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FOGALMAK ES DEFINICIOK

Kloridionok behatolasanak

2.2.2 Mathematical model for chloride penetration modellezése: Fick II. térvénye

2.2.2.1 Evolution

Collepardi (1970) introduced Fick’s 2nd law of diffusion for modelling chloride ingress in
concrete structures in 1970 (Eq. 2-1).

(2-1)

The chloride diffusion coefficient used in this model was considered to be independent of
time.When used during the 1980s the researchers became aware that in many situations
this model resulted in unrealistically short service lives. In the late 1980s it was also
observed that the chloride diffusion coefficients derived from the profiling of concrete
subjected to long-term exposure to seawater were much lower than those after short-
term exposure. An example is a study by the Norwegian Road Administration of a
number of existing coastal bridges with up to 39 years of exposure (@stmosen |1993).
The chloride diffusion coefficients obtained by curve fitting the chloride profiles obtained
at the surface to Fick’s 2nd law were 5 to 60 times lower (better) than those determined
after immersing samples representing the inner parts (not contaminated by chlorides) of
the same cores for 35 days in a laboratory.

Dr. Kopecské Katalin
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MiI A DIFFUZIO?

A részecskék hdmozgas réveén torténod szétterjedése,
anyagvandorlas.

FICK |. TORVENYE

Az anyagaram siriség (J) a koncentraciéoeséssel aranyos, ahol
a D aranyossagi tényezo a diffuzios koefficiens.

D DIFFUZIOS EGYUTTHATO

Aranyossagi tényez6, amely megadja az egységnyi ido alatt és
egységnyi feluleten atdiffundalt anyag mennyiségét, ha a
koncentracidesés is egységnyi volt (m?/s).
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A KLORIDIONOK BEHATOLASA BETONBA
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Cli; = korroziot kivalto kritikus kloridion tartalom
(Breit, 2001)
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A KLORIDIONOK BEHATOLASA BETONBA

+ [Karosodas mérteke]
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A diffuziés fazist a betonfedés
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FICK |l. TORVENYE

Allandésult — stacionarius — allapotra vonatkozik!
Az anyagaram sUrlseég (J) a koncentracioeséssel aranyos, ahol a
D aranyossagi tényezé a diffuziés koefficiens.

J==D-dC,/dx (akoncentracié nem valtozik az idével!)

J; -azi-edik ion fluxusa,

D - diffaziés koefficiens,

C, -azi-edik ion koncentracioja,

X - a (feluletre merodleges) tavolsag.
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FICK Il. TORVENYE

Diffuziéegyenlet - nem allandésult allapotra!

Megadja, hogy amennyiben ismerjuk a koncentracio térbeli eloszlasat
egy t idépontban /— c(x, t)/,

egy t + At idopontban milyen lesz az uj koncentracio eloszlas

[— c(x, t+ At) /.

9C 1ot = D - 82C 19x2

D - a diffiuzids koefficiens,
C, - azi-edik ion koncentracidja,
X - a (feluletre meroleges) tavolsag.
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FICK Il. TORVENYE

DiffGzidegyenlet kezdeti és peremfeltételei
9C /1ot = D - 32C,/ax?

-C(x>0,t=0)=0 kezdeti feltétel
a beton kiindulasi Cl- koncentracidja zérus,

-C(x=0,t>0)=C, peremfeltétel
a feluleti Cl- koncentracio allando, érteke C,,

-C(x=x,1>0)=0 peremfeltétel
a felulettdl elegend6en tavol esd pontra nézve
a Cl- koncentracio zérus és nem valtozik.
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A DIFFUZIOEGYENLET MEGOLDASA

(Hooton, 2006)
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D,,p Vagy D tartalmazza a kovetkezoket is

- az ionok nem homogén oldaton diffundalnak keresztuil,

- beton porézus alapanyaga mind szilard, mind folyékony
fazist tartalmaz,

- a szilard anyagon keresztul torténo diffuzié elhanyagolhaté
a porusstrukturan keresztul mérheto diffuziohoz képest,

- a diffuzié meértéke a poérusoldaton keresztul nem
csak a diffuzios koefficiens altal meghatarozott,
hanem a kapillaris pérusszerkezet fizikai jellemzéi altal is.
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A KLORIDIONOK BEHATOLASA

VEGBEMEHET

- diffuzié
- kapillaris abszorpcié

- hidrosztatikus nyomas

hatasara a betonban.

