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Probability-Based Modeling of Chloride-Induced Corrosion in Concrete
Structures including Parameters Correlation

Z. Lounis, B. Saassouh, and J. Zhang

National Research Council Canada

ABSTRACT: This paper presents a practical approach for probabilistic modeling of chloride-induced corro-
sion of steel reinforcement in concrete structures based on the first-order reliability method (FORM). The me-
thod enables to take into account the uncertainties in the parameters that govern the physical models of chlo-
ride ingress into concrete and corrosion of carbon steel including concrete diffusivity, concrete cover depth,
surface chloride concentration and threshold chloride level for onset of corrosion. The governing parameters
are modelled as random variables with different levels of correlation and the probability of corrosion is de-
termined and compared to the predictions obtained by more rigorous approaches, such as second-order relia-
bility method (SORM) and Monte Carlo simulation (MCS). The approach is applied to predict the level of
corrosion in the top layer of reinforcing carbon steel of a highway bridge deck that was exposed to chlorides
from deicing salts. The results illustrate the accuracy and efficiency of FORM when compared to SORM and
MCS. The paper also shows that the impact of correlation between the chloride diffusivity and chloride thre-

shold level on the corrosion probability is negligible and can be ignored.

1 INTRODUCTION

In porous solids, such as concrete structures, chlo-
rides can penetrate into concrete via different physi-
cal mechanisms, such as diffusion, capillary absorp-
tion, etc. which lead to the corrosion of the steel
reinforcement.

The corrosion of the steel reinforcement leads to
concrete fracture through cracking, delamination and
spalling of the concrete cover, reduction of concrete
and reinforcement cross sections, loss of bond be-
tween the reinforcement and concrete, and reduction
in strength and ductility. As a result, the safety and
serviceability of concrete structures are reduced.

In the last decades, the Fickian diffusion process
were used to model the chloride diffusion and by
consequence, modeling the initiation time to corro-
sion using the concept of chloride threshold as an
indicator of corrosion resistance of reinforcing steel
to chloride attack. Therefore, the governing parame-
ters of this diffusion-based corrosion model include
the concrete cover depth, chloride diffusion coeffi-
cient, surface chloride concentration, and chloride
threshold level (Zhang and Lounis, 2006).

In practice, the design of durable concrete struc-
tures is mainly based on specifying a minimum con-
crete cover depth (depending on the environmental
exposure), a maximum water-to-cement ratio (to

achieve low chloride diffusivity), and as well the use
of more corrosion resistant reinforcing steels.

However, a considerable level of uncertainty may
be associated with one or more of the above identi-
fied parameters. This is due to: (i) heterogeneity and
aging of concrete with temporal and spatial variabili-
ty of its chloride diffusivity; (ii) variability of con-
crete cover depth, which depends on quality control,
workmanship and size of structure; (iii) variability of
surface chloride concentration, which depends on
the severity of the environmental exposure; and (iv)
uncertainty in chloride threshold level that depends
on the type of reinforcing steel, type of cementing
materials, test methods, etc. (Alonso 2000). It is
clear that the combination of these uncertainties
leads to a considerable uncertainty in the model out-
put (e.g. the time to corrosion initiation). This uncer-
tainty in the model output could have serious conse-
quences in terms of reduced service life, inadequate
planning of inspection and maintenance and in-
creased life cycle costs.

The objective of this paper is twofold: first to
present a simplified probabilistic model for corro-
sion initiation based on the first-order reliability me-
thod (FORM) where the impact of parameter corre-
lation on the probability of corrosion is investigated;
and second is to assess the accuracy of FORM for



modeling the corrosion by comparing its predictions
to the second order reliability method and Monte
Carlo simulation. Through an illustrative example,
the service life is modeled for a reinforced concrete
highway bridge deck exposed to deicing salts during
winter.

2 CHLORIDE TRANSPORT PROBLEM
2.1 Chloride diffusion process

The main transport mechanisms of chlorides into
concrete are diffusion and adsorption. However, ad-
sorption occurs in concrete surface layers that are
subjected to wetting and drying cycles, and it only
affects the exposed concrete surface down to 10-20
mm (Weyers et al. 1993; Tuutti 1996). Beyond this
adsorption zone, the diffusion process will dominate
(Tuutti 1996, DuraCrete 1997). Chloride diffusion is
a transfer of mass by random motion of free chloride
ions in the pore solution, resulting in a net flow from
regions of higher to regions of lower concentration
(Crank 1975). The rate of chloride ingress is propor-
tional to the concentration gradient and the diffusion
coefficient of the concrete (Fick’s first law of diffu-
sion). Since in the field, chloride ingress occurs un-
der transient conditions, Fick’s second law of diffu-
sion can be used to predict the time variation of
chloride concentration for one-dimensional flow, it
can be expressed as a relationship between the diffu-
sion coefficient and the gradients of concentration,
by direct analogy with the equations of heat conduc-
tion (Crank 1975, Fick 1855, Zhang et Al. 2006):

