational degrees of freedom, the model
can track them, and interactions can raise or extinguish between these elements. The
definition does not mention it, but this approach is mainly used in 2D and 3D mechanical
simulations. The most applied version of the DEM is called the time step method. It is based
on the principles of dynamics: Newton’s and Euler’s laws of motion, and solves them with
numerical integration (Bagi, 2007). The length of time between two successive iterations is
the time step. Such a model have the capability to simulate the dynamic behaviour of bulk
materials, which makes the DEM suitable for modelling rock aggregates.
Alongside with Newton’s and Euler’s laws, the behaviour of a discrete element model is
determined by its material model, which consists the definition of the elements and
interactions (constitutional model), and the values of the parameters. The element’s material
can be ideally rigid or deformable. Also it has a big variety in shapes. The most common is
the sphere, but other more complex geometries exist. The interactions can be divided into two
groups: contact (e.g. normal force, friction) and remote (e.g. viscous) forces. The definition of
the material model represents the element-level (micromechanical) behaviour, which results
the aggregate-level (macromechanical), measurable nature. There is large number of DEM
material models for different applications and every material has its own set of parameters.
Many of them are implemented in software products.
In this research on modelling different concrete additives, the focus was on the shape of the
particles. The simplest solution is the usage of spheres. They also has an advantage in
computational speed. However, they cannot model the interlocking effect between the grains,
therefore, more complex geometries were examined. Possible solutions – besides many other
opportunities – are clumps (particles made up from spheres with rigid connection between
them) and polyhedra. The clean aggregates are cohesionless, so there is no need in the
interaction law to include remote forces, only the modelling of normal and shear forces during
contact is essential. The applied program is the Yade discrete element software
(Šmilauer et al., 2015).
3. MODELING THE BEHAVIOR OF GRAVEL BASED MATERIALS.
In the grain-based aggregate of sandy gravel and gravel products, which are produced by
underwater excavation, the particle of the forming grains is rounded as a result of sedimentary
rock formation process. Fig. 1 shows a characteristic gravel additive.

Fig. 1: 16/32 mm grain size gravel subassembly
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3.1 Modelling the shape of natural rocks
The smooth surface, round edges and corners of the natural rocks make them suitable to be
modelled with clumps. Two kind of shapes were created: 16/32 mm equant (Fig. 2,a) and
16/32 mm elongated (Fig. 2,b) grains. When measured with shape index gauge, the elongated
rocks are technically classified as flat. Each clump contains 3 spheres.

a)

b)

Fig. 2: a) Clump representation of 16/32 mm equant and b) flat grains
3.2 Interaction law of clump material model
The arising contact forces between the elements are computed via the classical Cundall and
Strack (1979) constitutional law. This model was originally created for individual spheres, but
it also can be applied to clumps. In this simplification, the particles are ideally rigid, the forces
came from the overlapping of elements. The normal force (Fn [N]) has a linear elastic
behaviour. Its magnitude is proportional to the length of overlapping (un [m]) by a material
parameter called normal stiffness (kn [N/m]) (Eq. 1), and it acts between the centroid of the
spheres. The shear force (Fs [N]), which is perpendicular to the normal force and represents
the friction, is proportional to the mutual movements and rotations of spheres (us [m]) by the
shear stiffness (ks [N/m]), where the changes in normal direction are neglected (Eq. 2). The
maximum value of the shear force (Fsmax [N]) is regulated by the Coulomb friction law
(Eq. 3), where φ [rad] is the internal friction angle.
(1)
(2)
(3)

The normal and shear stiffness’s are computed from the radii (Ra, Rb) and the given material
parameters (Ea, Eb elastic moduli and, υa, υb Poisson coefficients) of spheres a and b
(Šmilauer et al., 2015). The method is represented by Eq. 4 and 5. The used material
parameters are shown on Tab. 1.
(4)

(5)
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Tab. 1: Material parameters of clumps
Gravel
Steel

El. mod. [N/m2]
2·1012
2·1014

Poisson coeff. [-]
0.001
0.001

Friction ang. [rad]
0.6
0.4

Density [kg/m3]
2600
7800

4. MODELING THE BEHAVIOR OF CRUSHED STONE ADDITIVES WITH
POLYHEDRON ELEMENTS
The crushed stone aggregates, yielded by blasting explosives and processed in mills are
composed of sharp, rough grains. Fig. 2 shows a characteristic crushed stone aggregate in
which the grains, forming the aggregate, bear the characteristics of their formation process.

Fig. 3: 22/32 mm grain size crushed stone subassembly
4.1 Modelling the geometry of crushed rocks
The manufactured rocks have rough, but flat surfaces and sharp edges and corners. Therefore,
it seems a good approximation to model them with polyhedra. The grain geometries are
randomly generated using Voronoi method (Asahina and Bolander, 2011) with the desired
sieve size and aspect ratio (length:width:height). Two types of aggregates were created: 16/32
mm equant (2:2:1) (Fig. 4,a) and 16/32 flat (4:2:1) (Fig. 4,b).

a)

b)

Fig. 4: Modelling the shape of 16/32 mm a) equant and b) flat manufactured rocks with
polyhedra
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4.2 Constitutional law of polyhedral model
The chosen interaction law (Eliáš, 2014) is fairly similar to the one that was used for
modelling natural rocks, as it only differs in the computation method of normal force. The
magnitude of the normal force is linearly proportional to the overlapping volume of polyhedra
(Vl [m3]) by a factor called normal volumetric stiffness (knv [N/m3]) (Eq. 6) and its direction is
perpendicular to the plane fitted on the intersection curve using least-square method.
(6)

Instead of elastic moduli and poisson coefficients, the normal volumetric stiffness (Knvi) and
shear stiffness (Ksi) need to be given for each material (i). The combined sitffness’s of
different (a and b) materials are computed via Eq. 7 and 8. The parameters are represented on
Tab. 2.
(7)

(8)

Tab. 2: Material parameters of polyhedra
Gravel
Steel

Norm. vol. stiff. [N/m3]
2·1012
2·1014

Shear stiff. [N/m]
2·108
2·109

Friction ang. [rad]
0.6
0.4

Density [kg/m3]
2600
7800

5. UNIAXIAL COMPACTON TEST
The validation of the material models are performed by comparing measurement and
simulation data of a unidirectional press (oedometric) test. For that, the device of so called
Hummel test (former Hungarian standard MSZ 18287/3) was utilized. Before the
measurement-simulation comparison, also the results of compaction tests with different
element shapes were performed and examined.
5.1 Measurements
In the measurement process with Hummel device, the aggregate is packed in a steel cylinder
with 170 mm diameter and 150 mm height. Then a steel loading plate compresses the
aggregate with constant velocity. The normal force on the plate and its displacement is
measured. When the normal force reaches the desired maximum value, unloading begins.
5.2 Discrete element model
The simulation geometry corresponds to the dimensions of the Hummel device. The cylinder
builds up from triangular facets, the loading plate is modelled with wall type element in case
of clumps, and with a special shaped polyhedron in case of polyhedral particles.
The creation process of the model starts with the random generation of elements. Then they
are compacted with so called gravitational deposition to create a dense pack.
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After the gravitational deposition the spare elements above the determined height are deleted,
the top plate is applied at the highest point of the aggregate, and the compaction starts. Upon
reaching the maximum force, the unloading begins. When the normal force reaches
approximately zero, the simulation stops. The Fig. 5 shows different types of aggregates
before compaction.

a)

b)

c)

d)

Fig. 5: The DEM model of the compaction test before loading with 16/32 mm a) equant and
b) flat clumps, and c) equant and d) flat polyhedra
6. RESULTS
6.1 Simulation data
The Fig. 6 shows the results of 4 simulations: compaction test of equant and flat clumps
(Fig. 6,a) and polyhedra (Fig. 6,b). Each of them had 150 mm mean aggregate height before
compression and the maximum force was 600 kN.

a)

b)

Fig. 6: The force-displacement curves of the compaction simulations with a) clump and
b) polyhedral elements
Despite, the micromechanical laws are simple and linear, the whole aggregate have nonlinear
characteristics under compaction in all cases, which is specific to DEM and is a significant
advantage. The results of the simulations fulfils the theoretical expectations. The nonlinear
behaviour comes from the interlocking effect of grains.
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The aggregates that are containing flat particles, as well as the manufactured rocks compared
to natural rocks, have bigger displacement, because of their higher porosity at the beginning
and better compaction ratio.
6.2 Measurement-simulation comparison
The Fig. 7 shows the measurement and simulation data of a compression test performed on
88 mm tall natural rock aggregate containing 60 % equant and 40 % flat grains. The maximum
normal force was 600 kN. Other measurements and simulations were performed with
manufactured rocks. 111 mm high equant aggregate, and 94,5 mm high flat aggregate were
tested. The maximum normal force was 60 kN in both cases. The curves of the simulation results
were translated in the negative displacement direction to be comparable to the measurements. It
is essential, as the virtual aggregates have rough surface (Fig. 5) unlike in the measurements,
where the weight of the top part of the device resulted a pre loading and smoothing effect. This
behaviour will be involved in the simulation model in the further research.

Fig. 7: Comparison of the normal force-displacement curve of the oedometric test of natural
rocks and its simulation

a)

b)

Fig. 8: The normal force-displacement responses of compaction tests and their simulations
with a) equant and b) flat manufactured rocks
The simulations agrees the measurements with a good approximation in the low-force region.
As the stress grows, the load-displacement curve of the simulations becomes steeper than the
measurements’. Its reason is that the crushing behaviour was not involved in the virtual
model.
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7. CONCLUSIONS
The behaviour of the aggregate products, such as concrete additives, is depends on the
structural and geometrical properties of the individual grains forming the whole aggregate.
These products are treated as a nonlinear behaviour continuum in the three-phase model of
materials. The discrete element method creates the possibility of evaluating the effect of the
size distribution of the aggregate and shape properties of grains on the behaviour of the whole
aggregate using only linear micromechanical material models.
The following conclusions were made in this paper on the discrete element modelling of
concrete additives:
•
•
•
•

the used clump material model simulates the behaviour of the natural rocks in the noncrush load region with good approximation
the used polyhedral material model simulates the behaviour of the manufactured rocks in
the non-crush load region with good approximation
at higher loads, the modelling of crushing is needed
the surface of the aggregate has to be smoothed in the model in order to avoid posterior
translation of force-displacement curve.
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SUMMARY
Paper presents different calculation methods for lateral load analysis of mixed reinforced
concrete core and frame structural systems in tall buildings. Presented calculation methods
include approximate analytical methods, based on closed-form solution of differential
equations, and numerical finite element models. Example tall building comprises of peripheral
rigid frames and partially closed inner core with uni-symmetric arrangement in plan and
constant properties along the height. Deflection and rotation results obtained by the analysis
are plotted comparatively. Conclusion is derived from results and accuracy analysis.
1. INTRODUCTION
Lateral rigidity system for reinforced concrete tall buildings may comprise of centrally
positioned core and peripheral rigid frames, providing resistance to wind and earthquake
forces. Under horizontal loads, rigid frames and core assume different deflection shapes.
Frames deflect in shear mode, having maximal slope near the base of the building, whereas
core bends in flexural mode, having maximal slope at the top of the building. Core and frames
are interconnected at floor levels by reinforced concrete slabs, substituted in structural
analysis model by rigid diaphragms, assuming in plane rigid body behaviour. Compatibility of
horizontal deflections is causing different types of bents to interact through the connecting
slabs. Interaction forces between different bents occur along the height of the structure,
increasing stiffness and decreasing overall horizontal deflections. Therefore, joint behaviour
of two bents is favourable, but interaction forces between them are making the calculation
procedure rather complex.
Applicable calculation methods may be broadly categorised into two main groups: analytical
methods, which have closed-form solution, and numerical methods. A significant amount of
research has been done on approximate analytical methods suited for rapid hand calculation in
preliminary phase of building analysis. Some of these methods, based on continuum models,
were developed by (Heidebrecht and Stafford Smith, 1973; Rutenberg and Heidebrecht, 1975,
Stafford Smith, Kuster and Hoenderkamp, 1984; Hoenderkamp and Stafford Smith, 1988;
Coull and Wahab, 1993; Hoenderkamp, 1995; Zalka 2009; Zalka 2010). Analytical methods
presented herein (Heidebrecht and Stafford Smith, 1973; Rutenberg and Heidebrecht, 1975;
Stafford Smith et al., 1984; Hoenderkamp, 1995) are used for estimating deflections and
rotations of an exemplary structure. These methods are compared to more comprehensive
finite element models based on wide column analogy and shell element models. The purpose
of the paper is to investigate applicability of individual method for calculation of mixed core
frame structure by comparing deflection characteristics and providing accuracy analysis.
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2. ANALYTICAL METHODS
Analytical methods proposed in (Heidebrecht and Stafford Smith, 1973) and (Stafford Smith
et al., 1984) are developed for symmetric multi-bent structures, which may be uniform or nonuniform along the height, with properties change occurring at discrete locations along the
height of the structure. Methods proposed in (Rutenberg and Heidebrecht, 1975) and
(Hoenderkamp, 1995) serve as an extension to the previous methods, providing solution to
general asymmetric multi-bent structures, which may comprise of combination of shear walls,
coupled walls, rigid frames and braced frames. Presented methods provide closed-form
solution of governing differential equations in the form of polynomials.
2.1 Mathematical models
Presented methods are based on continuum models. In (Heidebrecht and Stafford Smith,
1973) and (Rutenberg and Heidebrecht, 1975) bents with different deflection characteristics
are represented accordingly with flexural and shear cantilevers. Both cantilevers are linked
horizontally by axially rigid continuum, therefore having same horizontal deflections along
the height. To maintain the compatibility, distributed interaction force along the height and
concentrated interaction force on top are introduced in the model.
Methods developed in (Stafford Smith et al., 1984) and (Hoenderkamp, 1995) are based on
coupled-wall theory, exploiting ability of coupled shear walls to deflect in three characteristic
ways. In extreme cases it may assume flexural shape of overall bending due to axial
deformation of vertical members of the bent, pure flexural shape due to flexural bending of
flexural members and shear shape due to racking shear. Therefore, it is beneficiary to treat
different bents as coupled shear walls, interconnected by an equivalent continuous medium
substituting discretely positioned connecting beams. Equivalent coupled shear walls are
lumped together, forming shear-flexural cantilever. Depending on equivalent medium
stiffness properties, shear-flexural cantilever may assume deflection profile which is, in case
of multi-bent structure, a superposition of three distinctive deflection shapes.
2.2 Solving governing differential equations
In the case of analytical methods for non-twisting structures, governing differential equations
are given by
2
w( x)
d4 y
2 d y
−
α
=
4
2
dx
dx
EI

