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Abstract: In this paper, a probabilistic study on durability concrete was carried out. In such a design,
initiation time of corrosion must be expressed as a mathematical model using Fick’s second law and
the statistical distributions properties of theirs parameters was included in this model. The scatter
both in the environmental exposure conditions and structural properties was considered as random
fields in the mathematical model with a probabilistic design. The main objective of this study is
predicted initiation time of corrosion of concrete structures in chloride containing environments. This
probabilistic study is developed using Monte Carlo simulation to determine the contribution of each
input parameters and the statistical parameters of the random variables on the probability distribution
functions of the initiation time of corrosion. Also, a comparison study was carried out to analyze the
impact of the probability distribution on the response (the initiation time of corrosion).
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1. Introduction

The major cause of degradation of reinforced concrete bridge structures is chloride-induced
corrosion of the reinforcing steel. This problem can impair to important serviceability and safety
reductions as well as increasing repair and maintenance costs [1, 2, 3].

The initiation time of corrosion (tini) is a key factor in the service life prediction of a concrete
element, because the risk of steel corrosion is highly dependent on the quality of design and
construction of the concrete cover. Which concrete represents the physical barrier against
any external aggressive agents. Increasing the density and impermeability of the concrete
cover by reducing the water-cement materials ratio and producing properly placed,
compacted, and cured concrete, reduces the apparent chloride diffusion and consequently
delays the initiation of corrosion.

The analysis approach based on the probabilistic method is the most reliable way to solve
uncertainty problems. The latter has attracted a lot of interest from researchers recently [1, 2, 4, 5,
6, 7, 8, 9]. As reliability concepts are better understood and more software developed, reliability-
based applications move from simple, hypothetical examples using fictitious data to more
complex, practical, and realistic engineering problems [10].

The present work aims to predict initiation time of corrosion (tini) of concrete structures in chloride
environments using a spatial variability approach. This approach takes into account the spatial
variability of the different parameters of the structure such as, the surface concentration of chloride
(Cs), the concentration threshold (Cth), the diffusion coefficient (Dc) and the coating (ct)
appearing in simple Model.

The Monte Carlo Simulation (MCS) methodology is used to compute the Probability
Distribution Function (PDF) and the failure probability of the system response of the initiation
time of corrosion. To illustrate the prediction of the service life of a reinforced concrete structure,
an example of a concrete bridge element deteriorating due to chloride-initiated corrosion is
analyzed [11].



2.Simplified model for predicting initiation time of corrosion

The simplified model currently used to describe chloride penetration in concrete is shown in
mathematical form in Eq. (1), the concentration of free chloride ions C(x, t) at a depth x after a
time t for a semi-infinite medium is:

Clxt) = C, X [1 - erf(w%)] (1)

Based on Eq. (2), solutions for calculating have been proposed in Eq. (3). For the classical solution
of Fick’s law Eq. (1), is obtained when C(x, t) is equal to and x is equal to the thickness of the
concrete coating as follows [12]:
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Where:

tini: The initiation time of corrosion is calculated by comparing the chloride concentration in the
concrete depth C (ct, t) with the concentration threshold (Cth).

erf—1() : is the inverse of the error function.

Where x in Eq. (1) is replaced by the concrete cover depth ct since Eq. (3) refers to the first layer
of reinforcement. The Cth is defined as the chloride concentration in which the passive rust layer
of the steel is destroyed and the corrosion reaction begins. Therefore, the tini is obtained when the
chloride concentration at the bar coverage reaches the concentration threshold (Cth) [5, 13].

2.1. Structural discretization with expansion Karhnuen-Loeve (K-L)

In the literature, we can find several methods of discretization proposed by the researchers, which
consist of breaking down the initial fields into optimal complete deterministic functions [14, 15,
16]. To do this, the discretization of a section involves a subdivision of the sample structure into
small pieces of random field in the direction of the x-axis and the y-axis, as shown in Fig. 1. But,
the discretization with more elements, provides more accurate results but also requires more
computing time.

The transition from the representation of the continuous random field to a limited number of
random variables is necessary to introduce the uncertainty of the properties of the materials into a
computation model. To do this, we must choose a discretization method. In this study, the
Krahunen-Loéve expansion method (K-L) was adopted for the discretization of the region studied
in a concrete beam of bridge in the Netherlands [11].