at ~ ax

dCyy 0 (D 6Cx,t)

ax

where Cx,t is the concentration of chlorides at
depth x and time t; D is the diffusion coefficient.
Under the assumptions of a constant diffusion coef-
ficient, constant surface chloride content Cs as the
boundary condition, and the initial condition speci-
fied as C=0 for x>0, t=0, Crank’s solution yields
(Crank 1975):

Cxt = Cs (1 —erf

)

where erf{(.) is the error function.
In the modeling of chloride ingress as Fickian
process, the following assumptions are made:
- The phenomena of capillary flow, chloride
binding (chemical reaction that some of the

chlorides within the concrete) are not consi-
dered.

- Using Crank’s solution for a plane sheet as-
sumes dealing with plane isotropic concrete
structures (one dimensional diffusion)

- The diffusion coefficient and surface chlo-
ride concentration are assumed constant

- The initial concentration of chlorides in the
concrete is negligible.

- Interaction with other ions and with electrical
double layer is ignored (Chatterji, 1995).

Some of these conditions do not apply, for many

reasons. For example, the diffusion coefficient can-
not be constant because:
a) Concrete is not homogenous;

b) Moisture is unlikely to be uniform;

c¢) Chlorides are bound by cement hydrates;

d) It is influenced by the concentration of
chlorides ; and

e) Chloride binding changes with time.

Therefore, the diffusion coefficient is often re-
ferred to as the “apparent” diffusion coefficient and
the surface concentration is termed the effective sur-
face concentration.

2.2 Corrosion initiation

Corrosion in concrete structures can be described
as a two stage process (Tuutti 1982): (i) corrosion
initiation; and (ii) corrosion propagation. The corro-
sion initiation stage corresponds to the process of
chloride ions (chlorides) ingress into concrete
(and/or carbonation) while the steel remains passi-
vated. The corrosion propagation stage starts after
the initiation of active corrosion. The corrosion in-
itiates when the amount of chloride (in contact with
the steel) is high in such a way to destroy the passi-
vation of the steel. Therefore, the corrosion of the
reinforcing steel is assumed to start when the con-
centration of chlorides at the level of the reinforce-
ment has reached a so-called “chloride threshold”
Cih (Tuutti 1982).Therefore, the duration of the ini-
tial stage, which is often used as a quantitative indi-
cator of service life or durability of concrete struc-
tures, depends on the rate of chloride penetration in
concrete. _

Ideally, the corrosion initiates at time T, at which
the concentration of chlorides at the steel level be-
comes equal or greater than the chloride threshold

(Cth):

Cd.ﬁ Z Cth



Where d represents the concrete cover depth of
the steel. From this equation, the approximated initi-
ation time to corrosion can be deduced as follows:

dZ
4D [erf=1(1- %fs’i)]z

In this deterministic model, the four parameters
are assumed as four independent design parameters
that are critical for corrosion protection: (i) structural
parameter: concrete cover depth d; (ii) material pa-
rameters: chloride diffusion coefficient D, which is
an indicator of the rate of chloride penetration into
concrete, and chloride threshold value Cy, which is
an indicator of the corrosion resistance of reinforc-
ing steel; and (iii) environmental parameter: surface
chloride concentration Cs, which is a measure of the
corrosivity or load or exposure risk of concrete
structures.

Given the inherent complexity and heterogeneity
of concrete as a corrosion medium, there exists large
uncertainty in the above mentioned parameters and
in the proposed model.

In the following sections, practical approaches to
model the above uncertainties are presented taking
into account the correlation that may exist between
parameters. The next section exposes the physical
correlation between the model parameter.

T =

3 PHYSICAL CORRELATION OF
PARAMETERS

In concrete mix design, it is well understood that
both water/cement (w/c) ratio and the chemical
compositions of cementing binding materials, par-
ticularly of the use of supplementary mineral admix-
tures such as silica fume and slag, are key factors for
the development of high performance concrete with
good properties. The use of low w/c ratio directly
reduces the porosity and refines the pore structure,
and therefore reduces the permeability of concrete
and other transport indices such as D. Jensen et al.
(1999) observed that D was a direct function of the
paste porosity and can be reduced by a factor of 50
by a drop of the w/c ratio from 0.7 to 0.2 in the ce-
ment paste.