Dr. Kopecské Katalin

Ahol a hajtoera:

koncentracio kulonbség
(koncentracié gradiens)

nedvességtartalom-
kulonbség (gradiens)

nyomaskulonbség
(nyomas-gradiens)




ELTERESEK A VALOSAGTOL

2.2.2 Mathematical model for chloride penetration in concrete

2.2.2.1 Evolution

Collepardi (1970) introduced Fick’s 2nd law of diffusion for modelling chloride ingress in
es in 1970 (Eq. 2-1).

concrete

(2-1)

The chloride diffusion coefficient used in this model was considered to be independent of
time.When used during the 1980s the researchers became aware that in many situations
this model resulted in unrealistically short service lives. In the late 1980s it was also
observed that the chloride diffusion coefficients derived from the profiling of concrete
subjected to long-term exposure to seawater were much lower than those after short-
term exposure. An example is a study by the Norwegian Road Administration of a
number of existing coastal bridges with up to 39 years of exposure (@stmosen 1993).
The chloride diffusion coefficients obtained by curve fitting the chloride profiles obtained
at the surface to Fick’s 2nd law were 5 to 60 times lower (better) than those determined
after immersing samples representing the inner parts (not contaminated by chlorides) of
the same cores for 35 days in a laboratory.

Copies of texts (ﬂb Bulletin 76) with the permission of fib



Apparent chloride diffusion

D,pp - NEM ALLANDO

In the early 1990s it was also observed that when plotting the chloride diffusion
coefficients obtained from profiling on concrete submerged in a saline solution and curve
fitting these to the mathematical solution of Fick’s 2nd law of diffusion after different

periods of exposure, they obeyed a straight decreasing line in a double-logarithmic
diagram (Bamforth 1993, Maage 1993, Maage 1996).

Therefore, it was suggested to replace the constant diffusion coefficient with a time-
dependent material characteristic (Eq. 2-2):

t
Dapp(t) = Dapp(to) ' (_IQ)G (2-2)
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D,pp — AGING EXPONENT

In the early 1990s it was also observed that when plotting the chloride diffusion
coefficients obtained from profiling on concrete submerged in a saline solution and curve
fitting these to the mathematical solution of Fick’s 2nd law of diffusion after different
periods of exposure, they obeyed a straight decreasing line in a double-logarithmic
diagram (Bamforth 1993, Maage 1993, Maage 1996).

Therefore, it was suggested to replace the constant diffusion coefficient with a time-
dependent material characteristic (Eq. 2-2):

Aging exponent:

t
Dapp(t) = Dapp(to) ' (_fo-) (2-2)

D pp(to): apparent chloride diffusion coefficient determined at a reference time t, [m?/s]
a: aging exponent indicating the decrease over time of the apparent chloride
diffusion coefficient [-]

Dr. Kopecské Katalin
Copies of texts (fib Bulletin 76) with the permission of fib



D,pp — AGING EXPONENT

[284
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Kor, napok

(Hooton, 2006)
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

1. hosszu idotartamu modszerek
- ,ponding” teszt

- terfogati diffuzios teszt

2. rovid idotartamu (gyors) modszerek
- gyors klorid penetracios vizsgalat
- elektromos migraciéos modszerek
- gyors migracios vizsgalat (HTC)

- ellenallokepesseg mérese
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

1. hosszu idotartamu vizsgalati médszerek

1.1 ,,ponding” teszt a beton kloridionok behatolasaval
szembeni ellenallo képességének vizsgalatara
AASHTO T259: ,,Ponding test”

szorpcio +

diffuzié
egyuttesen hat!

3% NaCl oldat
v v

13 mm
Oldalt lezart _ | |
felUletek Beton minta
>75 mm ) o
l Soéoldatban tarolas:

min. 90 napig!

50 % relativ
paratartamu tér
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

1. hosszu idotartamu vizsgalati moédszerek
1.2 térfogati diffuziods teszt ,,Bulk Diffusion Test”

NT BUILD 443
1(5)
CONCRETE, HARDENED: U0 627,43
ACCELERATED CHLORIDE PENETRATION
Key words: Test method, hardened concrete, chloride penetration,
non-steady state diffusion
1 SCOPE 4 DEFINITIONS
This Nordtest method specifies a procedure for the deter- Chloride penetration: The ingress of chlorides into concrete
mination of penefraion parameters for estimating the resist- due fo exposure to external chloride sources.

ance against chloride penetration into hardened concrete or
other  cementbased  materials.

Exposure temperature: The temperature of the exposure
liguid while the test specimen is submerged in it

The resistance against chloride penetration is  determined by Exposure time: The time from immersion of the test specimen
accelerated  tesfing. in the exposure ligud to profile grinding.