The corrosion phenomenon can be modeled by several methods (eg. FORM, FOSM ...) but MCS
is considered the most rebade method between them [17, 18].The Monte Carlo Method can be
used to perform the reliability analysis with respect to the occurrence of each possible failure
mode. In this paper, it is carried out in the space of independent standard normal variables.

In this study, the choice of the normal probability distribution is based on literature [11, 19, 20].
Also, several researchers have used this distribution to study the effect of the random variables of
the response system [11,19, 20, 21, 22]. It is possible to model some phenomena with a lognormal
probability distribution. For this purpose, a comparative study between the normal and lognormal
distribution on the PDFs of the system response (tini) was studied in section 3.2.
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Fig. 1- 2-dimensionaldiscretization model.
2.2, Statistical quantization of parameters in the simplified model

The parameters of a model can be quantified using real structural measurements or, if this isn’t
possible, the measurements should be made in the laboratory. It is therefore understandable that
the statistical characteristics of the parameters vary according to the source of the measurements
[23]. In this case, the quantification was based on measurements in a concrete beam of bridge in
the Netherlands [11]. This region of exposed structures is located in a very aggressive marine
environment.

Table 1 gives input parameters of the quantification of variables in the following simplified model.
The mean and the standard deviation of the parameters are provided by authors [19, 20].

Table 1
Input data for the initiation time of corrosion [19, 20].
Variables Description Distribution Mean Stal.ldﬁ.lrd Coe.fﬁ.c 1ent00f
deviation variation (%)
ct Concrete cover Normal 41.1(mm) 1.4(mm) 34
Chloride ion o o
Cs content at the Normal 3-3%(by mass | 1.47%(by mass of 28
of cement) cement)
concrete surface
The chloride o o
Cth threshold Normal 0.5%(by mass | 0.1%(by mass of 20
. of cement) cement)
concentration
Effective 6 -6
De diffusion of Normal fméf Xela(r)s) (3;162/9 Xela(zs) )
chloride Y y

In table 1, the COVs of the random variables presented in the table are calculate by Eq. (4) in
paragraph 2.3. We note that the concrete cover has a very small standard deviation. Rooij and
Polder [20] considerate the concrete quality for the bridge elements under is very good.On the
other hand in the literature ct is always to study with important values by eg. in Duracrete [21] the
mean and the standard deviation are respectively equal to 40 mm, 8mm.

2.3. Design study

To study civil engineering works using the probabilistic approach, the limit state function is
defined by the safety domain or in the failure domain. In this study, the failure probability are less
than 107 are considered stable [24].
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Also, the input parameters (Cs, Dc, Cth and ct) of the simplified model Eq. (1), were taken into
account as random fields. The failure probability is calculated using Monte Carlo simulation
(MCS). This has the advantage of giving accurate results, but with a very important calculation
time. Also, Number of MCS should be sufficient for a rigorous calculation of the failure
probability. For this purpose, it is important to perform a study on the simulation number that
corresponds to a low coefficient of variation of failure probability COV(Pf) with a reasonable
computation time.

0,035 f-mmrmrmmyrmemeneees R R
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Fig. 2- Effect of the simulation number on the Pf.
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Fig. 3. Effect of the simulation number on the COV(P{).

The COV(Pf) can be calculated by the following Eq. (4) [18] :

cov(p;) = Ilv’x';’; )

The Fig. 3 shows the effect of the simulation number on the COV(Pf). It was found that the
COV(Pf) decreases with the increase in the simulation number. It reaches a value of less than 10%
from 5000 simulations. The Fig. 3 indicates that the breaking threshold decreases with successive
levels. This means that the proposed procedure is valid because the realizations generated by this
procedure successfully progress towards the boundary of the surface state.



5

Similarly, it was found that when the simulation number is equal to 2000 for Pf = 2x107 which
corresponds to a COV(Pf)=15%. On the other hand, for the number of simulation is equal to 10000
the Pf=1.9x10%in Fig. 2. However, the MCS method becomes more expensive in terms of
computation time to determine the low failure probabilities Pf (< 10) [25]. This is due to the large
number of realizations needed in such a case. To this effect, to reduce the computation time, the
number Ns = 2000 realizations were used to compute the failure probabilities for a considerable
gain of time (8 hours).