(1)

for flexural and shear cantilevers (Heidebrecht and Stafford Smith, 1973), and for coupledwall cantilever (Stafford Smith et al., 1984) by

(

)

2
2
d4 y
w 
x2 
2 d y
2 k −1


α
k
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kx
−
=
−
⋅
(
)
(
)
dx 4
dx 2 EI 
k2
2



(2)

in which α2 = (GA)/(EI), k2 = 1 + Ii/(Aci2) and w(x) is lateral load intensity. Eq. 1 and Eq. 2
can be solved directly from corresponding boundary conditions. Solutions to Eq. 1 and Eq. 2
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are presented in (Heidebrecht and Stafford Smith, 1973) and (Stafford Smith et al., 1984)
respectively.
Methods developed for non-symmetrical structures (Rutenberg and Heidebrecht, 1975;
Hoenderkamp, 1995) take into account torsional behaviour of structure according to the
bending analogy principle. Governing differential equations for general asymmetric case are
coupled. Simplification is achieved by assuming the centroid of flexural bents as referent
point for coordinate system and by writing the equations in matrix form. Therefore, governing
equation for flexural-shear cantilevers (Rutenberg and Heidebrecht, 1975) may be expressed
in matrix form
 2
α
Y 
  −
 rθ 
aα2
 r
IV

a 2
α
II
w  1 
r  Y 
  =


rθ
EI  e / r 
β2  


(3)

in which α2 = (GAy)/(EIy), β2 = (GAy)/(EIω) and r2 = (EIω)/(EIy), and for coupled-wall
cantilever (Stafford Smith et al., 1984) by
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in which α2 = GAy/EIy, k2 = 1 + (EIi)/(EAci2) and β2 = (GAy)/(EAci2). Process of uncoupling
Eq. 3 and Eq. 4 is analogous to the modal superposition method in dynamic analysis. Thereby,
the problem is reduced to eigenvalue problem of set of uncoupled equations. The process
requires determining the eigenvalues and eigenvectors for the homogeneous form of Eq. 3 and
Eq. 4. Further, obtained matrix of eigenvectors is used in transforming the geometric
coordinates to the generalised coordinates. This yields uncoupled equations in generalized
displacement coordinates with modal participation factors. Solutions to these equations are
deflection functions of normalised structure. Deflection and rotation equations for real
structure are obtained by transferring deflections back to geometric coordinate system.
Solutions to Eq. 3 and Eq. 4 are given in (Rutenberg and Heidebrecht, 1975) and
(Hoenderkamp, 1995) respectively.
3. EXAMPLE
3.1 General description and structural properties
Calculation example will be given for a characteristic structure, often present in tall buildings.
The floor plan of the 20 storey building structure is shown in Fig. 1. Lateral rigidity system of
the structure consists of peripheral concrete rigid frames and inner concrete core having one
axis of symmetry (z axis) in plan. Subjected to horizontal loading in z direction building
exhibits non-twisting behaviour, while horizontally loaded in y direction the structure exhibits
both lateral deflection in y direction and rotation about vertical x axis. The storey height is 3 m.
Horizontal loading of 50 kN/m is uniformly distributed along the height and acting at the centre
of the building in both directions exclusively. The modulus of elasticity of 3.3x106 kN/m2 is
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taken for concrete C30/37. Multi-bay rigid frames are comprised of columns 35x35 cm and
beams 35x60 cm. Core walls have thickness of 30 cm. On one side the core is partially closed
by lintel beams having 30x60 cm cross section. Stiffness properties are shown in Tab. 1 in
which EI is flexural rigidity, GA racking shear rigidity, EAc2 flexural rigidity due to axial
deformation of columns, EIω is warping torsion rigidity and GJ is St. Venant’s torsion rigidity.

Fig. 1: Floor plan. All dimensions are given in meters

Frame 1 to 4
Core in z dir.
Core in y dir.

Tab. 1: Stiffness properties of individual bents
EIi
GAi
EAci2
EIw
2
2
(kN)
(kNm )
(kNm4)
(kNm )
2,476E+05 2,363E+05 1,769E+09
9,029E+08
4,726E-05
3,537E-01
1,798E+10
1,770E+09
4,726E-05
3,537E-01

GJx
(kNm2)
1,616E+08

3.2 Analytical methods
The structure is analysed in two directions separately, applying different analytical methods for
every direction. In z direction methods for symmetrical structure are applied (Heidebrecht and
Stafford Smith, 1973 and Stafford Smith et al., 1984). Corresponding calculation parameters are
given in Tab. 2 in which α2 = GA/EI, k2 = 1+I/∑(Ac2) and H is total height of the structure.
Tab. 2: Calculation parameters in z direction
α2 (m-2)
αH (-)
k2 (-)
5,229E-04
1,3721
1,2554
In y direction methods for asymmetrical structure are used (Rutenberg and Heidebrecht, 1975
and Hoenderkamp, 1995). Corresponding calculation parameters are presented in Tab. 3a (in
which p12, p12 are eigenvalues, γ = (α2 - p12)/((a/r) α2), c1 and c2 are participation factors.) and
Tab. 3b (in which (kα)u2 and (kα)v2 are eigenvalues, f = ((kα)2 - (kα)u2)/((a/r) α2), pu and pv are
participation factors).
Tab. 3a: Calculation parameters in y direction (Rutenberg and Heidebrecht, 1975)
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α2 (m-2)
2,670E-04
p12 (m-2)
2,56E-04

β2 (m-2)
1,777E-04
p22 (m-2)
1,78E-02

r2 (m2)
10,25
γ (-)
0,0252

c1 (-)
0,9581

c2 (-)
1,6760

Tab. 3b: Calculation parameters in y direction (Hoenderkamp, 1995)
(kα)Θ2 (m-2)
r2 (m2)
(kα) (m )
4,006E-04
1,778E-04
10,25
2
2
-2
-2
(kα)u (m )
(kα)v (m )
f (-)
pu (-)
pv (-)
3,894E-04
1,779E-02
0,025
0,958
1,676
2

-2

3.3 Numerical models
Three dimensional numerical models were developed in finite element analysis software
(SAP2000), using beam and shell finite elements for modelling different structural members.
Beam elements are one dimensional finite elements having six degrees of freedom in each
node. Shell finite element is two dimensional four node finite element which can be used for
modelling membrane and plate (out-of-plane) bending behaviour. Shell finite elements based
on thin plate behaviour are used in the models, neglecting transverse shear deformation.
Material, geometric and loading assumptions are same as for analytical methods. Concrete
slabs were not modelled. In-plane rigid behaviour at floor levels was modelled by rigid
diaphragm constraint, constraining deflections and rotations in horizontal plane. While rigid
frames were always modelled using beam elements, core was modelled in 3 different ways
combining beam and shell finite elements.
a. Wide column analogy model comprises entirely of beam finite elements. Individual core
walls were substituted with vertical beam elements of corresponding cross-sectional
characteristics. Torsional stiffness GJ of the core is distributed evenly between vertical
beam elements. At floor levels flexural rigid arms were added around the core perimeter.
Main function of rigid arms is to preserve cross-sectional shape under bending and
twisting, and to offset nodes for connecting lintel beams across an opening in the core
(MacLeod, 1990).
b. In shell+beam model core walls are modelled using shell finite elements, while connecting
beams are modelled by beam finite elements. Rigidly connecting beam to shell element
causes compatibility problems which can be solved by introducing flexural rigid dummy
beam elements. Indirectly connecting beam and shell element through dummy element,
which spans across two finite elements, allows transfer of bending moments between these
two elements.
c. In pure shell model entire core (walls as well as girders) is modelled using shell finite
elements, with added openings.
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a) wide column
b) shell+beam
c) pure shell elements
Fig. 2: Different numerical models: a. wide column, b. shell+beam, c. pure shell elements
4. RESULTS
Deflections in both directions and rotation about vertical axis are calculated in shear centre of
example structure. Deflection and rotation profiles are given in Fig. 3.

Fig. 3: Deflection and rotation of shear centre of example structure
5. ACCURACY
Values of deflections and rotation, obtained by calculation methods presented in the paper, are
compared with shell model which is taken as referent. Deviations from referent values are
shown in Fig. 4. Positive values are bigger than the referent.
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Fig. 4: Deviation of deflection and rotation values along the height.
6. CONCLUSION
A simplified analytical methods suited for rapid hand calculation are presented in the paper
and compared to more comprehensive numerical models. Deflection and rotation results are
obtained for example reinforced concrete structure, comprised of peripheral rigid frames and
inner core with uni-symmetric layout in plan. Results are plotted, showing difference in
deflection and rotation values along the height of the structure. Considering shell elements
model as most comprehensive, it was taken as referent, assuming it will closely represent the
behaviour of the structure.
Analysis in z direction (axis of symmetry) gives values of lateral deflection that show
maximal difference of -9,4% for HSS ’73, while other calculation methods show difference
less than ±3%. Deflection results in y direction show difference of less than ±3% for
analytical methods. Wide column and shell+beam models exhibit deviation from referent
value of +18,3% and +15,2% respectively. Value of rotation around x axis show deviation
ranging from -33,8% to +34,1%. Shapes of deflection curves are similar for all calculation
methods.
Since analytical methods presented herein provide exact solution only for combination of
identical frames and single shear walls, results obtained for mixed core frame structure may
differ significantly. Furthermore, methods HSS ’73 and RH ’75 assume axially rigid columns,
neglecting contribution of axial column deformation to overall bending and twisting, therefore
giving smaller values of deflection and rotation than other calculation methods.
Wide column model exhibits larger deflections than referent model. The cause to such
behaviour is overestimated shear flexibility (Kwan, 1992). Distribution of shear along discrete
edge nodes causes additional parasitic moments. Also, incompatibility between lintel beam
and wall elements leads to overestimated flexibility. Because of relatively flexible wall-beam
connections in shell+beam model, lateral deflection and rotation may be significant.
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Assumptions used in calculations are within elastic theory, neglecting second order effects.
Another assumption, considering rigid diaphragm behaviour, is valid for cases in which inter
storey slabs lack large openings and re-entrant corners. Analytical methods applied to mixed
core frame structure provide approximate solution, therefore having limited applicability. The
main advantage of using analytical methods over numerical is simplicity which makes them
suitable for preliminary rapid calculation. Numerical methods have much wider applicability,
making them suitable for more detailed analysis.
7. LIST OF NOTATIONS
a
A
Ac2
c
e
E
EI
EIω
GA
GJ
h
H
I
Iω
J
M
q
w

centroid of shear system;
cross-sectional area;
axial stiffness;
distance from neutral axis of column to centroid;
lateral load eccentricity;
modulus of elasticity;
flexural rigidity;
warping torsion rigidity;
racking shear rigidity;
torsional shear rigidity;
storey height;
total height of the structure;
moment of inertia;
warping constant;
torsional constant;
bending moment;
general horizontal load;
lateral load.
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INTEGRATED LIFECYCLE ANALYSIS OF A CONCRETE BRIDGE
Mateusz Żarski, Tomasz Płaszczyk, Marek Salamak
Silesian University of Technology, Gliwice, Poland
SUMMARY
The paper describes the need for developing certain computational methods for calculating
the total amounts of costs and environmentally harmful emissions in the lifecycle of a bridge.
Those are especially needed because of the increasing popularity of the “design, build,
operate, maintain” building contracts, the concept of sustainable development and legal
requirements in some countries. The following parts of the paper contain information
regarding current knowledge covering the conducting of analyses contained in global
literature, including various calculation and methodology approaches, the practice of
application of technology for concrete bridges and lastly, conclusions and constructive
criticism towards suggested methodology. It also describes issues concerning the weighting
system of each of the analysis elements and draws attention to the need of maintaining
particular caution while performing them.
1. THE BASIS OF ANALYSIS
With the continuous pursuance of the idea of sustainable growth (Fig. 1) in vast majority of
industries in developed countries (USA, Canada, Sweden), comes the need of developing
certain computing tools which would allow to monitor the current state of technology and
provide information that indicates aspects needed to be improved in future. Such tools
currently in use in mentioned countries include Lifecycle methods and analyses that integrate
each product’s economic, environmental and social aspects.