Profile grinding: Grinding off concrete powder in thin suc-

cessive layers from a test specimen using a dry process.

2 FIELD OF APPLICATION Maturity-day: A concrete of 23 maturity-days has developed

The method is applicable to test specimens from existing a maturity coresponding to curng for 28 days at 20°C
Dr. Kopecsk structures and to new samples older than 23  maturity-days.

) ’ Surface-dry condition: s achieved by drying the water-satu-
The concrete test specimens must be free from  construction

rated test specimen with a clean cloth or similar leaving the




A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

1. hosszu idotartamu vizsgalati moédszerek
1.2 térfogati diffuzids teszt, NT Build 443

bedolgozasi fellilet

bedolgozasi felllet

Dr. Kopecské Katalin

X keverés / 4 korong

X keverés / 5 korong

T
<«

X/5 T epoxi

(Kopecsko, 2006)




A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

1. hosszu idotartamu vizsgalati moédszerek
1.2 térfogati diffuzids teszt, NT Build 443

114

2.8 M NaCl Solution
Sealed on All T
—=
Faces Except Concrete Sample ~
One = TJ mm
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

1. hosszu idotartamu vizsgalati moédszerek
1.2 térfogati diffuzios teszt, NT Build 443

- EIl6készités: min. 28 napos koru betonon.
- Sooldatban tarolas: min. 35 napig.
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Figure 1. The regression analysis. The bars represent the measured chionde contents The curve represents
the optimized mathematical model.
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

2. rovid idétartamu (gyors) vizsgalati médszerek

2.1 gyors klorid behatolasi vizsgalat (RCPT)
AASHTO T227, illetve ASTM C1202

2.2 elektromos migracios modszerek

2.3 gyors migracios vizsgalat
HTC vagy NTBuild 492

2.4 ellenallo kepesseg mérese

Dr. Kopecské Katalin




A KLORIDION BEHATOLAS

VIZSGALATANAK MODSZEREI

2.1 gyors klorid penetracids vizsgalat (RCPT)
AASHTO T227, illetve ASTM C1202

nem az atereszt6képesseget,
hanem az ionelmozdulast meérik

Adatgyiijté o I

: |

' Nyomtato
- = -
3 moélos Na}OH / e 12057 ._“\. i 3% NaCl
oldat tartaly oldat tartaly
Rozsdamentes ~ Beton minta Rozsdamentes
acél katod atmero: 100 mm, acél anod

magassag: 50 mm,
felso fellletével a
Dr. Kopecsko Katalin NaCl oldat felé




A KLORIDION BEHATOLAS

VIZSGALATANAK MODSZEREI

2.1 gyors klorid penetracids vizsgalat (RCPT)
AASHTO T227, illetve ASTM C1202

- az aramerosseg az 0sszes porusoldatban jelenlevé ion
elmozdulasaval aranyos, nemcsak a kloridionokeéval,

- ameérés meg az allandoésult (steady-state) allapot elérése
el6tt zajlik,

- afeszultség a hdmérséklet emelkedését okozza, kulondsen
alacsony min6segl betonok esetén + a homerséklet
emelkedése tovabb noveli az idoegyseg alatt
athaladt toltésmennyiséget,

- korroziods inhibitorok, vezetdkepes szalerfsités!

Dr. Kopecské Katalin



A KLORIDION BEHATOLAS

VIZSGALATANAK MODSZEREI

2.1 gyors klorid penetracids vizsgalat (RCPT)
AASHTO T227, illetve ASTM C1202

Athaladt A kloridionok
toltésmennyiseg behatolo vic
(Coulomb) képessége
4000 < nagy 0,6 <
2000 — 4000 mersékelt 04-05
1000 — 2000 Kicsi <0,4
100 — 1000 nagyon Kicsi
<100 elhanyagolhato

Dr. Kopecské Katalin




A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

2.2 elektromos migracios modszerek

Az ionelmozdulas leirasa oldatban,
elektromos tér hatasara —— Nernst-Planck egyenlet:

1.-D, 8(3: (x) . z.F e 0E(x)

+ (v
1 GX RT 1 5X l(jll‘.lll l(x) (4)

where J; 1s the flux of the ionic species 1, D, is,Ew diffusioncoefficient of the ionic species 1, C(x) is the
concentration of ionic species 1 as\a function of location x/ z 1s the valence of ionic species 1, F is
Faraday’s constant, R 1s the univensal gas conjtant, T is the temperature, E(X) 1s the applied electrical

potential as a function of x and vi(x)\is the conyection velocity of 1. (Andrade. 1993)