2.4. Effect of the autocorrelation distance on the failure probability

In order, to determinate the horizontal and vertical autocorrelation distance Lx and Ly respectively,
their impact on failure probability of the initiation time of corrosion Pf, has been studied.

Fig. 4 shows the effect of autocorrelation distances on the failure probability corresponding to an
isotropic random field (Lx = Ly). In this case, the failure probability has been calculated and has
the same average values as the random variables.
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Fig. 4- Effect of the autocorrelation distance on the failure probability in the case of a random field Lx= Ly.

Fig. 4 indicates that increasing the autocorrelation distance increases the failure of probability.
However, decreases the mark-up rate for large autocorrelation distances. This is because the
random field tends to the case of a homogeneous material for large values of autocorrelation
distances (Lx=Ly>2m). The increase in the failure of probability due to the increase of the
autocorrelation distance can be explained as follows: when the autocorrelation distance is very
large, the material tends to be homogeneous. In this case, the initiation time of corrosion was
considered too close to that obtained during the study of a homogeneous material. For smaller
autocorrelation distances, a heterogeneity of the material is obtained which results in a variability
of the input parameters.

In other to study the impact of anisotropic random filed of inputs parameters, the failure probability
was plotted against the vertical and horizontal autocorrelation distance in Fig. 5 and 6 ,
respectively.

Fig. 5 and 6 show that the autocorrelation distance increase with the increase in the failure
probability. This observation can be explained, when the autocorrelation distance is very large, the
material tends to be homogeneous.

The low value of the autocorrelation distance (Lx or Ly) induces a great heterogeneity which
results in a great variability of the random variables. This variability leads to a smaller failure
probability.
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Fig. 5- Effect of the vertical autocorrelation distance Ly on the failure probability for different values of Lx.
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Fig. 6. Effect of the horizontal autocorrelation distance Lx on the failure probability for different values of Ly.

On the other hand, the increase in the autocorrelation distance increases the initiation time of
corrosion "tini" and consequently the failure probability increases.

When the autocorrelation distance is very large, the problem becomes similar to that of the random
field dimension (1D), hence the failure probability is less than the two-dimensional probability.
Therefore, to give our program a more realistic approach (heterogeneous medium in a reinforced
concrete structure), we used small values for distances Lx = 0.5 and Ly = 0.4.

3. Parametric study

A parametric study was undertaken to investigate the effect of the random variables (the coating
ct, the chloride surface concentration Cs, the chloride threshold concentration Cth and the diffusion
coefficient Dc)on the probability distribution functions (PDF) of the system response (tini).Also,
the probability distribution of the random variables on the PDFs responses was studied.
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3.1. Impact of the coefficients of variation (COV) of the different random variables on the
PDFs of the system response (tini)

To investigate the effect of COV of the random variables on the PDFs of the system response, the
COV for this variable is increased or decreased by50% from its baseline value given in Table 2.

Table 2
Effect of coefficients of variation of random variables on corrosion initiation time.
Coefficient of Statistical parameters of PDF
variation
Ral.ndom COV(Random Standars Coefficient
variables . Mean . . . of
variable) deviation Skewness Kurtosis L.
(years) (years) variationof
%o y PDF %
1.7 35.196 3.889 1.021 5.854 11.049
ct 34 35.068 3.709 1.257 8.626 10.577
5.1 35.039 3.278 1.025 5.867 9.355
14 34.832 2.909 1.12 7.460 8.352
Cs 28 35.068 3.709 1.26 8.626 10.577
42 35.516 4.555 1.44 9.122 12.825
10 35.313 4.153 1.10 6.296 11.761
Cth 20 35.068 3.709 1.26 8.626 10.577
30 34.799 2.999 0.703 3.868 8.618
21 34.409 1.591 0.545 3.880 4.624
Dc 42 35.068 3.709 1.257 8.626 10.577
63 36.208 8.689 3.361 30.885 23.997

To initiate corrosion, external chlorides must be transported inside the concrete and reach the
recessed steel [25, 26]. For this reason, the thickness of the coating is one of the most important
parameters affecting the service life of the structures. However, Fig. 7 shows that when the
coefficient of variation COV of the coating (ct) increases, the mean and the standard deviation of
the initiation time of corrosion vary slightly. It is found that the COV proposed by Ying [11] is
less important than those found in the literature [6, 27]. For this purpose, the coefficient of variation
COV of the coating (ct) has practically no impact on the PDF. It is to be supposed that the thickness
is uniform along the structure.