Fig. 1: The three basic components of sustainable growth ideology
It didn’t take long for such tools to reach out from the manufacturing industry to infrastructure
industry, where presently in some countries (including Poland), they are being incorporated
into legal regulations covering public tenders, but are not in full use yet.
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The principles of sustainable development are implemented not only by the country’s legal
requirements but also by increasing popularity of the ‘design-build-operate-maintain’ system,
which slowly takes up the place of the basic warranty system. With the possibility of usage of
the mentioned system, state’s contracting entities are more than willing to release themselves
from the necessity of carrying out repairs and maintaining the object. At the same time, in
order to maximize profits, private companies are turning to use Lifecycle methods, setting the
whole public procurement system in motion towards the idea of sustainable development.
Although the given analysis can refer to any type of object, from this point on, it will refer
only to prestressed concrete bridges.
2. BASIC ASSUMPTIONS AND METHODOLOGY OF THE ANALYSIS
Before dividing the integrated analysis into its individual components, the fundamentals of
calculations from an engineering standpoint has to be explained. As an integrated analysis of
the life cycle of a building is meant an advanced analysis of the given object as a whole
(superstructure, supports, access roads) throughout its life cycle. The life cycle of an object is
defined as a set of all processes from the first conceptual works to the demolition and disposal
or sale of material residues. This cycle is depicted in Fig 2.

Fig. 2: The life cycle of bridge structures
As mentioned above, the main goal of carrying out this type of analysis is to follow a
sustainable development strategy, which aims to work out a compromise between the economic,
environmental and social aspect of the structure so as to achieve the greatest possible benefits in
each of them. The following paragraphs will describe the components of integrated analysis in
an order consistent with the historical chronology of its development. They will take into
account each of component’s significance and their methodology of calculations.
2.1 Economic analysis – LCC
The idea of carrying out such calculations is based on the basic economic dependence of longterm public procurement objects - their initial costs often represent only a fraction of the
actual expenditure incurred during the use of an object. For this reason, it is not unreasonable
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to carry out calculations that can improve the management of the funds used to service the
bridge’s structure during the several decades of its life cycle.
At present, in most countries involved in LCC (Life Cycle Cost) development, the legal status
of conducting the analysis for the purpose of selecting the best variant in a public tender is
regulated to a similar degree to that in Poland, that is, they may be performed at the request of
the tender organizer, however they do not stand as strict requirement. Despite this, it is
strongly promoted in USA (Walls J., Smith M.R., 1998), frequent EU directives (2014/24/EU
and 2014/25/EU), and its use in the Member States most involved in it (Scandinavia) exceeds
30% of investments in which the procedure is considered significant.
2.1.1 Methodology of LCC
The first and also the key problem in conducting economic calculations within LCC is the
division of object’s costs. Miscellaneous works created in parallel around the world refer
differently to the division of LCC analysis into its components (Green A., 2009). This is
important not only due to the sharing of life cycle costs among individual participants (eg,
social costs or costs incurred by a single user) but also because of the possibility of conducting
different analyses within the LCC (eg BCR analysis). The difference between various divisions
can be crucial in the final economic evaluation of an object, so it is important to compare the
analyses with the same preliminary assumptions (Sundquist H., Karoumi R., 2016). The current
trend in the breakdown of the LCC analysis into components is to divide the participants of the
life cycle of the bridge into individual units, which include the investment agency, single user
and the public. However, in most cases, for the sake of simplicity of calculation and for the
obvious dominance of the expenses incurred by the agency, in the analysis, the costs taken into
account usually apply only to the investment agency.

Fig. 3: Money flow in object’s life cycle
Currently preferred computational methods for conducting the analysis are most often based
on probabilistic analysis, which takes into account the uncertainty of the cost, time of its
occurrence in object’s life cycle, and the frequency of its occurrence. Favored in the early
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days of technology, the deterministic approach (although still used to a limited extent), is in
many cases now considered to be inferior to probabilistic analyses in both the accuracy and
quantity of parameters (Lounis Z., Daigle L., 2008). The probabilistic approach has a direct
bearing on the fact that instead of a single analysis result, as a result of the calculations, a
certain spectrum of results with a certain probability is obtained.
The mentioned results are directly correlated with the life cycle of the object whose
exemplary appearance, together with the cumulative chart of the cost of the object and the
probability distributions for all of the occurrences of events generating them, are presented in
Fig. 3. Events depicted in successive bars in the graph are: its annual maintenance costs,
single repair, rehabilitation of the whole facility and its disposal.
In order to use the results of the calculations in an integrated analysis, a functional unit which
would take into account differences in the parameters of the object must be considered, as
a direct comparison of the construction of different scales, construction material or carrier
would be unreasonable. In recent works published in Scandinavia (Dequidt T., 2012), it is
recommended to convert the analysis result with the use a functional unit (FU) derived from
formula (1):
FU =

1
Ad ⋅ ls

(1)

This particular unit, used later on in sample calculations takes into account bridge’s deck area
(Ad) and the whole object’s expected lifespan (ls), which still can differ from originally
expected one (Koris K., Bodi I., 2010).
2.2 Environmental analysis – LCA
From the historical point of view, the origins of environmental analyses are directly related to
the period of the Great Depression of the late 1960’s and early 1970’s. Initially, it was
focusing mainly on the use of materials in industrial production. Currently, these are
standardized calculation methods described in ISO 14040.
As like LCC analyses, they are based on calculations performed on object’s life cycle, but in
that case, the cycle is a bit more elaborate, because instead of monitoring cash flows, it
focuses on monitoring material emissions and energy demand from the moment the raw
material is collected until its disposal.
Still, as with LCC analyses, environmental analyses currently are not required by law in any
country. Due to their shorter history, in addition to the description in the ISO standards, no legal
requirements are being used, and their status in many countries is not different from the Polish
one. Information on their applicability is usually included only in the tendering procedures.
2.2.1 Methodology of LCA
The LCA (Life Cycle Analysis) methodology is divided into three basic components, but it
should be noted that the whole process is iterative and its fragmentary results are to be under
constant interpretation.
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The first component is the process of defining the purpose and scope of the study, including the
categories of assessment taken into account. This is important because even a slight change in
input can seriously affect the results of the analysis. In practice, for analyses performed for
public purposes, the purpose is usually to determine the total greenhouse gas emissions
measured in kilogramme CO2 equivalents and possibly, the release of other harmful substances
or energy demand, followed by a comparative analysis. As the scope of the study is chosen, the
time period and space on which the facility will operate will be chosen in accordance with the
assumptions provided by the procuring entity (Hammervold J., Reenaas M., 2009).
The second element of the LCA is an analysis of the data set. The main task is to determine
the LCA’s component processes for the object. In order to obtain the most accurate results of
the analysis, the whole life cycle of the object is divided into a set of unit processes, depicted
in Fig. 4, but because of their abundance and the overall small amount of emissions data
related to particular processes, it is very difficult. Instead, it is common to estimate emission
data using data of materials of similar parameters, but the accuracy of such an approach is,
unfortunately highly debatable.
The last part of the method is the LCIA (Life Cycle Impact Assessment). It is a rating of the
data from the previous analysis in the scope of preset criteria. Such data, derived from the two
preceding stages of analysis, is called ‘eco-profile’ and is interpreted by the different categories
of impact. The categories of impact assessment are different between the LCA studies.
Likewise, the problem of weighing the elements of analysis remains also unresolved. In general
terms, however, this part concludes the analysis of the environmental impact of construction,
being the starting point for conducting integrated analyses, analogically to the LCC.

Fig. 4: Unit process
2.3 Social analysis – S-LCA
Chronologically this is the youngest part of the integrated analysis and therefore also the least
developed. It derives from the idea created in 1996, proposing to supplement the LCA
analysis for the social part, but work on its implementation did not begin before 2000’s. The
discussion on overall shape, variables and technology indicators lasted from 2003 to 2006 and
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has resulted in the development of early methodologies and basic parameters such as
employment rates, salaries, and positive and negative health impacts.
The current status of analysis in the world is characterized by the smallest formalization
among mentioned technologies (Sala S. Vasta A., 2015). Because of the lack of formal
methodology and low actual social demand for it, the S-LCA (Social-Life Cycle Analysis)
remains in slow development and hence the timing of its possible implementation as a valid
tool for assessing the effectiveness of a product, won’t likely occur in the present decade
(Norris C.B., Traverso M., 2013). Furthermore, bridges do not meet S-LCA requirements due
to nature of their origination. The bridge, as a public investment, is intended to meet certain
positive social criteria such as access to infrastructure, transport facilitating or economic
activation of the region. For this reason, the social assessment may be subject, for example, to
the social needs of an object or the form of an investment, as it is a public utility, permanently
inscribed in the landscape. However, these criteria do not require complex calculation
methodologies, and therefore can be conducted by surveys in areas close to the planned
investment.
3. EXAMPLE OF INTEGRATED ANALYSIS
For the purpose of the paper, an integrated analysis was carried out for three prestressed
concrete bridges located in Poland, differing in scale and bearing systems. For the sake of the
analysis clarity, only bridge’s superstructure was taken into account, assuming the same
substructures in all of bridges.
The first one is a dual carriageway viaduct with a carrier system in the form of beams of varying
height. The second is a much smaller, the most common form of the bridge which is a single-lane
structure in a two-beam prestressed concrete system. The third one is similar to the previous but
with a slab carrier system. Their overall looks including their scale are depicted in Fig. 5.

Fig. 5: Analyzed bridges
3.1 Separate analysis
Each of the integrated analysis components analyses was performed according to the
calculation assumptions made by the American Prestressed Concrete Association for
prestressed concrete structures (Bonstedt H., 2004). The life cycle of the facilities was
assumed to be 100 years long, and the cost of construction and repairs was referred to the
official cost estimate made by the contractor. Calculations were done with the help of a
computational program written for the purpose. For all variables treated as probabilistic, the
probability range of 5-95% was assumed. For the individual parts of the analysis, the assumed
range of weights was: 1 to 3 for economic analysis and 0 to 1 for environmental. The results
of separate analysis of Bridge-01 are depicted in Fig. 6.
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3.2 Analyses combined
The previously calculated data of the end life costs and emissions were contained in 3D
charts, taking into account the functional unit, the range of weights of the individual analyzes
and the assumed probabilities. The diagram describing Bridge-01 is shown in Fig. 7. It is
important to notice, that the preferred variant of the bridge in the analysis is the one with
lower outcome results.

Fig. 6: Results of through-life flows of separate analysis for Bridge-01

Fig. 7: Integrated analysis chart for Bridge-01
Fig. 7 depicts a full spectrum of analysis’s results for every given set of data (weights of
analysis’s element and probability) in specified ranges. However, in order to obtain a single,
coherent result, the above-mentioned data was calculated using a given functional unit and
then, using the formulas (2) and (3), the final score and sustainability coefficients for each
object were calculated. The results of those calculations are shown in Tab. 1.
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where V is a 3-dimensional space defined:
V ∈ wlcc ,min , wlcc ,max ; wlca ,min , wlca ,max ; pmin , pmax ,
wlcc ,max p max


 wlcc ,min p min f (LCCi ( p ))dp dwlcc 
Ri = 1 − wlca ,max p max
,
f (LCAi ( p ))dp dwlca 
 

wlca ,min p min



(3)

Tab. 1: Results of the analysis
Object
Bridge-01
Bridge-02
Bridge-03

Score obtained [-]
1,621
1,520
1,360

Sustainability coefficient [-]
1,454
0,990
0,621

4. CONCLUSIONS
As can be seen in Tab. 3, mostly due to the high weights of economic analysis, the winner of
integrated calculations proved to be the simplest and cheapest of considered bridges – Bridge03. However, it should be noted, that with this newly developed methodology, any number of
an arbitrary factor selected by the agency, without the limitation in a number of dimensions
used, may be included in the calculation, potentially giving significantly different results.
In conclusion, life cycle analyses have the potential to be a useful engineering tool for
assessing the benefits and potential risks associated with building an object. However,
particular attention should be paid to the collected data describing considered criteria of
analysis and their weight values used in the evaluation of their validity. It is of great
importance since as in the example presented above, the weighting system has a crucial
impact on the outcome of the analysis.
It is also important for them to define a specific, standardized methodology for their
implementation and to continually update their calculation methods in line with the
development of the civil industry.
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SUMMARY
Determination of appropriate material parameters for the fibre reinforced concrete material
model in design and assessment of structures is an important task, which is necessary for
realistic modelling of FRC structures. Various recommendations and definitions are specified
by specialized groups as RILEM, fib or ACI. These recommendations deal with test results of
beam submitted to three or four point bending load with or without notch. Authors compared
these documents and applied the determined parameters in numerical simulations. As the
achieved results were not very satisfactory, a new solution for definition of the FRC
parameters should be found. Presented solutions involve inverse analysis of results and
method proposed by Juhász (Juhász, 2013). This methodology applies so-called modified
fracture energy: the fracture energy of concrete is extended by energy contribution related to
fibres.
1. INTRODUCTION
There are many guidelines to model and design fibre reinforced concrete, such as RILEM
TC162-TDF (Vandewalle et al., 2003), fib Model Code 2010 (fib Model Code, 2010), ÖVBB
Richtlinie Faserbeton (Richtlinie Faserbeton, 2008), ACI 544.8R-16 (ACI 544.8R-16, 2016),
CNR DT (CNR-DT 204/2006, 2007). All of these guidelines are based on a three or four
point bending tests. Obtained test results as load-displacement or load-CMOD diagrams are
converted to the parameters that can be used as a material model. RILEM and fib Model Code
2010 use residual strengths and define "stress-crack width" or "stress-strain" diagrams that
can be applied as material laws. ACI describes an indirect method to obtain the stress-strain
response.
In finite element model the stress-strain diagram can be used if the characteristic length and
the direction of the principal stress is known. In this case, the stress-strain can be converted to
stress-crack width and the crack localization can be handled. For this purpose, the crack band
size method can be used (Bazant, 1984).
These stress-strain models based on guidelines can be applied if the Bernoulli-Navier
hypothesis is valid (and as a consequence there is a linear elastic stress distribution in the
cross section). However, in reality, the stress distribution will be different due to the notch
that is usually in the middle of the specimen for three point bending test or due to the cracks
in the material that are formed during the test.
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In this case, it is necessary to obtain material laws for finite element analysis by different
method. As was shown in previous papers (Pukl et al., 2013), (Sajdlová & Pukl, 2014)
material parameters can be determined by inverse analysis of results from basic tests as three
of four point bending. Another method was proposed by Juhász (Juhász, 2013) and it works
with fracture energy of material composed of concrete matrix and fibres. It is reasonable to
model the FRC with "stress-crack width", instead of "stress-strain" diagram. The shape of the
softening curve after post crack can depend on the type of the fibre and the dosage, but most
of the time it can be simplified as a constant value after crack (so called residual strength).
The area under the "stress-crack width" diagram is the fracture energy. This fracture energy
could be divided into 2 parts: fracture energy of the concrete matrix GF and added fracture
energy of fibres GFf, see Fig. 1. These two methods are discussed in this paper and compared
with material laws obtained by guidelines.