\

fluxus = tiszta dif*ﬁzi +
migracio el¢ktromos tér hatasa +
konvekcid
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

2.3 gyors migracios modszer
HTC vizsgalat vagy NT Build 492

NT BUILD 492

nordtest method

Approved 1999-11

1(8)

CONCRETE, MORTAR AND CEMENT-BASED REPAIR
MATERIALS:

CHLORIDE MIGRATION COEFFICIENT FROM
NON-STEADY-STATE MIGRATION EXPERIMENTS

UDC 691.32/691.53/691.54

Key words: Chlorides, concrete, diffusion, mortar, repair materials, migration, test method

1 SCOPE 5 SAMPLING

This procedure is for determination of the chloride migration
coefficient in concrete, mortar or cement-based repair mate-
rials from non-steady-state migration experiments.

2 FIELD OF APPLICATION

The method is applicable to hardened specimens cast in the
laboratory or drilled from field structures. The chloride migra-
tion coefficient determined by the method is a measure of the

Dr. Kopec ké Katalirresistance of the tested material to chloride penetration. This

non-steady-state migration coefficient cannot be directly com-

P TETY SR T PENN PR 17 < S S o < J S T T S T JET T

The method requires cylindrical specimens with a diameter of
100 mm and a thickness of 50 mm, sliced from cast cylinders
or drilled cores with a minimum length of 100 mm. The
cylinders and cores should meet the requirements described
in NT BUILD 201 and NT BUILD 202 respectively. Three
specimens should be used in the test.

6 TEST METHOD
6.1 Principle

An external electrical potential is applied axially across the




A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

2.3 gyors migracios modszer
HTC vizsgalat vagy NT Build 492

NORDTEST METHOD NT BUILD 492 8
APPENDIX 2

Table 1. Test voltage and duration for concrete specimen with normal binder content.

Initial current kyyy Applied voltage U Possible new initial Test duration t
(with 30 V) (mA) (after adjustment) (V) current I (mA) (hour)
<5 60 Iy <10 96
5</,<10 60 10< ;<20 48
10<h<15 60 20< I, < 30 24
15 < [ < 20 50 25 < [, < 35 24
20 < [ < 30 40 25 < [, < 40 24
0 <k <40 35 35< [, <50 24
40 < |, < 60 30 40 < |, < 60 24
60 < I < 90 25 50< ;<75 24
90 < [, <120 20 60 < |y < 80 24
120 < [, < 180 15 60 < | <90 24
180 < [ < 360 10 60 <l < 120 24
Iy = 360 10 Iy =120 6

Note: For specimens with a special binder content, such as repair mortars or grouts, correct the measured current by
multiplying by a factor (approximately equal to the ratio of normal binder content to actual binder content) in order

Dr. Kope skd Katalin to be able to use the above table.




A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

2.3 gyors migracios modszer
HTC vizsgalat vagy NT Build 492

-—“

o
- U

0,2M KOH
oldat

gumi gy(ir(i m

's)

=y

anod

betonkorong

0,2M KOH
+ 0,9 M NacCl
oldat

konténer
(Tang - Nilsson, 1992)
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A KLORIDION BEHATOLAS
VIZSGALATANAK MODSZEREI

2.3 gyors migracios modszer
HTC vizsgalat vagy NT Build 492

AgNO,; — AgCl,
+ fehér csapadek,
ha C..20,07 n

0,2M KOH
oldat

anod gumi gyard

katod

betonkorong

0,2M KOH
+ 0,9 M NacCl
oldat

konteéner (Foto: Kopecsko K.)

(Tang - Nilsson, 1992)
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KLORIDION BEHATOLAS MELYSEGE

EREES Mix 1: 2008. 07.28. | [* -
Test: 2008. 08. 25. .

Sample 1/3

E S est: 2008. 09. 03.
sy Sample 1/3

Dr. Kopecské Katalin

EMix: 2008, 08. 06, | 5=

_________________________

- Mix: 2008. 08. 05.
= Test: 2008. 09. 02.
o' Sample 1/3

(Foto: Kopecsko K.)

max

atlag




Dnssm (Drem,28)

2E-11
1,8E-11
1,6E-11
1,4E-11
1,2E-11
1E-11
8E-12
oE-12
4E-12
2E-12

DiffGzids koefficiensek, Iégbuborék képzd nélkuli mintak

m 0,35

m0,45

00,55

—

k..