Although the thickness of the coating is theoretically considered a constant value, it varies from
place to place and this variation is closely related to the level of quality control during construction.
For example, in the Lounis and Amleh study [27] of the now-demolished Dickson Bridge in
Montreal, the thickness of the concrete cover was measured directly at many locations on the
bridge. The average coating depth was 36.6 mm with a coefficient of variation of COV of 45%.
The specified depth of overlap was 25 mm. It is therefore proposed to use values of coefficients of
variation of 10%, 20% and 30% (and beyond) for satisfactory, moderate and weak quality control
of construction, respectively [6].
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Fig. 7- Influence of coefficients of variation of coating "ct" on PDFs.

To study the effect of the coefficient of variation of surface chloride concentration on the
probability of depassivation, values ranging from 14% to 42% were used to obtain the
probabilities. The results are shown in Fig. 8.

In a corrosive environment, Cs has a significant impact on the initiation phase of steel
reinforcement corrosion. Fig. 8 clearly shows this influence also in Table 2, the mean and standard
deviation of tini increases with increasing COV(Cs). The skewness and the kurtosis of the
responses is also affected by the increase of the coefficient of variation.
SE-09 :
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Fig. 8- Influence of the coefficients of variation of chloride concentration on the "Cs" surface on PDFs.

In addition to the surface concentration (Cs) of the structure studied, another concentration of
chloride called chloride threshold (Cth) was taken into account in this study. The chloride threshold
level is the concentration of chlorides required to break down the protective passive film on the
reinforcing surface and initiate corrosion. The chloride thresholds proposed in the literature cover
a wide range of values. Glass and Buenfeld [28] discussed the different factors affecting the
threshold value and summarized the reference values.

Fig. 9 shows the effect of the COV coefficient of variation of the chloride threshold con- centration
(Cth) on the tini. These results were obtained using various COVs of Cth.
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In this study, the mean chloride threshold value (Cth) is 0.5% located just between the value
proposed by the ACI committee [29], which is at the conservative end of the range, and the value
of 0.4% used. In Europe, which seems to be a more appropriate value. In this effect, Fig. 9 and
Table 2 show that the variation of the COV(Cth) has an impact on the tini. In other words, the tini
decreases with the increase of the COV(Cth).

A | 100
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Fig. 9- Influence of the coefficients of variation of the "Cth" chloride threshold concentration on PDFs.

Figure 10 shows the effect of the COV of the diffusion coefficient (Dc) on the PDFs. From this
figure, it was observed that the coefficient of diffusion has a great impact on the PDF of system
response.
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Fig. 10- Influence of coefficients of variation of effective diffusion coefficient of chloride "Dc" on PDF.

Also, we can see from Table 2 the COV(Dc) increases systemically with the random field (From 34.5
years for COV(Dc)=21% to 36 years for COV(Dc)=63%). This means that random field has important
impact in the variability of the system response (tini).

Kurtosis is a descriptor of the shape of a probability distribution. Table 2 shows that with increasing
standard deviation, kurtosis increases for Cs and Dc. The measurement made of the dispersion given
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by the standard deviation shows that the distribution of the probability masses is around their center.
In other words, from Figs. 8 and 10, each time the COV increases, the flattening of the curves is noted.
On the other hand, for the Figs 7 and 9 the flattening of the curves are negligible.

The mean of tini increases in a weak way with the increase of the COV(Dc), unlike the other statistical
moments (standard deviation, skewness, kurtusis) which increase of a very important way.