Fig. 1: Fracture energy of the concrete and added fracture energy by the fibres
2. FINITE ELEMENT ANALYSIS
Behaviour of FRC material is analysed in program ATENA (Cervenka et al., 2016) for nonlinear analysis of concrete structures. ATENA is capable of a realistic simulation of concrete
behaviour in the entire loading range with ductile as well as brittle failure modes as shown for
instance in (Cervenka, 2002). It is based on the finite element method and non-linear material
models for concrete, reinforcement and their interaction. The tensile behaviour of concrete is
described by smeared cracks, crack band and fracture energy and the compressive behaviour
of concrete by a plasticity model with hardening and softening. The constitutive model is
described in detail in (Cervenka & Papanikolaou, 2008). Nonlinear solution is performed
incrementally with equilibrium iterations in each load step.

(a)
(b)
Fig. 2: (a) Scheme of the nonlinear finite element method, (b) smeared crack model for
tensile behaviour of concrete
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2.1 FRC Material Models
The tensile response of FRC differs from normal concrete not only in the values like tensile
strength and especially fracture energy, but also in the shape of tensile softening branch. The
original exponential function valid for normal concrete can be used as a first approach, but
preferably would be to use more realistic form of the tensile constitutive law. Therefore,
special material models at macroscopic level are needed for modelling of fibre reinforced
concrete.

(a)
(b)
Fig. 3: (a) User defined tensile behaviour, (b) compressive stress-strain law
The most sophisticated and most general model of FRC material represents an extension to
the fracture-plastic constitutive law (Cervenka & Papanikolaou, 2008) called 3D NLC2 User
model. It describes the tensile behaviour according to the material response measured in tests
point-wise in terms of the stress-strain relationship. The first part of the diagram is the usual
stress-strain constitutive law. After exceeding the localization strain εloc the material law
assumed for the characteristic crack band width Lch is adjusted to the actual crack band width
Lt. The characteristic crack band width (characteristic length) is the size (length) for which the
defined material law is valid. The same procedure (with eventually different characteristic
length) is used for the compression part of the material law. Compressive stress-strain law of
mentioned material models is described in Fig. 3. The softening law in compression is linearly
descending and the end point of the softening curve is defined by plastic displacement wd
(corresponding to εd in Fig. 3b). By increasing material parameter wd the contribution of the
fibres to the compressive behaviour of concrete is considered. Another important compressive
parameter for FRC modelling is reduction of compressive strength due to cracks which says
how the strength is reduced while the material is subjected to lateral tension.
3. EXPERIMENTAL PROGRAM
Experimental program focused on application of synthetic fibres called BarChip48 in concrete
C25/30 is chosen for the presented study. Different dosages of fibres were tested as is shown
in load-displacement diagrams in Fig. 4b. Six tests were provided for each dosage, the plotted
curves represent mean values. Geometry of the specimen and test setup corresponds to EN
14651 (EN 14651, 2005). Beams were tested under three point bending condition. The cross
section is 150x150 mm and span is 500 mm. The central part of the beam is weakened by
notch 25 mm long, see Fig. 4a.
Result for fibre dosage 2 kg/m3 was chosen for numerical analysis presented in this paper.
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Fig. 4: (a) Geometry of tested specimen, (b) comparison of LD diagrams for different fibre
dosages
4. MATERIAL LAW FOR FIBRE REINFORCED CONCRETE
4.1 Recommendations from guidelines
As a representative document, RILEM TC162-TDF is chosen for determination of the
material law. Experimental programme described in previous chapter involves the same test
procedure and specimen geometry that is described in RILEM. Flexural tensile strengths fR,i
are determined Based on Bernoulli-Navier hypothesis by expression:
f R ,i =

3FR ,i L
2bhsp2

(1)

where b is width of the specimen,
hsp is distance between tip of the notch and top of cross section,
L is span of the specimen,
FR,i is load recorded at CMODi.
Maximal flexural strength ffctm,fl and residual flexural strengths for crack mouth opening
displacement CMOD 0.5 mm (fR,1) and 3.5 mm (fR,4) are used for the determination of
material law, see Fig. 5 left. Stress-strain diagram defined by RILEM is trilinear, for the
numerical model part after the peak is important. Final diagram utilized in the numerical
analysis contains bilinear softening as is shown in Fig. 5 right.
The finite element model for bending test is made for a plane stress simplification, with low
order quadrilateral elements with 2x2 integration scheme, with the square elements shape and
size of 5 mm, i.e. 30 elements through the height (25 elements above notch), see Fig. 6a. The
loading is applied by force on the top loading plate. CMOD is calculated as difference
between horizontal displacement of the right and left bottom part of the notch. Characteristic
length for tensile stress-strain diagram is equal to the element size, i.e. 5 mm.
Comparison of the load-displacement diagram from test and numerical simulation is shown in
Fig. 6b. Model can correctly describe behavior on the tail of the diagram but there are
differences after the crack localization. Model according to RILEM underestimate the flexural
strength of the material.
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Fig. 5: (left) Stress-strain diagram according to RILEM TC162-TDF (Vandewalle et al., 2003),
(right top) diagram for material with fibre dosage 2 kg/m3, (right bottom) detail of the diagram
until strain 0.0003
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Fig. 6: (a) FEM model of three point bending test, (b) comparison of experimental result for
fibre dosage 2 kg/m3 and model with RILEM material law (characteristic length 5 mm)
4.2 Inverse analysis
Another way how to obtain FRC material law for nonlinear finite element analysis is inverse
analysis of experimental results which consists of two main steps. The first one is the
estimation of material law based on mixture, contents and type of fibres, etc. or guidelines
recommendations. The second step is modification of initial law by inverse analysis of
material tests, mainly four-point bending test until the required accuracy of results is
achieved.
In this case, RILEM material law was utilized as an initial function and by several simulations
it was modified to the optimal material law for investigated FRC that is shown in Fig. 7a. It is
obvious that material law is described in more detail compared to the RILEM and it leads to
more accurate behaviour during bending test, see Fig. 7b.
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Fig. 7: (a) Stress-strain from inverse analysis in comparison with RILEM, (b) comparison of
experimental result for fibre dosage 2 kg/m3 and model with RILEM material law and law
obtained by inverse analysis
4.3 Modified fracture energy method
The third method was proposed by Juhász (Juhász, 2013) and it utilizes the fracture energy of
the FRC.
A thin band with micro-cracks will appear due to the tensile stress in the concrete – which is
called the crack process zone. By increasing the stress the concrete reaches its tensile strength
when the micro cracks are touching each other. After this point the tensile capacity of the
concrete will decrease, the cracks will bypass or cross the aggregates and then the entire
section will be crossed by the crack. The area under the "tensile stress – crack width" diagram
is the fracture energy.
The fracture energy of the concrete is influenced by a number of factors which are clearly not
related to the concrete’s strength class. Most of the existing design methods neglect the
fracture energy of the concrete and do not pay much attention to the tensile strength.
However, when designing FRC structures these parameters cannot be ignored.
The main goal in this method is to separate the fracture energy of the concrete (GF) and added
fracture energy by the fibres (GFf). According to previous research (Juhász, 2015), the added
fracture energy depends on the fibre type, dosage and cement mortar (cement, water and
sand). By knowing these values the added fracture energy could be defined and used as
a parameter partly independent from the concrete. In this research, concrete with the same
cement mortar but with different aggregate type and size was made. In the case of normal
aggregate (type A, B and C) the added fracture energy (GFf) was mostly unchanged.
Application of this method in the numerical modelling to compare result with methods
mentioned in the previous chapters will be provided during the further research.
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(a)
(b)
Fig. 8: (a) Compression strength and flexural tensile strength of concrete A, B, C and D, (b)
fracture energy of the concrete A, B, C, D and added fracture energy of fibre-1 and fibre-2
5. CONCLUDING REMARKS
A study utilizing different methodologies for determining FRC material parameters and
consequent numerical analyses were performed. As the recommendations from guidelines for
the FRC tensile material law are not sufficient for numerical simulations, it is necessary to
find another options. The first one is inverse analysis of results that is general and can be
applied to any experiment. However, this procedure can be time-consuming because it
requires several simulations. The next goal is to create tool for automatic inverse analysis of
FRC material parameters in software ATENA. Another option is modified fracture energy
method proposed by Juhász (Juhász, 2013). Knowing or estimating the added fracture energy
could be a useful parameter to the FRC model, however it depends on the concrete mortar.
Further research is required to determine the degree of impact of the cement grout alteration
on the added fracture energy and also to find relation with the dosage of the fibres. The
advantage of the model is that the fibre reinforced concrete can be described by one
parameter.
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SUMMARY
In this article a macro synthetic fibre reinforced precast concrete trackslab’s design process
will be presented. The analysis was done with using an advanced finite element software
called ATENA (Cervenka et al 2013). Beside the static loads, the precast slab was also
checked for dynamic and fatigue loads. The structure was verify for early ages, for demoulding, rotating, lifting and for transport as well. With the analysis a necessary fibre dosage
was determined. After the design AECOM prepared a real scale test for two full slab. During
the test the displacements were measured on different places with using Geophones. Finite
element model of the test was made with all the details of the real scale test. The results from
the tests and from the finite element models were close to each other in every checked case.
1. INTRODUCTION
PreCast Advanced Track’s (PCAT) unique 100 per cent macro synthetic BarChip fibre
reinforced precast concrete slab structure is set to revolutionise the construction and repair of
the world’s railways (Hammond, 2016). The system was developed by the PreCast Advanced
Track Company, and the JKP Static ltd was charged with the finite element modelling of the
structure. During the design process AECOM and Mott MacDonald were also involved as a
consultant company. To different geometries were checked, one for off- streets and the other
is for streets, which means the traffic can cross the slab as well. To see the exact behaviour of
the full structure, one and a half slab was modelled with the connection cables. The analysis
was done with different soil parameters, to see the effect of the unequal subgrade as well. The
slab was checked for different loads and load cases, to find the worst effect during the
lifetime. Beside the static loads, the structure was also checked for dynamic and fatigue loads.
The structure was verify for early ages, for de-moulding, rotating, lifting and for transport as
well. The analysis was done with using an advanced finite element software specialized for
concrete structures, called ATENA (Cervenka et al 2013). The software uses the combined
fracture surface model (Cervenka and Papanikolaou, 2008) to model the different behaviour
of the concrete in compression and in tension. The fibre reinforced concrete material was
modelled with the Modified Fracture Energy Method (Juhász, 2013). With the analysis a
necessary fibre dosage was determined. After the design AECOM prepared a real scale test
for two full slab. The slabs were placed to a concrete pool filled with compacted sand. The
test was made with using a Rail Trackform Stiffness Tester (RTST) (Govan et al, 2015).
During the test the displacements were measured on different places with using Geophones.
Finite element model of the test was made with all the details of the real scale test. The results
from the tests and from the finite element models were close to each other in every checked
case.
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In this article the design process and the steps of the finite element analysis will be presented.
2. THE PCAT SYSTEM
PCAT is a new concept in railway construction which can challenge the traditional
engineering method of supporting railway tracks on ballast. Whilst ballasted tracks have some
advantages, they also have significant drawbacks that can be overcome by adopting slab track
systems. PCAT’s innovative lightweight slab structure represents a world first for precast
track slabs as it is manufactured entirely from BarChip 48 macro synthetic fibre reinforced
concrete, without steel reinforcement being required. This ensures that if the concrete cracks
there is no steel to corrode, providing a long life structure, as fibres continue right to the edge
of the structure this enhances durability and resistance to accidental damage. It also reduces
maintenance, material costs and the fibre reinforcement is safer to handle than steel during
manufacture. The PCAT slab design is based on a channel beam upper profile which provides
a high modulus slab structure, this maximises the slab strength and minimises the stiffness
needed for the track foundation. This allows PCAT tracks to be constructed quicker than
conventional track. It also means PCAT is particularly suitable for adoption where poor or
variable ground support and flooding conditions exist.
The PCAT distinctive deep edge beam is designed to be formed higher than the adjacent rail
without conflicting with the train underside gauge. This has the potential to reduce rail and
wheel contact noise by obstructing the sideways bypass of noise. The high strength of the
edge beam is likely to be adequate to prevent a derailed train from coming off the PCAT slab
track structure and thus increase track safety. The upper slab profile collects surface water and
conveys this to drainage outlets via the transverse and longitudinal ducting system
accommodated within the slab. This disperses water away from the track foundation and
increases the resilience of the track, preventing damage to the associated earthwork structures.
The ducts can accommodate track cables and services in a secure environment which prevents
theft and damage.