CeM CEM CEM CEM CEM CEM CEM CEM
/A /A nA /s /B I1i/B lli/B /B
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Dnssm (Drem,28)

Diffuziés koefficiensek, Iégbuborék képzds mintak

2E-11
1,8E-11 ] —
1,6E-11
1,4E-11

1,2E-11
1E-11 — m0,35+L

8E-12 — m0,45+L
oE-12 -~ = = k= — - W 00,55 +L

4612 ‘IR R R R Il

= LRENER R ol
0

CEM CEM CEM CEM CEM CEM CEM CEM CEM

/A 1/A  I/A /B /B /B /B NI/B - 1I/B
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KLORIDION BEHATOLASI JELLEGGORBEK

CEMII/AS425N

--0,35

- 0,35 |égpdrusképzios

-+0,45

-<0,45 |égporusképzis
0,55

-o- 0,55 |égporusképzos

0 2 4 6 8 10 12 14 16 18
Behatolasi mélység, mm
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KLORIDION BEHATOLASI JELLEGGORBEK

CEMII/B-S42,5N

v

VL

N
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4

§) 8 10 12 14 16
Behatolasi mélység, mm

18

0,35

- 0,35 |égpdrusképzios

-+-0,45

-<0,45 |égpdrusképzis

0,55

-o-0,55 légpdrusképzios
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ELTERES A FIcK Il. TORVENYTOL

>

Deviation from Fick's 2" law of diffusion in near-surface

Substitute surface chloride concentration C_ .

Chloride profile using Fick's 2" law of diffusion
Actual chloride

Chloride content C [wt.-%/b]

profile
|
|
) 'i Depth of substitute surface (convection zone) -
, >
0<4dx< 5{') mm Distance from surface [mm]

Fig. 2-1 Near-surface deviation of chloride profiles from Fick’s law of diffusion in the convection
zone

Dr. Kopecské Katalin
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Dapp - DRCM,28

2.2.2.4 Determining D,,(t) by means of chloride profiles from field data and a
Rapid Chloride Migration test (Approach B)

In this approach the apparent chloride diffusion coefficient D,(t) is determined by
means of equation 2-5:

f
Dapp,s (t) RCM (to) - (TO (2-5)

with: A kornyezeti valtozéval
D,p5(t): apparent chloride diffus{ figyelembe veszik a hémérséklet
Drem(to): chloride migration coeff\ —hatasat a kloridbehatolasra
t,: reference point of time (re
which is equal to the period of € samples in fresh water [s]
(0% aging exponent, according to oach B [-]
k,: environmental variable [-] that takes into consideration the effect of
temprature on chloride ingress in concrete (see Section 2.2.4.4)

[m?/s]
?/s]
est is performed,

Dr. Kopecské Katalin
Copies of texts (fib Bulletin 76) with the permission of fib



Dapp - DRCM,28

maging exponent’
100 % eltérd értékd lehet az alkalmazott Development of the

|
- GGBS Ceme\ modszerek szerint apparent chloride diffusion
o
2 coefficient D, (t) over
2 10 \ - - - Crete wi
5 g -40=w/c<0.60 time for concrete with
S )\Qig 1 GGBS cement (Gehlen
2T % ~o 28 2000). Determination of
S E 1 4 Dremlto) - — 2L~ - . .
£ o 00 ST aging exponent according
o = g to Approach B: regression
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Uj anyagok felhasznalasakor, vagy ha nem all rendelkezésre
hosszu idotartamu hatasnak kitett beton helyszini mintaibol
meresi adat

az Approach A-t (diffuzios vizsgalat) kell alkalmazni és az a,
aging exponent (kor téenyez0) ertekét legalabb kétéves
laboratoriumi kisérlettel kell meghatarozni.
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Abban az esetben, ha elegendo mennyiségu (és a kornyezeti
hatasnak hosszu idon at kitett) és a tervezendo betonhoz
hasonlé osszetételili helyszini minta all rendelkezésre,

* ebbdl meg tudjuk hatarozni a D,,,(t) erteket.

* az ag aging exponent (kor tényez0) és a Dg\,(0) az Approach
B (rapid chloride migration test) alkalmazasaval hatarozhato
meg a tervezett betonon.
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Amennyiben a helyszini mintak osszetétele megegyezik a
tervezett betonéval és rendelkezésre all elegendd hosszu
idotartamu meéreési adat, ebbdl hatarozzuk meg az a, aging
exponent (kor tényez0) és a D,,,(t) erteket

A D,,,(0) -t az Approach A (diffuzios vizsgalat) alkalmazasaval
kell meghatarozni a tervezett betonon.
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