3.2. Impact of probability distributions on PDFs of system response (tini)

The impact of the probability distribution (Normal “DN” or Lognormal “DLGN”) of the random field
parameters on the PDFs of the studied system response was studied. In the Fig. 11, 12, 13 and 14 the
probability density function of the initiation time of corrosion (tini) is computed on the basis of the
input parameters present in Table 1 using normal and lognormal distributions.

It is noted in Fig. 11 and 12 that the probability distribution change for the random fields Cth and ct
has no effect on their PDFs responses unlike Dc and Cs.
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3E-09 do ¥

{77 -e-- DLGN COV(et)=1,7%
————— DLGN COV(ct)=3 4%
——-DLGN COV(ct)=5.1%

20 30 40 50 60
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Fig. 11- Influence of the variation of the probability distribution of effective diffusion of chloride "ct" on PDF.
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Fig. 12- Influence of the variation of the probability distribution of effective diffusion of the chloride "Cth" on PDF.
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With the increase of COV(Dc), in Fig. 13, the impact of the probability distribution increases. It
has been noticed that there is a slight influence of the probability distribution on the mean of tini
and the PDF (COV(Dc)=63% the difference of tini between the distribution of the normal law and
log normal is 7 years). In other words, it can be said that for homogeneous materials (with low
COVs) the impact of probability distributions is negligible.

The use of the lognormal distribution in the input random fields gives much greater tini than in the
case of taking into account a normal distribution. As a result, the tini output parameter will be
overestimated, which may lead to an estimate of the wrong maintenance time.

With the increase of COV, it was noticed that there is a slight influence of the distribution law on
the mean of tini (COV(Cs)=42% the difference of tini between the distribution of the normal law
and log normal is 3 years), its shows in Fig. 14.

Skewness demonstrated a measure of the asymmetry of the probability distribution of random
variables around their mean. If skewness is > 0 then they say that the distribution is asymmetric
left, <O asymmetric right else = 0 the distribution is symmetric [30]. In figs. 13 and 14 the
distribution is left-skewed for the use of the lognormal distribution for different COVs. In figs. 11
and 12 the distribution almost symmetric.
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Fig. 13- Influence of the variation of the probability distribution of effective diffusion of chloride "Dc" on PDF.
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Fig. 14- Influence of the variation of the probability distribution of effective diffusion of chloride "Cs" on PDF.
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4. Conclusions

This paper aims to present a probabilistic analysis of the corrosion initiation time caused by
chloride ions using the Monte Carlo simulation method. The random fields were the coating, the
chloride surface concentration, the chloride threshold concentration and the diffusion coefficient.
The deterministic model was based on Fick's second law describing conventionally the network
initiation time of corrosion implemented in the Matlab software. The main conclusions of the
document can be summarized as follows:

A parametric study has shown that the initiation time of corrosion was mainly induced by diffusion
coefficient (Dc) and the chloride surface concentration (Cs). the thickness of the coating and the
chloride threshold concentration have practically negligible contribution and proves to be factors
that does not affect the reinforced concrete structure to be studied. This last parameters have a
negligible weight in the variability of response.It can be considere this paramametersdeterministic.
So, we can reduce the computation time of the probabilistic analysisand the cost of the
experimental investigation of new similar projects when detecting the most influential parameters
on the variability of the system responses. then the non-influential parameters do not need a
thorough experimental investigation on their variability.

The coefficient of variation of diffusion coefficient (Dc) and the chloride surface concentration
(Cs) was found much greater than the random fields Cth and ct. Therefore, the input uncertain
parameters that have a significant weight in the variability of this response (i.e. tini) should be
thoroughly investigated in practice.The input parameters for whith the COVs have the largest
contribution, are of most significant influence on the variability of a system response.

The analysis results showed that using different distribution type for problem parameters,
proportion with distribution type is effective in calculation results. The initiation time of corrosion
can be overestimated by the choice of type of distribution of the random input fields. This
overestimation may lead to an estimate of the incorrect maintenance time.

For the low COVs of the different random fields, the impact of the probability distributions on
PDFs of system response (tini) is negligible. On the other hand, the impact is important for the
random fields (Dc and Cs) when there are considerable values of their COVs.

References

[1] Bastidas-Arteaga, E. &Schoefs, F. (2012) .Stochastic improvement of inspection and maintenance of corroding
reinforced concrete structures placed in unsaturated environments, Engineering Structures, 41, 50-62. DOI:
10.1016/j.engstruct.2012.03.011.