Fig. 1: The PCAT system
The slabs connecting to each other with a dry male –female joint (came from the geometry)
and with curved connection cables as well. This is designed to permit a rapid laying and
joining process to form the monolithic structure. Curved steel connectors between adjacent
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units are easily inserted and tensioned from the slab surface as erection proceeds. This allows
rapid installation to take place from the occupied track to provide the monolithic structure,
even in tunnels with restricted space. Uniquely, if needed, PCAT slabs can be simply
decoupled, levels adjusted or slabs removed and replaced without affecting the track structure.
Two type of slabs was developed to serve all the needs. One is the mentioned standard slab
(off-street slab) with the side beams, which is highly optimised and can easily installed. The
other one is a more robust structure, but with a straight upper surface and with hidden rails
(on-street slab). This type of the slab can be used in streets as well, thanks to the sunk rails the
traffic can easily cross the slab. The full length of both geometry was 5000 mm, the minimum
thickness of the off-street slab was 150 mm and the thickness under the rails in case of onstreet slab was 200 mm. The slabs were designed for 120 year lifetime.
3. STRUCTURAL DESIGN – NUMERICAL MODELLING
3.1 Finite element model of the structure
The numerical modelling of the PCAT slabs were done in a Finite Element Software called
ATENA. This software specialized for concrete structures, with and advanced material model,
presented in the next chapter. To determine the necessary fibre dosage both of the slab
geometry were modelled. The finite element models of the structures can be seen in Fig. 2.

Fig. 2: Numerical models of the precast slabs
To ensure the connection between the model and the real structure’s behaviour, all the details
were modelled including the connection ducts, the injection holes, the rail slippers and the rails
with their exact geometry. In the models one and a half slab was modelled to be able to
investigate the behaviour of the joints. For the connecting surface an interface material was
determined, which could bear only compression stresses. It occurs that the slabs during the
loading process could open along the connection surface, and the ducts bear the tension stresses.
Under the slabs a bedding layer and a HBM (Hydraulically Bound Mixture) layer was modelled.
For the subgrade non-linear springs were used. To investigate the effect of the soil parameters all
the models were checked for a higher (350 MPa) and a lower (175 MPa) HBM layer as well.
In the model various material models were used for the different structural elements. For the
concrete slab and advanced concrete material was used (see the details in the next chapter).
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For modelling the subbase and the subgrade linear elastic materials were used with different
elastic modulus. The same material model was used for slippers as well. For the steel
elements, such as rails and connection cables a Von Misses material model was used which
can handle the yield of the steel elements. Two different interface elements were used, one to
model the friction between the concrete slab and the steel duct, and one to model the transfer
of the compression forces between the two slabs. The parameters were determined in both
case to be as close to the real behaviour as possible.
For the slab a structured tetrahedral mesh were generated, with 3.0 cm side length. This value
was reduced close to the longitudinal and transvers holes, injection holes and pits. For
subgrade, rails, slippers and ducts brick elements were used to speed up the running time of
the model.
3.2 Material model of concrete and FRC
The concrete was modelled using an advanced material model, which means using combined
failure surfaces. With this material model the different behaviour (elastic-plastic or brittle,
compressive and tensile strength, fracture energy) of concrete in tension and compression can
be modelled. There are many such models available in the literature, the most commonly used
are: Von-Mises and Rankine; Drucker- Prager and Rankine; and Menétrey-William and
Rankine (Rankine cube is at the tension side). However, it is important to note that these models
only define the peak strength of the material, not the post-cracking response. Numerous other
models can be used to approximate the post-cracking capacity of FRC. The model presented in
the ITAtech guideline (ITAtech Activity Group Support, 2015) was used here.

Fig. 3: Fracture energy of the FRC
When stresses exceed the tensile strength of the concrete it will crack. There will be residual
stress at the crack surface that depends on the crack width opening distance. This stress is
associated with an energy, called fracture energy (Gf). This energy is influenced by the
aggregate type (round or crushed), size, and its bond to cement mortar. Fibres increase this
fracture energy (Gff), thereby making the concrete a more ductile material. This approach is
called the modified fracture energy method (Juhasz, 2013). The most important criterion for
the selection of the FRC material model is to be able to model this increased fracture energy
(GfFRC) and select a value that is appropriate to the FRC used for a design (see Fig. 3). For our
models the additional fracture energy was modelled with a constant residual strength, ffdu, as
can be seen in Fig. 4.
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Fig. 4: Used tensile function for numerical calculation
The concrete was modelled as a three dimensional (3D) brick element with a material model
consisting of a combined fracture-plastic failure surface (Cervenka and Papanikolaou, 2008).
Tension is handled herein by a fracture model, based on the classical orthotropic smeared
crack formulation and the crack band approach. It employs the Rankine cube failure criterion,
and it can be used as a rotated or a fixed crack model. The plasticity model for concrete in
compression uses the William-Menétrey failure surface (Menétrey and William, 1995).
Changing aggregate interlock is taken into account by a reduction of the shear modulus with
growing strain, along the crack plane, according to the law derived by Kolmar (1986).
The concrete has a stress-strain diagram according to Eurocode 2 (Eurocode, 2004). The crack
width was calculated from the stress-crack width diagram, determined by means of inverse
analysis, with the help of the characteristic length, which is a function of the size of the
element and the angle of the crack within the element. This method is the only one that could
realistically represent the cracks in the quasi-brittle material. This is the main advantage of
this advanced material model.
3.3 Design and load cases
To check all the possible effect on the slabs, different loading scenarios were carried out in
the finite element software. During the lifecycle various effect will occur to the trackslab.
Because the slab is pre-casted the first effect comes from the demoulding of the element. In
this case a time dependent material model was used, which mean the material parameters
changed during the analysis follow the hardening of the concrete. With this analysis the
optimum demoulding time can estimate as well. To demoulding a lifting and a tearing force
was added to the early age concrete slab. After this, but also in early ages, a rotation effect
was occurred: the demoulding was made upside down, but the racking of the slabs were in the
other direction. In this two load case also the lifting and rotating elements were checked. The
next situation was the storing load case. In this case the weight of three elements were added
to the slab, simulating the effect of the racking.
The highlighted design target was to check the ultimate and the serviceability limit states
under the train load. The geometry of the trains were added. To examine the worst loading
case, and to model the passage of the train, seven different loading scenarios were carried out
in different positions. In Ultimate Limit State (ULS) the principal stresses, in Serviceability
limit State (SLS) the crack widths and the vertical displacements were checked. During the
calculation the unequal rail loading was also take into consideration.
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To be able to calculate the effect of the cyclic loading fatigue analysis was done also for all
the loading positions. The number of the cycles were calculated back from the estimated
lifetime of the structure and the average daily traffic. The finite element software calculate
two additional fatigue strain for the maximal fracturing strain (Pryl et al. 2010), one handle
the tensile strength reduction during the cyclic load (according to the Wöhler curve), and the
other takes into consideration the crack opening effect during the cyclic load.
4. RESULTS
The structure complies with all the design requirements both in ULS and in SLS. In ULS the
target was that the structure bear the loads with safety factors and with design material
parameter values without the failure of the structure. In SLS the aim was that the crack widths
should be less than the value according to Eurocode 2 (0.2 mm). Both design case met with
the requirements in every loading position and design situation.

Fig. 5: Principal stresses and cracks in deformed Atena model
The slabs deformation was realistic, it followed the expectation under the different loads. The
connection between the two slabs worked well. It also can be seen that the structure is highly
optimized, in ULS several crack appeared in the surface of the structure, but without failure,
and in SLS almost no visible crack appeared on the structure.
5. REAL SCALE TEST WITH RTST
At the AECOM Pavement Test Facility in Nottingham was installed the PCAT slab within
their test pit to measure the deflection of the slab along the structure using an applied load at
different series of locations. The position of the load was replicated the arrangement used in
the FEM simulation. The PCAT off-street slab has been designed for 12 tonne axle loads. For
the testing it was proposed after the first suit of loading at 8 tonne the load was increased in 4
tonne increments up to 24 tonne, subject to slab performance during the testing.
The loading of the slab was carried out using the Rail Trackform Stiffness Tester (RTST)
(Fig. 6) which has been developed by AECOM to replicate the loading requirements of highspeed or heavy-haul lines through the use of an increased range of pulse-loading conditions.
The weight is fully enclosed within the machine, which greatly reduces operator risk. The
RTST apparatus is mounted on a transport frame that can moved along on rubber-caterpillar
tracks whilst off track and then switch to rail wheels. On ballasted track geophones measure
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the deflection response of the ballast, sub-ballast, formation and subgrade enabling the
assessment of layer stiffness. During testing of the PCAT slab an array of 9 geophones were
positioned above the concrete slab surface to record the deflection in microns.

Fig. 6: The RTST testing (AECOM PCAT Test report)
6. VERIFICATION
To ensure the numerical model’s property, a finite element analysis was made about the
RTST test. The model contained the whole test setup: the concrete pit, the compacted soil,
and the two slab with the mentioned detail as well. The soil parameters in the finite element
model were choose according to the used values in the laboratory test. The effect of the RTST
was added to the slab with using a steel plate which corresponds to the loading beam’s foot.
The materials and the material models were the same like in the previous analysis. The
measured value in the finite element model was the vertical deflection. It was measured in
9 different point, where in the test the geophones were. The position of the loading plate in the
finite element model followed the RTST machines position in the test.
The results in every loading case were close to each other. The finite element analysis
followed well the reality, the differences between the measured deflections in the model and
in the test was less than 0.1 mm. Only one loading scenario was where the difference was
higher, where the load was over the female joint. This was in contribution with the AECOM
report which determine a very poor subgrade stiffness in this area. The results of the test and
the FEA can be seen in Fig. 7.