It has been found that the use of mineral admix-
tures improves the pore structures of concrete, such
as pore closure, pore size distribution and a finer
pore structure. Hassan et al. (2000) showed that the
porosity of condensed silica fume concrete was 25%

lower than that of ordinary Portland cement con-
crete. Silica fume was also found to : (i) have the
powder filling effect in concrete mixes (Li et al.
1999); (ii) modify the inherent nano-structure of C-
S-H (hydrate); and (iii) reduce its porosity and thus
increasing the resistance to chloride diffusion (Bentz
et al. 2000). Besides these physical properties, the
use of mineral admixtures was also found to increase
binding of chloride binding effect by forming more
Fiedel’s salt (Glass and Buenfeld 2000). For exam-
ple, the diffusion rate in concrete using ordinary
Portland cement could be reduced to 2-5 times by
the use of mineral admixtures, especially slag ce-
ment (Gjorv, 1995); a replacement of silica fume by
10% of Portland cement would reduce the chloride
diffusivity 15 times (Bentz et al., 2000). The follow-
ing mechanisms are summarized from literature.

The lowering of w/c ratio and use of mineral ad-
mixtures lead to the beneficial effect of reducing
chloride diffusion coefficient; however, they may
have parting effects on the chloride resistance of
embedded steel. The effect of reducing w/c ratio
would increase the chloride threshold level (Petters-
son, 1996), because a low w/c ratio helps to stabilize
the micro-environment at the depth of the rein-
forcement as the moisture permeability decreases.
The effect of using mineral admixtures, on the other
hand, may reduce the chloride threshold. Most of the
mineral admixtures are involved in the hydration
process through the pozzolanic reaction (Pozzolan +
CH + H—C-S-H, in which CH represents Ca(OH),
and H represents H,O, and C-S-H is the hydrate),
where the calcium hydroxide is consumed and thus
the level of pH could be reduced compared to ordi-
nary Portland cement concrete. A reduced pH level
means a reduction in the threshold concentration of
chlorides required to break the passive film; Page
and Vennesland (1983) have found that the concen-
tration of OH™ was substantially lowered for increas-
ing replacement of a normal Portland cement with
silica fume. Bentz et al. (2000) reported that for 15%
to 20% cement replacement by silica fume the CH
could be completely consumed.

Despite the potential negative effect of reducing
the chloride diffusivity by using mineral admixtures
on the chloride threshold value, Gjorv (1995) sug-
gested that the penetration of chlorides was a con-
trolling factor for passivity of the embedded steel
over the possible drop of pH value by using mineral
admixtures. It implies that although the use of min-
eral admixtures can have adverse effects on the chlo-
ride threshold values, however, this negative effect



is outweighed by their positive impacts on the reduc-
tion of the chloride diffusion coefficient. For the
purpose of this study, a weak to medium correlation
between D and Cy, in the range of +20 % to —20%
can be assumed. The negative correlation reflects the
effect of changing the w/c ratio; i.e. reducing w/c ra-
tio decreases D but increases Cy,. The positive corre-
lation reflects the possible effect of using mineral
admixtures in decreasing D and C,.

4 PROBABILISTIC MODELING OF
CORROSION IN HPC STRUCTURES

4.1 Uncertainty modeling

As mentioned above, the model and its associated
parameters can exhibit a considerable level of varia-
bility (e.g. concrete cover depth, diffusion coeffi-
cient, etc.), which may have coefficients of variation
of 20% or higher, while some other variables (e.g.
bar diameter, concrete strength, Poisson's ratio, etc.)
present a narrow scatter with coefficients of varia-
tion of 5% or lower (Frangopol et al. 1997; Stewart
and Rosowsky 1998; Fanous et al. 2000; Lounis and
Mirza 2001; Val and Stewart 2001). The values of
these parameters used in deterministic models are
mainly based on the mean values or some conserva-
tive characteristic values of the variables [e.g. lower
values for the resistance parameters (Chloride thre-
shold) and higher values for the loading parameters
(Cs or Cq4y)]- The deterministic models can predict
two states only, i.e. failure or non-failure (e.g. cor-
roded or non-corroded), for each limit state investi-
gated.

For illustration purposes, an example of the limit
state of corrosion of reinforcing steel is given. If af-
ter a period of time, the mean value of the chloride
concentration at the steel level (Cqy), is found lower
than the mean value of chloride threshold level (Cy,),
as shown in Figure 1, the deterministic model pre-
dicts no corrosion (i.e. the steel is in the passive
state). Conversely, if Cq; is found higher than Cy,
then the model predicts that the reinforcing steel is
corroded.