[2] Bastidas-Arteaga, E. & Schoefs, F. (2015). Sustainable maintenance and repair of RC coastal structures, Maritime
Engineering, 168(4), 162-173. DOI: 10.1680/jmaen.14.00018.

[3] Koch, G.H., Thompson, N.G., Moghissi, O., Payer, J.H.,&Varney, J. (2016).IMPACT (International Measures of
Prevention, Application, and Economics of Corrosion Technologies Study, Houston, TX: NACE International,
Report No. OAPUS310GKOCH (AP110272).

[4] Morcous, G., Lounis, Z.& Mirza, M.S. (2002). Service-life prediction of concrete bridge decks using case-based
reasoning, In: Proceedings of 6th International Conference on Short and Medium Span Bridges, Vancouver,
Canada, 769-776. Retrieved 15 December 2018, from:
https://pdfs.semanticscholar.org/c6c7/989a254ae3e2fe3b9c0a8ed8122379f1a9fa.pdf

[5] Lounis, Z.(2003).Probabilistic modeling of chloride contamination and corrosion of concrete bridge structures,
In: Proceedings of International Symposium on Uncertainty Modeling and Analysis, College Park, USA, 447-
451. DOI: 10.1109/ISUMA.2003.1236199.

[6] Daigle, L.,Lounis, Z.&Cusson, D. (2004). Numerical prediction of early age cracking and corrosion in high
performance concrete bridges, Innovations in bridge engineering session of the annual conference of the
transportation association of Canada, Québec, Canada.

[7] Darmawan, M.S. &Stewart, G.M. (2006). Effect of Spatially Variable Pitting Corrosion on Structural Reliability
of Prestressed Concrete Bridge Girders, Australian Journal of Structural Engineering, 6(2), 147-158. DOI:
10.1080/ 13287982.2006.11464951.



13

[8] Shayanfar, M.A.,Barkhordari, M.A.&Ghanooni-Bagha, M. (2015). Estimation of Corrosion Occurrence in RC
Structure Using Reliability Based PSO Optimization, Periodica Polytechnica Civil Engineering, 59(4), 531-542.
DOI: 10.3311/PPci.7588.

[9] Nguyena, P.T. Bastidas-Arteagaa, E., Amiria, O.,&El Soueidya, C. (2017). An efficient chloride ingress model
for long-term lifetime assessment of reinforced concrete structures under realistic climate and exposure
conditions, International Journal of Concrete Structures and Materials, 11(2), 199-213. DOI: 10.1007/s40069-
017-0185-8.

[10] Estes,A.C., &Frangopol, D.M. (1999). Repair optimisation of highway bridges using system reliability approach,
Structure Engineering, 125(7), 766-775. Retrieved 15 December 2018, from:
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?referer=https://scholar.google.com/&httpsredir=1&arti
cle=1018&context=aen_fac.

[11]Ying, L.&Vrouwenvelder, A.C.W.M. (2007).Service life prediction and repair of concrete structures with spatial
variability, Heron, 52(4), 251-268. Retrieved 15 December 2018, from:
https://www.researchgate.net/publication/27343534 Service life prediction_and repair_of concrete structure
s_with_spatial variability.

[12]Malioka, V. (2009). Condition Indicators for the Assessment of Local and Spatial Deterioration of Concrete
Structures. Institute of Structural Engineering Swiss Federal Institute of Technology, Zurich. Retrieved 20
January 2017, from: https://www.research-collection.ethz.ch/handle/20.500.11850/151976 .

[13]Lounis, Z. &Daigle, L. (2008) Reliability-based decision support tool for life cycle design and management of
highway bridge decks, In : Bridges — Links to a Sustainable Future Session of the 2008 Annual Conference of the
Transportation Association of Canada, Toronto, Canada, Sep, 21-24, 1-19.

[14] Vanmarcke, E.H.& Grigoriu, M. (1983).Stochastic finite element analysis of simple beams, Journal of
Engineering Mechanics, 109(5), 1203-1214. DOI: 10.1061/(ASCE)0733-9399(1983)109:5(1203).