Fig. 7: Results of RTST and FEA

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 647 –

7. CONCLUSION
A new, highly optimized only macro synthetic fibre reinforced concrete trackslab was
developed by the PreCast Advanced Track ltd. The slab because its precast nature can be
easily installed, and the reparation can be also quick. To determine the optimum fibre dosage
finite element analyses were done, with a concrete specific finite element software, ATENA.
The results showed that the structure can bear the load in every ULS design case, and the
crack widths in SLS are always under the limit according to the Eurocode. The analysis
showed also, that the structure will work well after the 120 year lifecycle. To verify the finite
element model a real scale test was carried out by AECOM. The test represent the real
behaviour of the slab under train load. A finite element model was made to represent the test.
In both examination the vertical displacements of the slab were measured. The results were
close to each other in every design cases, and also the finite element analysis was capable to
show where the soil stiffness was inappropriate.
Further researches will carried out in the future, where a mock up line will build by using the
PCAT system.
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SUMMARY
The paper presents numerical analysis of different types of cast-in-situ reinforced concrete
structural joints using a non-linear, three-dimensional, FEM software specifically developed for
the modelling of reinforced concrete structures. The best-used, typical reinforced concrete joints
were built up by a variety of formation of the reinforcements and by modelling the
constructional gaps. During the numerical analysis, exclusively the vertical loads were
examined. A comparison study was made between the simplified, and of course the most
common used FE modelling procedures (theoretical boundary conditions of the static model) in
practice and the real (bending-rotation) behaviour of the joints according to the numerical
results. The modelling procedure used in this article was performed on a previous experimental
study (Haris, Roszevák, 2017), which was supported and verified by lab tests. We revised the
widely applied typical static models used by the practice and their results.
1. INTRODUCTION
Nowadays there are more and more reinforced concrete structure research projects to better
understand connections between different structural elements. In most cases, shear walls are
used to prevent the stability of buildings, therefore it is very important to have an exact
knowledge of how shear walls react to different types of loads (vertical and lateral loads as
well as their interactions). Recently, many investigations have been conducted on cast-in-situ
and precast reinforced concrete shear walls.
The majority of research works found in professional literature show that shear wall (lateral)
load tests are only performed in plane. There is a very limited amount of investigations
published in the professional literature on the connection between cast-in-situ shear walls and
slabs, due to the fact that these elements are always tested separately. To get a better
understanding of wall-slab connections it is necessary to test and analyse them together. If
this connection was modelled, it would be possible to examine different types of loads, for
example vertical loads on the slab together with lateral loads on the shear wall. Furthermore,
tests on lateral quasi-static and cyclic loads could be done.
It is very important not only to examine the loads on the structure but also to put emphasis on
building a numerical model. Different results can be achieved with various numerical models,
which contain a lot of derelictions and simplifications in many cases. These settings greatly
influence the behaviour of the structure and the results.
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2. PROBLEM STATEMENT
In the studies available, researchers investigate only loads in plane to the shear wall, even
though shear walls get lateral loads out of plane only in few cases. Shear wall structures connect
in almost every case with other structural elements (slabs, beams, etc.), which greatly affects the
distribution of stresses in the walls. So, investigations should involve shear walls with the slabs
connected. This enables an analysis of vertical and lateral loads on the slabs connected to the
walls and the installation of lateral loads out of plane of the shear walls. These numerical
analyses and aleatory experiments make it possible to examine the behaviour of complex RC
joints in circumstances most corresponding to realistic construction and load layout.
Based on professional experience, practicing engineers produce the shear wall-slab
connection by using simple connections in numerical models. This setting is not a default, as
if it was the reinforcement properly formed for the simple connection. In many cases it can be
seen that the numerical models were made using simple connections, but the reinforcement is
designed so that the connection can convey moment. It can be a wrongly designed connection
because the structural connection was not calculated for the generated moment.
3. LITERATURE REVIEW
From the 1970s T. Pauly investigated the resistance of RC shear walls from lateral wind and
earthquake loads. Pauly and many researchers recognized that shear walls offer considerable
lateral stiffness and they can protect buildings from non-structural damage. They realized that
there is a need to know more about the behaviour of shear wall structures. In the 1980s many
experiments and analyses were performed on shear walls and the types of research studies
showed rapid development. In 1980 T. Pauly and R. L. Williams examined energy dissipation
in shear walls and they also provided a detailed description of capacity design procedures.
With the development of finite element methods and softwares from the 1990s, several
numerical analyses were made to investigate the behaviour of cast-in-situ RC shear wall
structures against lateral loads. With the appearance of precast reinforced concrete elements, a
new research area has opened up.
Recently, tests and analyses of precast shear walls were performed by Sorensen et al. They
investigated a construction-friendly shear connection for the assembly of precast reinforced
concrete shear wall elements. This experiment presents a new solution for the connection of
precast shear wall elements, which makes construction faster and easier and also improves
structural performance compared to the conventional solution. This new design differs in the
way the U-bar loops are oriented, it allows a construction-friendly installation (lowering of
the precast panels) with no need to clash rebars and without pre-bending and post
straightening U-bars. Thanks to this new design it is also possible to use U-bars with a larger
diameter. They replaced the lace bar with a so called double T-headed rebar, aiming to enable
the transfer of tension between the overlapping U-bars and also to achieve an increased
anchorage of the short lacer reinforcement. Due to the new design, it was possible to obtain
higher load-carrying capacities. In addition, they also presented upper bond rigid plastic
models for the prediction of the critical failure mode and the load-carrying capacity of the
new connection design. A simple tool is used for the models to optimize the geometry of
keyed joint interfaces to enhance the ductile behaviour of the connection.
Another research by Lu et al. discussed an innovative joint connection beam for precast
concrete shear wall structures. Because of construction convenience, safety, high quality, and
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low pollution, a precast shear wall structure is outstanding for green buildings. These shear
walls are connected by multiple joints. These joint connecting beams connect the vertical
reinforcement in precast concrete shear walls. With this solution it is possible to save steel
and to ensure convenient operation. Comparisons between cast-in-situ walls and precast walls
with joint connecting beams showed that the joint connecting beam effectively transfers the
load of precast walls. The experiment focused on failure modes, hysteretic curve, skeleton
curve, bearing capacity, ductility, and energy dissipation capacity. Finite element models
were also produced by using ABAQUS for simulations; the simulation results agreed with the
experimental results. They specified that the larger height of the joint connecting beam can
slow stiffness degradation in squat walls. The way joint connecting beams can transfer the
load of precast walls is unclear yet, so more investigations are to be performed.
4. NUMERICAL MODELS
The numerical analysis contained a total of 4+4+1 tests. During the program the most
common shear wall-slab connections (see Fig. 1) were investigated, as listed below:
•
•
•
•

Type A: Shear wall-slab joint with “L” connection,
Type B: Shear wall-slab joint with “T” connection,
Type C: Shear wall-slab joint with rotated “T” connection,
Type D: Shear wall -slab joint with “positive” connection.

Type A

Type B

Type C

Type D

Fig. 1: Types and geometry of joints
It was considered important to use a program used by engineers in daily design. So, during the
numerical analysis, a linear two-dimensional (AxisVM13) finite element software was used.
To achieve more complex results, a non-linear three-dimensional (ATENA 3D) finite element
software was also used, specifically developed for the modelling of reinforced concrete
structures. The first four + four analyses were completed by Axis VM 13 for all types of
joints. The remaining program was analysed by ATENA 3D for Type D only.
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4.1 2D analysis
The general geometry was the same in each case, the thickness of the slab was 20 cm and that
of the wall was 25 cm. The applied concrete was marked as C25/30. In every case the wall
and the slab were modelled with symmetry. On the slab the vertical loads were placed, and on
the top of the wall the vertical load from higher levels was also placed. A nominal horizontal
load was used in the plane of the slab. Four models were made using a rigid wall-slab
connection, and four models were made using a simply connected wall-slab connection.

Fig. 2: Finite element mesh
The basic mesh size of the models was 50 cm. The shell elements were modelled as 6-node,
planar, isoparametric finite elements (Axis VM Manual, 2017). Taking Type D as an
example, the finite element mesh is shown in Fig. 2. Axis VM was used to perform linear
calculations without material and geometric non-linearity.

Figure 3. Rigid wall-slab connection

Figure 4. Simple wall-slab connection

The numerical analysis involved models with both rigid wall-slab connection and with simple
connection, see Figures 3 and 4. To observe the differences of stresses and moments, in this
paper only the vertical loads are put on the slab and on the top of the wall. Lateral loads will
be investigated later. The load layout is shown in Fig. 5.

Fig. 5: Loads on the model
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4.2 3D analysis
A finite element model was constructed using the program ATENA 3D to simulate the
behaviour of the shear wall-slab connection. The concrete was modelled with so called “C25/30
mean values” (Cervenka et al. 2014) as a 20-node quadratic brick element and the reinforcement
was modelled with the real stress-displacement characteristic of the S500B (Cervenka et al.
2014) rebar. In the wall and the slab, a reinforcement with Ø12/200/200 mm was used. The
concrete and the rebars were modelled with the real geometry and formation, see Fig. 6.

Fig. 6: Geometry and reinforcement
The bond-slip relationship between the concrete and the steel bars was realized according to
the CEB-FIB model code 1990 (Cervenka et al. 2014). The basic mesh size of the model was
20 cm, but on the two ends of the wall and on the slab surrounding the end of the wall the
mesh size was reduced to 5 cm (Haris, Roszevák, 2017), see Fig. 7. The model was subjected
to quasi-static vertical loads on the slab and on the top of the wall, see Fig. 8.

Fig. 7: FE mesh

Fig. 8: Vertical loads on the model

The Newton-Raphson algorithm was used for numerical simulation. To solve the problem, the
well-known Cholesky decomposition was used.
5. NUMERICAL RESULTS
In this chapter, the results of the numerical models are presented. First of all, the 2D models
and second, the 3D models will be described. In this paper, only the stresses and the moments
of the various numerical models were investigated.
5.1 2D analysis
The first numerical analyses were performed with the rigid wall-slab connection. Results are
presented on the easiest structural formation Type A and on the most complicated structural
formation Type D. Figures 9 and 10 show the σx and σy stresses on the model by using
vertical loads.

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 653 –

Fig. 9: Type A, Stress σx

Fig. 10: Type A, Stress σy

In Fig. 10, significant stress (σy = 1.23 N/mm2) is observable on the wall-slab connection, as
expected. For Type D, moment illustrations are also produced, see Figures 11 and 12.

Fig. 11: Type D, Stress σx

Fig. 12: Type D, Stress σy

It can be observed in the stress figures at Type A and Type D that the stress σx (Type A: σx =
0.37 N/mm2, Type D: σx = 0.40 N/mm2) is almost zero in the middle of the slab in the middle
of the connection. In Type D at the edges of the wall, a stress peak is generated in the slab
(σx = 6.85 N/mm2). In the direction “Y”, the stress σy is significant and almost consistent
(σy = 1.57 N/mm2) in the middle of the slab, but at the edges of the wall there is also a stress
peak (σy = 9.38 N/mm2) in the slab.
The second numerical analysis investigated the simply connected wall-slab models. The
following section presents the stress figures of the models. It shows the results for both
Type A and Type D. Figures 13 and 14 show the stress σx and σy in
Type A. In the middle of the connection, the stress σx is almost zero (σx = 0.11 N/mm2) in the
slab and it can be seen, as in the previous cases, that there is a stress peak
(σx = 4.41 N/mm2) at the edges of the wall in the slab. The stress σy is almost zero (σy = 0.040.07 N/mm2) in the slab along the full length of the connection.

Fig. 13: Type A, Stress σx

Fig. 14: Type A, Stress σy

As expected, similar results are obtained for Type D as for Type A. In the directions ‘X’ and
‘Y’ in the middle of the connection, the magnitude of the stresses σx and σy is almost zero
(σx = 0.04-0.06 N/mm2, σy = 0.03-0.08 N/mm2) in the slab. But in each direction at the edges
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of the wall a forceful stress peak (σx = 1095 N/mm2, σy = 1801 N/mm2) appears in the slab.
The moment figures are shown in Figures 15 and 16.

Fig. 15: Type D, Stress σx

Fig. 16: Type D, Stress σy

5.2 3D analysis
The 3D non-linear numerical analysis was performed by using ATENA 3D. The following
section presents the stress figures because the program cannot produce moment figures.
Figures 17 and 18 show the stresses σx and σy.
[MN/mm2]

[MN/mm2]

Fig. 17: Stress σx from 3D analysis

[MN/mm2]

Fig. 18: Stress σy from 3D analysis
Fig. 17 shows the stress σx, where the stress in the middle of the connection is almost
consistent (σx = 1.50 N/mm2) in the slab. At the edges of the wall a significant stress peak
appears in the slab and also in the wall (σx = 748 N/mm2). The stress σy indicates a stress
figure similar to the stress σx, but in the middle of the connection a significant stress
(σy = 2.00 N/mm2) is generated in the slab. At the edges of the wall a stress peak
(σy = 6.92 N/mm2) also appears, expanding both to the slab and the wall. To illustrate the
stresses in the 3D structure, sections were made in the directions “X” and “Y” along the
symmetry axis. Fig. 19 shows the stress σx, where the tensioned and the compressed zone of
the section can be clearly seen. The stresses in the lower and the upper side of the wall are
consistent (σx = 1.50 N/mm2), but at the edges of the wall there is a stress peak (σx,tens =
7.41 N/mm2, σx,comp = 7.75 N/mm2) in the slab and also in the wall.
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Fig. 19: Section “X-Z”, Stress σx
Fig. 20 shows the section “Y-Z”, where the stress σy is presented. In this figure, the tensioned
and the compressed concrete zones can also be observed, clearly showing the significant
stress surrounding the connection (σy,tens = 2.00 N/mm2, σy,comp = 1.00 N/mm2) at the upper
and lower side of the slab.
[MN/mm2]