In actual field conditions, after the measurements
of chloride concentrations at the steel, the frequency
distribution or probability density function (pdf) of
the chloride concentration can be represented (see
Figure 1). Similarly, the chloride threshold concen-
tration has also a scattered distribution with a pdf as
shown in Figure 1, then the probability of corrosion
is given by the shaded area, where Cy; and Cy, over-

lap. Hence, the extent of corrosion is neither zero
nor 100%, as predicted by the deterministic models,
but is equal to a finite value, which starts at zero at
the start of the chloride ingress stage and increases
with time and can reach 100%.
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Figure 1: Deterministic vs. probabilistic predictions of cor-
rosion

It is therefore clear that the use of deterministic
models, which assume concrete as a homogeneous
medium, cannot predict the extent of damage for a
reference period of time (it is either 0% or 100%
damage). Hence, although such models present a
powerful tool for selection of proper parameters in
the design stage for new structures, they have se-
rious shortcomings regarding the selection of appro-
priate maintenance and rehabilitation strategies for
structures in service. A probabilistic modeling of the
performance of RC structures has much to offer with
regard to simplicity as compared to attempts to for-
mulate purely deterministic models (Ditlevsen 1984;
Melchers 1987; Mori and Ellingwood 1993).

4.2 Prediction of Corrosion Probability

In order to calculate the probability of corrosion
of reinforcing steel embedded in concrete structures
several methods can be used, depending on the com-
plexity of the model (e.g. linear or non-linear ...)
and the accuracy desired. The probability of corro-
sion corresponds to the integral of the probability
density function fx(x) on the corrosion domain (See
equation below).

Pf = f fx(CS,d,D,Cth)dx
g(CSvd:D-Cth)<0

With

Cs,Cipp, D,d) = Cy, — C (l—erf )
g(s th th S zm
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Where g is the limit state or performance function,
which is a highly nonlinear function.

To calculate this integral (i.e. probability of corro-
sion Py), several methods can be proposed. The most
obvious and simple to implement is the Monte Carlo
Simulation (MCS). This method attempts to charac-
terize the whole domain of failure so it needs an im-
portant number of simulations (i.e. slow conver-
gence rate). Advanced methods use a more efficient
way to select simulations, which are based on two
main concepts: (i) the approximation of the nonli-
near state function; and (ii) efficient method of si-
mulations (e.g. experimental designs). Below are the
most important comparisons between the advanced
methods:

- FORM/SORM methods: based on the Taylor’s
expansion series for the limit state function near the
“design point” (see next section). These methods al-
low the computation of estimates of the probability
of corrosion at a relative low computational cost
compared to MCS.

- Other advanced simulation methods include Im-
portance Sampling (Harbitz 1983), Directional Si-
mulation (Ditlevsen et Al. 1987), Latin Hypercube
Sampling (McKay et Al. 79) and subset simulation
method (AU and Beck 2001) and Line Sampling
technique (Koutsourelakis et al. 2004, Schueller and
Pradlwarter, 2007).

5 ILLUSTRATIVE EXAMPLE

The probabilistic model proposed herein is illu-
strated on a high performance concrete (HPC)
highway bridge deck reinforced with conven-
tional carbon steel with two different types of
HPC that yield similar diffusion coefficients of
0.2 cm?/yr. HPC1 is made with a low w/c ratio
(no supplementary mineral admixtures) and HPC
2 contains 10% of silica fume . This example
will include: probabilistic modeling applied of
the diffusion and corrosion processes in HPC
structures;

Present Capability and accuracy of the simplified
first order approximation method even for this
non-linear problems ; and

1il.

iv.

Highlight the importance of taking into account

the variability of different parameters and its ef-

fect on the probability of corrosion; and

Assess the impact of considering the correlation

of parameters on accuracy of the results

The parameters values are based on examples

taken from Lounis and Daigle (2008) and are listed
in the table below (see Table 1):

Table 1: Data for bridge deck case study

C. Depth | Diffusion Can .
Kg/m®> | mm | cm¥/year Ke/m
Mean
6 70 0.2 0.7
value B -
Coef. Of
L 30% 20% 25% 20%
variation

In this section, the parameters are assumed to be
independent and follow a normal distribution. The
time-varying probability of corrosion is evaluated
over 50 years. The approximation methods are pre-
sented to show their performance in case of non-
linear model.