[15]Spanos, P.D.&Ghanem, R. (1989).Stochastic Finite Element Expansion for Random Media, Journal of
Engineering Mechanics, 115(5), 1035-1053. DOI: 10.1061/(ASCE)0733-9399(1989)115:5(1035) .

[16] Sudret, B. & Berveiller, M. (2008). Stochastic finite element methods in geotechnical engineering, In : Reliability-
Based design in Geotechnical Engineering: Computations and applications, Taylor & Francis (Eds.), New York,
USA, pp. 260-297. ISBN 0203934245.

[17] Sudret, B. (2008). Global sensitivity analysis using polynomial chaos expansion, Reliability Engineering And
System Safety, 93(7), pp. 964-979. DOI: 10.1016/j.ress.2007.04.002.

[18]Houmadi, Y., Ahmedb, A.& Soubrab, A. (2012). Probabilistic analysis of a one-dimensional soil consolidation
problem, Georisk: Assessment and Management of Risk for Engineered Systems and Geohazards, 6(1), pp. 36-
49. DOI: 10.1080/17499518.2011.590090 .

[19]Polder, R.B. &Rooij, M.R. (2005). Durability of marine concrete structures — field investigations and modelling,
HERON, 50 (3), pp. 133-153, 18 december 2018, from: https://repository.tudelft.nl/view/tno/uuid:89ae49ea-
71a3-418b-a399-7efc3e5b4d45.

[20]Polder, R.B. &Rooij, M.R. (2003).Investigation of the concrete structure of the Eastern Scheldt Barrier after 20
years of exposure to marine environment, TNO-Report 2002-CI-R2118-3 final version.

[21]Duracrete (2000). Statistical quantification of the variables in the limit state functions. Technical report, The
European Union - Brite EuRam 1II - Contract BRPR-CT95-0132- Project BE95-1347/R9.

[22] Stewart, M.G. & Mullard, J.A. (2007). Spatial time-dependent reliability analysis of corrosion damage and the
timing of first repair for RC structures, Engineering structures, 29(7), pp. 1457-1464. DOI:
10.1016/j.engstruct.2006.09.004.

[23]Faber, M. H. &Serensen, J. D. (2002). Indicators for Inspection and Maintenance Planning of Concrete Structures,
Journal of Structural Safety, 4 (120), pp. 377-396. DOI: 10.1016/S0167-4730(02)00033-4.

[24]Lemaire, M. Chateauneuf, A. &Mitteau, J.C. (2009).Preliminary Approach to Reliability in Mechanics, In:
Structure Reliability, Jacky Mazars (Eds.), pp. 19-37. DOI: 10.1002 / 9780470611708.

[25]Neville, A.M. (1995). Chloride Attack of Reinforced Concrete: An Overview, Materials and Structures, 28(2),
63-70. DOI: 10.1007/BF02473172.

[26] Bamforth, P.B.&Price, W.F. (1993). Factors Influencing Chloride Ingress into Marine Concretes, International
Conference - Concrete 2000, University of Dundee, Scotland, pp. 1105 — 1118. isbn:(0419189904).

[27]Lounis, Z. &Amleh, L. (2003).Reliability based prediction of chloride ingress and reinforcement corrosion of
aging concrete bridge decks, the 3rd international IABMAS workshop on life cycle cost analysis and design of
civil infrastructure systems, Lausanne, Switzeland, pp. 139-147.
https://nrc-ublications.canada.ca/eng/view/accepted/?id=b9ee359e-59da-4b31-acc7-1852de809064

[28] Glass, G.K.&Buenfeld, N.R. (1995).Chloride levels for corrosion induced deterioration of steel in concrete, 1st
RILEM workshop on Chloride Penetration into Concrete, St-Remy-Les-Chevreuses, France, October 15-18.

[29] Euro-International Concrete Committee. (1992). Durable concrete structures, 2nd edition, Thomas Telford ed.
n°183ISBN 978-0-7277-1620-0.

[30] Groeneveld, R.A. & Meeden, G. (1984). Measuring Skewness and Kurtosis, The Statistician. 33 (4), pp. 391—
399. DOI:10.2307/2987742.