Fig. 20: Section ”Y-Z”, Stress σy
6. COMPARISON OF THE RESULTS
At Type A, the 2D linear numerical results are different in case of the rigid and the simple
wall-slab connection. In the middle of the slab it can be observed that the stresses σx are
almost equal (rigid: σx = 0.37 N/mm2, simple: σx = 0.11 N/mm2). In the direction ‘X’ there is
a slight difference at the edge of the wall in the slab between the stresses
(rigid: σx = 3.92 N/mm2, simple: σx = 441 N/mm2). In the direction ‘Y’ a larger difference can
be seen between the stresses (rigid: σy = 2.37 N/mm2, simple: σy = 0.06 N/mm2) at the edge of
the wall in the slab. The same stresses show a minor difference in the middle of the slab
(rigid: σy = 0.87 N/mm2, simple: σy = 0.04-0.07 N/mm2).
At Type D, the 2D linear numerical results are also different for the rigid and the simple wallslab connection. The stresses σy show huge differences in the middle of the slab (rigid: σy =
1.57 N/mm2, simple: σy = 0.03-0.08 N/mm2). In the middle of the slab it can be observed that
the stresses σx are almost equal (rigid: σx = 0.40 N/mm2, simple: σx = 0.04-0.06 N/mm2). In
the direction ‘Y’ there is a bigger difference between the stresses (rigid: σy = 9.38 N/mm2,
simple: σy = 1801 N/mm2) at the edge of the wall in the slab. In the direction ‘X’ also a
massive difference can be seen between the stresses (rigid: σx = 6.85 N/mm2, simple: σx =
10.95 N/mm2) at the edge of the wall in the slab. It can be identified that in the middle of the
wall stress differences are not too large. But at the edges of the wall a huge stress increase can
be observed at the simply connected models.
The numerical results of Type D are also different between the 2D and 3D analyses. The
simply connected 2D and 3D numerical results are completely different. The stresses σy show
huge differences in the middle of the slab (3D: σy = 2.00 N/mm2, simple:
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σy = 0.03-0.08 N/mm2). In the middle of the slab it can be seen that the stresses σx differ from
each other (3D: σx = 1.50 N/mm2, simple: σx = 0.04-0.06 N/mm2). In the direction ‘Y’ a larger
difference is indicated between the stresses (3D: σy = 6.92 N/mm2, simple: σy = 18.01 N/mm2)
at the edge of the wall in the slab. In the direction ‘X’ there is also a massive difference
between the stresses (3D: σx = 7.41 N/mm2, simple: σx = 10.95 N/mm2) at the edge of the wall
in the slab. The simply connected 2D and 3D numerical results are completely different. In
the rigidly connected 2D and 3D numerical results, a similarity can be observed considering
the stresses. The stresses σy show a slight difference in the middle of the slab (3D: σy = 2.00
N/mm2, rigid: σy = 1.57 N/mm2). In the middle of the slab it can be seen that the stresses σx
differ more (3D: σx = 1.50 N/mm2, rigid: σx = 0.40 N/mm2). In the direction ‘Y’ also a minor
difference is shown between the stresses (3D: σy = 6.92 N/mm2, rigid: σy = 9.38 N/mm2) at
the edge of the wall in the slab. In the direction ‘X’, there is also a small difference between
the stresses (3D: σx = 7.41 N/mm2, rigid: σx = 6.85 N/mm2) at the edge of the wall in the slab.
Based on the numerical calculations it can be established that the simply connected wall-slab
models conduct huge stress peaks at the edges of the wall in the slab. The 3D numerical
analysis where the real attributes of the materials are defined, the results are between the
simple 2D model and the rigid 2D model. Specifically, the result matches better with the rigid
2D model, but the rigid 2D model can yield slightly higher stress values. This does not mean
that a mistake was made during the design. When that 2D rigid model is used, no design is
possible at the expense of safety.
7. CONCLUSIONS
In this paper, analyses were performed for shear wall-slab connections using different types of
numerical modelling techniques. The analyses investigated shear wall-slab connections
subject to vertical loads. A four-four numerical model was calculated with a 2D linear finite
element software. A numerical model was also created by a 3D non-linear finite element
program. In the 2D linear analyses four models were made with rigid wall-slab connections,
and four models were also made where the wall-slab connection was simply connected. In the
3D non-linear analysis, the real properties of the materials. The concrete was modelled with a
“C25/30 mean values” concrete material model and the reinforcement was modelled with a
real stress-displacement characteristic. Between concrete and steel bars a bond-slip
relationship was realized. It was established that at the rigid and the simply connected wallslab connections huge differences are produced in terms of the stresses. This was expected
because the two models are fundamentally different. It was also identified that with the
available results of 3D non-linear analysis are between the results yielded by the 2D rigid and
the 2D simply connected models. However, the results of the 2D rigid model are closer to the
results of the 3D non-linear model. 3D non-linear analysis can probably reach better and more
accurate results, but it may not be worthwhile to generate a complex 3D model. So, no huge
mistake can be made by using the 2D rigid model in daily design.
8. FURTHER RESEARCH
This paper discussed a numerical analysis of shear wall-slab connections with vertical loads.
A 2D linear analysis was used, which can be used by engineers in their everyday design work.
In order to better understand the behaviour of the connection a 3D non-linear calculation was
also made, which can be used for generating much more specific models. Further research
studies will involve the creation of models with a variety of reinforcement formations.
Investigations will focus on the behaviour of shear wall-slab connections against lateral loads
in plane and also out of plane. In this phase of the research only quasi-static vertical loads
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were analysed, but in further investigations we calculations will be made with cyclic lateral
(with quasi-static vertical) loads to identify the behaviour of the connection and to specify
cyclic degradation as well as the effect of the formation of the reinforcement on the
connection.
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SUMMARY
This paper presents experimental results of static and dynamic response of damaged RC
beams strengthened with CFRP strips and sheets. Three prestressed RC beams with T cross
section were tested. Beams were subjected to monotonic loading with increasing load steps
with four-point bending setup in order to generate different damage levels in specimens.
CFRP strengthening was applied on the specimens after they were damaged by loading to
50% of their flexural capacity. Modal tests were carried out after each loading-unloading
cycle. Beams were excited by the impact hammer. Frequency response functions were
processed using Dewesoft software to obtain natural frequencies, and corresponding damping
ratios and mode shapes.
1. INTRODUCTION
Exposure to aggressive environment and consequential degradation process of the material is
the main reason for rapid deterioration and durability issue of concrete bridges. Insufficient
serviceability maintenance leads to deterioration, especially in case of bridge decks with poor
details design, lack of waterproofing and thin concrete layer. Except durability aspects, bridge
superstructures on main highways are everyday under exposure of heavy traffic. Also, new
European standards for seismic and wind actions are much more rigorous than the older
national standards that was mandatory for columns and frames design of an existing old
bridges. All above may be a reason to repair deteriorated and damaged bridges in terms of
bridge rehabilitation and strengthening. In the last decade externally onded FRP strips and
sheets have been the most commonly used techniques for strengthening RC structures and
bridges. Fact that FRP does not corrode, and its good mechanical performance, made this
material very popular to use.
Prior to design and application of FRP strengthening measures, it is of major interest for
designers to evaluate condition of deteriorated and damaged bridge structures. One of the
most popular non-destructive techniques to evaluate structural health is modal testing. In this
work Experimental Modal Analysis (EMA) is used as a technique to evaluate beam stiffness
loss due to damage and also effectiveness of FRP strengthening in terms of stiffness recovery.
It is a very common technique, based on fact that changes in local stiffness influence on
global dynamic parameters (frequencies, mode shapes and modal damping). Generally, bridge
dynamic testing can be performed either to confirm theoretical values of modal parameters for
a new bridges or to evaluate condition of an existing bridges (Vibration Based Structural
Health Monitoring). Contribution to modal testing of a large structures and bridges was
development of the Operational Modal Analysis accompanied with improvements on testing
devices (acceleration transducers, acquisition systems, etc.). In combination with static load
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testing (performed with loaded trucks), modal testing on real bridges can be expensive. Also,
results from modal tests are very susceptible on boundary conditions and temperature. Instead
of testing a real bridge superstructure, numerous laboratory tests have been carried out using
smaller beam specimens.
In the past decade a several laboratory tests were carried out with goal to evaluate
effectiveness of FRP flexural strengthening on RC beams by modal testing (Capozucca, 2014,
Bonfiglioli and Pascale, 2006, Baghie, Esfahani and Moslem, 2009, Li, Samali and Smith,
2007). On the same topic some theoretical researches were performed as well (Massenzio,
Jacquelin and Ovigne, 2005, Hamad, Owen and Hussein, 2014, Musial 2012). In most of the
experiments, testing specimens were non-prestressed RC beams, usually with rectangular
cross section, simply supported during static part of testing, and hanged during modal test (to
avoid influence of rigid supports on modal results).
One similar experimental research (that is in a scope of research project of assessing FRP
application on concrete bridge strengthening) is presented in this paper. Regarding the lack of
research activities on prestressed beam specimens, and considering that lots of RC bridge
superstructures were built with prestressed girders, it was decided to perform laboratory
testing in order to investigate, besides a non-prestressed, also the prestressed beams. The aim
of this research was to evaluate beam stiffness loss due to damage and also effectiveness of
FRP strengthening in terms of stiffness recovery by modal test.
2. EXPERIMENTAL RESEARCH
2.1 Outline of the experiment
Static and dynamic modal tests were carried out on a total of three specimens. One of the
specimens was the referent one and non-strengthened, while the others were strengthened
with CFRP strip or sheet (Tab. 2).
Specimens were built in a precast concrete factory with concrete class of C40/50. Steel grade
of the re-bars was B500B. For adhesion prestressing 0.5” strands were used with steel grade
Y1860S7 (Tab. 1).

Beam type
Prestressed

Tab. 1: Cross section properties
Cross section
Tension
Shear
dimensions
reinf.
reinf.
[cm]
bw/beff/h/hf=15/30/35/12

2Ø10

Ø8/10 cm

Prestressing
Strand

Force

1 × 0.5”

75 kN

Beams were submitted to monotonic loading with increasing load steps with symmetric fourpoint bending setup, and with shear span of 1.0 m. CFRP strengthening was applied on the
beam specimens after they were damaged by loading to 50% of their flexural capacity
(Fig. 1). Modal tests were carried out after each loading-unloading cycle. To avoid influence
of a rigid supports on the modal results specimens were hanged (Fig. 2). An impact excitation
was used to induce free vibrations. Dynamic response was registered with one accelerometer
located at the midspan (multi input – single output method). Frequency response functions
(FRF) were processed using Dewesoft software to obtain natural frequencies, and
corresponding damping ratios and mode shapes (Figs. 4 and 5).
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Fig. 1: Four point bending test scheme

Fig. 2: Modal test scheme
2.2 Results and discussion
Basic results from the static and dynamic modal tests are presented at the Fig. 3 in forms of Pδ and P-f relations. Comparing the diagrams, it is evident that modal testing in terms of
frequency decrease analysis enables to evaluate and predict extreme beam loading that caused
local beam stiffness loss (cracking of concrete in tension and yielding stress stage in
reinforcement).
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Fig. 3: P-δ and P-f relation for RC prestressed beams
Tab. 2: Results from the static four point bending test
Pu
Type of
Failure
Specimen
Pu/Pref
strengthening
mode
[kN]
PB-NS-004/16/1-3
SY/CC 175.8
PB-NS-004/16/2-3
CFRP strip
BL
191.4
1.09
PB-NS-004/16/3-3
CFRP sheet
BL
204.9
1.17

SY/CC – Steel yielding followed by concrete crushing; BL – bond loss

δu
δu/δref
[mm]
79.2
23.6
0.30
46.7
0.59
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Fig. 4: Comparison of the magnitude spectra of the FRF functions and modal circles
in virgin and failure step mode for the non-strengthened specimen

Fig. 5: First bending mode shape
From the P-δ diagram of the specimen that was strengthened with CFRP strip (PB-NS004/16/2-3), deficiency of ductility can be noticed. Bond failure mode in terms of peeling-off
in an anchorage zone occurs on both strengthened specimens (Fig. 6). Specimen that was
strengthened with CFRP sheet had a bigger value of ductility coefficient than the one
strengthened with CFRP strip.
PB-NS-004/16/1-3

1

PB-NS-004/16/2-3

1

PB-NS-004/16/3-3

1

Fig. 6: Cracking pattern and failure mode caused by loss of composite action
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3. CONCLUSIONS
In this paper experimental results of the static and dynamic tests carried out on a damaged
prestressed RC beams flexural strengthened with CFRP are presented.
Static load test confirmed that flexural strengthening increase load bearing capacity and
flexural stiffness of the prestressed beams but also decrease ductility behavior. Numerous
tests have shown that bond failure modes are dominant and it is very hard to reach full tension
strength of the FRP and ULS with full composite action. Therefore, the bond failure modes
are well investigated and propositions for anchor length design and other calculations were
proposed in a standards and technical reports issued by the fib, ACI and other national
committees. Nevertheless, it is obvious that in force transfer between composite and concrete
in most of the cases bond failure occur due to shear concrete failure and de-bonding in
concrete near the surface. So extra effort has to be made to increase the capability of the bond
shear force transfer, either with shear connectors or possibly with upgrading the concrete by
adding an additional layer of fiber reinforced mortar on a beam surface before applying a FRP
strengthening system. These issues will be investigated further.
Dynamic modal test presented in this paper, confirmed previous investigations that with
precise measurements it is possible to determine and evaluate decrease of stiffness due to
damage caused by static loading and also evaluate effectiveness of the FRP flexural
strengthening on the stiffness recovery. Modal analysis is a popular and useful nondestructive method for damage detection and structural health monitoring of the bridges and
other structures. In the future research activities this method should be proved also on a real
case study to evaluate the effectiveness of FRP flexural strengthening on a real bridge
superstructure.
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SUMMARY
Concrete structures are frequently exposed to fire. Present paper intends to give an overview
of possible consequences of fire on concrete structures in order to be able to further develop
aspects of material characteristics and structural design. Fire assessment and design must
include thermal analysis as well as considerations on material and structural characteristics.
Assessment of load bearing and heat exposure is required together with an analysis of
structural response and an appropriate choice of structural system and components, including
joints and supports. As one of the most serious structural consequences of fire, explosive
spalling of concrete cover is likely to occur when rate of heating during fire increases causing
serious consequences to structure and people.
1. INTRODUCTION
1.1 Fire action
Fire in buildings occurs with unwelcome frequency. In spite of intensive efforts, it has not
been possible to reduce the consequences of the fire substantially. Fire protection is achieved
through a range of measures, including planning of evacuation routes and protection against
smoke or toxic gases, as well as the fire design of load-bearing members (fib, 2010). The
increasing internal temperature causes a fall-off in the elastic modulus and the yield strength
of the steel reinforcement. The effects of temperature on the steel properties become
noticeable at 200 °C; they are significant at 400 °C and very serious at 600 °C (fib, 2010).
The compressive strength and stiffness reductions are severe; the load-bearing capacity of
individual members can fall to the level of the sustained loads, which are acting, so local
collapse can occur. Large deflections take place prior to collapse owing to the loss of elastic
stiffness in both the steel and concrete. At an even earlier stage, structural damage will
commence with spalling of cover concrete at edges and corners due to temperature gradients
(See more details on spalling in Section 4.2.). If the structure is prone to progressive collapse,
the loss of one member due to the effects of fire can trigger an overall collapse (fib, 2010).
1.2 Heating of the structure
The most direct effect of a fire on a structure is the temperature increase in a first phase, and
then a progressive decrease as the fire reduces until extinction (fib, 2008). During the heating
phase (During cooling phase also) heat is introduced in (or evacuated from) the structure by a
combination of:
• convection from the surrounding gas,
• radiation from the surrounding gas if it is opaque, fire resource or compartment (fib, 2008).
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1.3 Factors affecting failure
It has very often been pretended that temperature is not uniform in concrete elements whereas
it is more or less uniform in steel elements because of the significant difference in thermal
conductivity: approximately 45 W/(m·K) for steel and 2 W/(m·K) for concrete (fib, 2008).
The thermal conductivity of concrete depends on the conductivities of its constituents. The
major factors are the moisture content, the type of aggregate and the mix proportions
(Schneider, 1988).
The level of temperature differences observed in a section depends on several factors, the
most important ones being (fib, 2008):
• The increase rate of the fire. The faster the elevation of temperature is, the higher the
temperature differences are.
• The severity of the fire, in terms of duration and maximum temperatures. A short fire will
obviously not allow sufficient energy to be introduced in the section.
• The shape of the section. In fact, the thermal massivity considered, as the ratio between
the exposed surface and the volume to be heated, is a good indication of the level of
temperature differences. A thin column will have lower than a massive one.
2. THERMAL PROPERTIES
Fire assessment and design calculations must include thermal analysis as it is required for
simplified and complex calculations. It is also required for analysis of separating or loadbearing function. A key to the success of thermal analysis is the appropriate choice and use of
the thermal properties (fib, 2007). Nevertheless, design practically for thermal expansion only
requires rough estimates of how the structure will expand and deform under fire, although it
may be necessary to consider also the cooling down period (fib, 2010).
2.1 Thermal expansion of concrete
The thermal expansion of concrete can be expressed as a function of temperature. Siliceous
concrete has values of about 10 × 10-6 θc for concrete temperatures (θc) between 20 and
200 °C and of about 12 × 10-6 θc for θc over 200 °C (Fig. 1). For the simple assessment of
normal reinforced concrete in fire in case of θc ≈ 600 °C, we may take (fib, 2010):
Δl
l