5.1 First-Order Reliability Method (FORM)

To test its efficiency, three analyses were done.
The first one, taken as the reference solution, is per-
formed using MCS with a large number of simula-
tions.

T T T T T T
05l high accuracy ; : oo
+  FORM-~ 300 simulations : : 5 )
N MCS~ 300 simulations ! : s
g 04F : . : : ieatian --2..‘17.“:‘!"",. -
:
2 o3t ~
o
£
s
B 02} -
g
-9
0.1

Figure 2: Efficiency of FORM vs. MCS

Second, the method FORM was implemented. It
requires around 300 iterations to provide satisfying
results (smooth curve). The third analyses were done
using MCS with the same number of simulations
needed to determine the design point with the



FORM approach. Figure 2 shows the efficiency of
FORM vs. MCS as it almost yields the same corro-
sion probability curve as the MCS with a negligible
error that overestimates the probability of corrosion
(i.e. conservative estimate).

5.2 Second Order Reliability Method (SORM)

SORM uses the curvature of the limit state func-
tion at the design point (second order approxima-
tion). It is more accurate and needs more simula-
tions. In Figure 3, the two methods (FORM and
SORM) are compared.

MCS: 100,000 simulations
+ T'ORM- 300 simulations
O5F rerere ren R o SORM- 340 simulations P
s p . v + .4
: 2
S ; '
% 04 ;_.".1"
g : i g
3 ; '
% : 7
> 0.3 : :
E z 4
[ e ¥
0.2 : o 1
E : .gi :
: ey
S :
0 ittt | | i
0 10 20 30 40 50
years

Figure 3: Comparison of FORM, SORM and MCS

By considering the interval 20 to 30 years, it can
be seen that the error between the two methods is
not significant as shown in Figure 3 (maximum rela-
tive error less than 4%).

6 IMPACT OF PARAMETERS CORRELATION
ON CORROSION PROBABILITY

As mentioned above, there is some correlation be-
tween some of the model parameters. The results
presented above do not take into consideration any
correlation between parameters. In this section, the
influence of correlation on the probability of corro-
sion is investigated. The most probable correlation
that may exist is between the diffusion coefficient
and the chloride threshold value. As discussed earli-
er, this correlation may vary from negative to posi-
tive with a maximum range of £+ 20%.

Most of the cases treated in the literature assume
that the parameters of the diffusion model are inde-
pendent. The aim of this section is to test the validity

of this assumption. In case of significant impacts,
this correlation should be modeled; otherwise the as-
sumption of independent parameters can be ac-
cepted.

The example presented above is revisited, but a
new assumption is taken into consideration that a
correlation between the diffusion coefficient and the
chloride threshold exists. The probability of failure
was calculated by considering a service life of 40
years

By considering, a normal law to model the differ-
ent parameters and by varying the correlation be-
tween Cy and D from —30% to +30%, its impact on
the probability of corrosion is negligible as shown in
Figure 4 , with maximum change of 1%.

0.3461
| *  Ptvs. Correlation
0344}
[~
2
0.3421 o
§ 4 <. Varying the percentage of
8 Sy silica fume
D
° g} &
=
E Varying the w/c ratio
& 02} o
£
0.336} Ty
e -02 -0.1 [ 01 02 03
Correlation of D & Cth
Figure 4: Impact of correlation of D & Cy, on the corrosion
probability

Many other examples were also tested to see the
impact of their correlation, by changing the mean
values and the coefficients of variation in the other
parameters; e.g. the variation in the probability of
corrosion does not exceed 4% [e.g., Carbon steel
(Ca=4), Severe exposure (12 to 20 kg/m’>), other
depth values (from 5 to 15 cm) and with HPC (diffu-
sion coefficient till 1.5 cm®/year). The modeling re-
sults of these tested showed the variation in the
probability of corrosion does not exceed 4%, which
confirmed that the impact of their correlation is neg-
ligible, and Cy, and D can be treated as independent
parameters for corrosion of steel in concrete bridge
decks.

7 CONCLUSION

In the paper, a probabilistic modeling of chloride-
induced corrosion of concrete structures, including
the correlation of chloride diffusivity and chloride
threshold is presented. It is found that the first order



reliability method provides accurate results and is
more efficient than Monte Carlo simulation and re-
mains conservative compared to the SORM method,
despite the high nonlinearity of the performance
function.

The probabilistic modeling enables to study the
impact of potential correlations between governing
parameters for corrosion of steel in concrete struc-
ture, especially chloride diffusivity and chloride
threshold value. It is found that its impact on the
probability of corrosion is marginal and can be ig-
nored.
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