= 14 × 10− 6 θc

(1)

For concrete made with lightweight aggregates
Δl
l

= 14 × 10− 6 θc

(2)

2.2 Thermal expansion of steel
Average thermal expansion for ferrite steel over a temperature (θs) range of 100 to 650 °C is
shown in Fig. 2 The coefficient of expansion for steel also does not vary linearly with
temperature, but increases as temperature increases (Abrams, 1977). For the simple
assessment of normal steel, average values of thermal expansion are about 12 × 10-6 θs
(fib, 2010).
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Fig. 1: Thermal elongation of concrete
(1): Silicious aggregate,(2) Calcarious
aggregate, (3) Lightweight aggregate

Fig. 2: Thermal expansion of ferrite steels

2.3 Load induced thermal strains
Load induced Thermal Strain (LITS) is obtained from the difference in strain between the
thermal strain of an unloaded concrete specimen and the strain measured under constant load
applied prior to heating and maintained constant during heating (Fig. 3; fib, 2007).
During initial phase of heating an expansion occurs in aggregate while cement paste
experiences shrinkage. Results are shown in Fig. 4. It would seem that thermal
incompatibility between the aggregate and cement paste could cause damage to concrete,
however it does not happen. During the virgin heating the concrete’s components move
mutually, shrinking cement paste accommodate to aggregate expansion and consequently
concrete under compression. Therefore shortening could appear against elongation in loaded
structural elements (Chudzik et al., 2017). Aforementioned phenomenon defined as a
transient thermal creep (TTC) was probably the first reported by Johansen and Best in 1962
and after that was confirmed by other scientists (Khoury et al., 1985). TTC is normally by far
the largest component of LITS (fib, 2007). It occurs in concrete during first heating to a given
temperature, but not during cooling or re-heating to the same temperature under load.

Fig. 3: LITS for the BI-Basalt concrete
during heating at 1°C/minute, determined
as the difference between the thermal
strains under 0%, 10% 20% and 30% load

Fig. 4: Experimental results obtained
during heating: D-gravel concrete, Ebasalt concrete, F-cement paste (Chudzik
et al., 2017).
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Expansion joints
As a rough guide, the minimum width (e) of an expansion joint for fire should be e = 40 mm,
at 30 m spacing. The joint filling material should have sufficient durability and must be noncombustible; the sealing material may be combustible (Fig. 5; fib, 2010).

Fig. 5: Example of expansion joint (fib, 2010)

Fig. 6: Effect of central stairwell on
surrounding columns (no expansion joint)
(fib, 2010)

Further issues regarding expansion joints include the following example. Considering the
columns supporting the slab in the case of the central constraint provided by the staircase,
severe displacement at the column heads is likely to occur, as in Fig. 6 with horizontal forced
acting on the columns. Expansion joints would be needed to protect the columns. It should be
noted that expansion joints in separating walls and slabs need special detailing (fib, 2010).
3. STRUCTURAL FIRE DESIGN
3.1 Fire severity
The severity of a fire in a structure is dependent on many factors. However, building
authorities assume for design purposes that a structure will be subjected to the worst case fire,
and indeed this approach is supported by the conventional wisdom of fire brigade experience,
which is that any kind of combustible material will eventually burn (fib, 2010). The severity
of a fire depends on three main factors:
• available fuel,
• ventilation, i.e. air supply available to promote its growth,
• the characteristics of the compartment where the fire commences (fib, 2010).
Current building controls in most countries express the standard of safety for a building in
terms of the fire requirements for individual elements. The intention is to ensure that the
building structure does not collapse and that the separating elements are maintained during
fire. Fire resistance requirements are expressed for specified periods ranging from 30 to 240
minutes (fib, 2010). According to the limit states philosophy a strength limit state is reached
when a member can no longer carry its design load when combined with any additional
thermally-induced loading.
3.2 Structural response
Building regulations in most countries provide for a minimum fire-protection strategy.
Additional standards contain design aids for fire in the form of tables for minimum
dimensions and minimum concrete cover of beams, slabs, columns, tension members. New
standards such as the Eurocodes allow for additional computational methods to predict the
development of fire in buildings and the response of the structure to the fire ( fib, 2010).
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In the design of a concrete structure for fire, an assessment of the loads and heat exposure is
required, together with an analysis of structural response and an appropriate choice of
structural system and components, including joints and supports.
The fire response of reinforced concrete (RC) members is influenced by the characteristics of
constituent materials, namely, concrete and reinforcing steel. These include (a) thermal
properties, (b) mechanical properties, (c) deformation properties, and (d) material specific
characteristics such as spalling in concrete (Kodur, 2014). All these properties vary as a
function of temperature and depend on the composition and characteristics of concrete as
well as those of the reinforcing steel (Kodur and Harmathy, 2008).
3.3 Fire resistance
The fire resistance of a whole concrete structure would not necessarily be that ascribed to its
individual elements. It could be better or worse. Better fire behaviour could arise from such
factors as robustness, adequate continuity of reinforcement, reduced level of loading, load
sharing mechanisms and the availability of alternative paths for load support. Continuity of
reinforcement in design allows the redistribution of forces and moments to gradually take
place towards the parts of the structure not exposed to the fire (fib, 2007). Worse fire
resistance could arise from loads introduced by the thermal deformations, acting also on
unexposed parts of the structure. For instance, columns can shear off as a result of the thermal
expansion of a fire exposed floor, (Fig. 7). These thermal loads can cause deteriorations in
concrete structures, such as cracks, leading to a reduced load-bearing capacity thus,
premature failure could occur. It is, therefore, necessary to pay particular attention to
detailing of reinforcement and building layout (fib, 2007).
4. DAMAGE CAUSED BY FIRE EXPOSURE
Reparability means the ability of a structure or a part thereof, to be restored to an agreed level
of safety, in practical use comparable to that before the fire occurred. Its judgment in most
cases will be influenced by economic considerations, but under specific circumstances, high
financial expenses for the repair may be unjustifiable (CEB, 1991). Judgment of reparability
should start with the attempt to obtain an overall image of the event, the fire (fib, 2010).
A visit to the place of the fire should be undertaken by an expert in fire design as soon as it
seems possible without endangering any persons. Not only the specific damages of the
affected structural members, such as deformations, cracks, spalling and disintegration of
concrete, etc., but the overall condition of the structure and the building should be carefully
recorded (fib, 2010). The damage is generally material and structural damage with different
ratios. This paper is covering the structural damage only.
4.1 Structural damage
The bond between concrete and reinforcement may be affected by the heating process. The
residual bond strength does not only depend on the temperature reached and on the exposure
time, but in addition on the condition of the steel surface. The pre-stress which possibly
decreases during a fire, can partly be regained during the cooling down period. Fig. 8 shows,
results derived from tests with high tensile pre-stressing wires of 9 mm diameter.
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Cracks occur in any reinforced or pre-stressed concrete element when exposed to a heating,
extinguishing and cooling down process. There are several reasons causing this phenomenon,
such as (fib, 2010):
•
•
•
•
•
•

deformation due to mechanical influences and the thermal conditions,
the temperature gradient in the cross section,
different temperature rise at the change of the size and shape of a cross section,
different thermal elongation of cement matrix-aggregates, or concrete-reinforcing steel
restraints of the re-contraction during the cooling-down process,
sudden cooling-down by a fire extinguishing hose stream.

Fig. 7: Example of a shear failure in an Fig. 8: Decrease of pre-stressing
unexposed concrete column due to the thermal force under elevated temperature
expansion of the fire exposed floor connected to it (a) and after cooling down (b)
(CEB, 1991)
(Beitel and Iwankiw, 2002)
4.2 Spalling
Spalling is the violent or non-violent breaking off of layers or pieces of concrete from the
surface of a structural element when it is exposed to high and rapidly rising temperatures as
experienced in fire (Khoury, 2006). The rates of heating of the concrete surface in building
fires are typically 20-30 °C and in tunnel fires can arise by about 250 °C/minute. Spalling
could be grouped into six categories (fib, 2007):
•
•
•
•
•
•

aggregate spalling,
explosive spalling,
surface spalling,
sloughing off spalling,
corner spalling and
post cooling spalling.

Among these categories, which have no clear dividing line between some of them, explosive
spalling is considered to be the most serious form of spalling in a fire situation. It could result
in explosive removal of a concrete layer up to 25-100 mm thick (fib, 2007). Spalling of
concrete cover may have two reasons: (1) internal vapour pressure (mainly for conventional
concretes) and (2) overloading of concrete compressed zones (mainly for high strength

12th Central European Congress on Concrete Engineering 2017 Tokaj • MODELLING, DESIGN AND CODIFICATION
– 671 –

concretes) (Balazs and Lubloy, 2009). The spalling mechanism of concrete cover can be seen
in Fig. 9.

Fig. 9: Mechanism of spalling
(Høj, 2005)

Fig. 10: Relative spalling in NSC and HSC
columns under fire conditions (Kodur, 2014)

For example, thermal stress spalling would not develop in a concrete that has zero thermal
expansion as experienced with some lightweight aggregate concretes. This allows the
determination of the influence of pore pressure spalling. However, it should be noted that
lightweight aggregate is highly porous and the additional moisture in the pores would
promote pore pressure spalling (Khoury, 2008). For more details, see: "Explosive spalling of
concrete in fire", PhD research by Eike Wolfram Heinrich Klingsch (2014).
Although spalling might occur in all concretes, high strength concrete (HSC) is believed to be
more susceptible to spalling than normal-strength concrete (NSC) (See Fig 10), because of its
low permeability and low water-cement ratio (Noumowe et al, 2009). The high water vapor
pressure, generated due to a rapid rise in temperature, cannot escape due to high density (and
low permeability) of HSC, and this pressure build-up often reaches the saturation vapor
pressure (Deideriches et al, 1995). Balazs and Lubloy (2012) suggested that thin and short
steel fibers contribute to the residual compressive strength after high-temperature loading
(Balazs and Lubloy, 2012).
Factors influencing explosive spalling (fib, 2010)
Permeability: It is an important factor because it affects the rate of vapour release. Concrete
of higher quality generally possess higher density and a finer pore structure and therefore
offers higher resistance to moisture flow.
Age of concrete: The majority of reports suggest that the probability of spalling reduces with
age, although this may be due to the low moisture level in older concretes.
Strength of concrete: Ironically, poor quality concrete is superior to good concrete in spalling.
High strength concrete with low permeability and good durability is in fact a low
performance concrete at high temperature.
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Type of aggregate: It can be generally concluded that the likelihood of thermal stress
explosive spalling is less for concrete containing a low thermal expansion aggregate
Cracking: Internal cracking has a dual effect upon explosive spalling. While micro cracks
facilitate the escape of moisture, they also provide sites for crack propagation.
There are also other affecting factors such as: reinforcement, cover to reinforcement, steel
fibres and polypropylene fibres.
Preventing explosive spalling
Khoury (2008) proposes that "In terms of prevention, the correct approach would be to address
the mechanisms when it comes to the design of the concrete, or alternatively use a thermal
barrier which could be significantly more expensive but which would also provide benefits in
preventing the deterioration of mechanical properties owing the lower temperatures of exposure
to the substrate concrete". He stated two suggestions, thermal barriers and concrete mix design
in order to prevent or even to decrease spalling (Khoury, 2008).
5. CONCLUSIONS
Concrete structures are frequently exposed to fire. Structures exposed to fire are generally
experiencing increasing of elevated heat from ignition to distinction of fire. Fire assessment
and design calculations must include thermal analysis since constituents of concretes
including reinforcement behave in different ways when exposed to fire. During heating
concrete also experiences thermal strain, shrinkage, as well as load induced thermal strain
(LITS). LITS comprises several components such as irrecoverable transient thermal creep.
Fire response of concrete structural members is dependent on the thermal, mechanical, and
deformation properties of concrete which vary significantly with temperature and depends on
the composition and characteristics of concrete batch mix as well as heating rate and other
environmental conditions. Damage of the structure includes damage of material and reduction
of structural properties. There are two mechanisms of explosive spalling, thermal stress
spalling and pore pressure spalling. Rapid heating during fire could induce explosive spalling
with serious consequences to structure and people.
Present paper intended to give an overview of possible consequences of fire on concrete
structures in order to be able to further develop aspects of material characteristics and
structural design.
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