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Abstract: Chloride penetration is among the main causes of corrosion initiation in reinforced concrete (RC) structures producing

premature degradations. Weather and exposure conditions directly affect chloride ingress mechanisms and therefore the operational

service life and safety of RC structures. Consequently, comprehensive chloride ingress models are useful tools to estimate

corrosion initiation risks and minimize maintenance costs for RC structures placed under chloride-contaminated environments.

This paper first presents a coupled thermo-hydro-chemical model for predicting chloride penetration into concrete that accounts for

realistic weather conditions. This complete numerical model takes into account multiple factors affecting chloride ingress such as

diffusion, convection, chloride binding, ionic interaction, and concrete aging. Since the complete model could be computationally

expensive for long-term assessment, this study also proposes model simplifications in order to reduce the computational cost.

Long-term chloride assessments of complete and reduced models are compared for three locations in France (Brest, Strasbourg and

Nice) characterized by different weather and exposure conditions (tidal zone, de-icing salts and salt spray). The comparative study

indicates that the reduced model is computationally efficient and accurate for long-term chloride ingress modeling in comparison to

the complete one. Given that long-term assessment requires larger climate databases, this research also studies how climate models

may affect chloride ingress assessment. The results indicate that the selection of climate models as well as the considered training

periods introduce significant errors for mid- and long- term chloride ingress assessment.

Keywords: reinforced concrete, chloride ingress, moisture transport, heat transfer, corrosion, long-term assessment,

weather condition.

1. Introduction

Chloride ingress is among the principal causes of deteri-
oration of reinforced concrete (RC) structures in chloride-
contaminated environments leading to important service-
ability and safety reductions as well as increasing repair and
maintenance costs (Bastidas-Arteaga and Schoefs
2012, 2015; Imam et al. 2015; Kim et al. 2016). For
example, about 173,000 bridges on the interstate system of
the United States are structurally deficient or functionally
obsolete due in part to corrosion (Bhide 2008; Pritzl et al.

2014; Radlińska et al. 2014). Concrete provides physical and
chemical protection to the reinforcing steel in these envi-
ronments where the chloride sources are external (seawater,
de-icing salts, and salt spray) or internal (chlorides from
concrete mixing). Most part of RC structures located in
maritime and coastal zones are subjected to chloride through
salt spray and seawater. Some RC structures located inland
are exposed to de-icing salt during cold seasons.
Chloride ingress into concrete is a complex mechanism

that could be influenced by the following circumstances:

• The chloride concentration of the surrounding environ-
ment varies over time.

• The amount of chloride in contact with concrete depends
on its exposure to the surrounding environment which
can be classified into four zones: submerged, tidal, splash
and salt spray.

• The material properties change over time and are
influenced by environmental conditions (e.g., tempera-
ture and relative humidity).

Among these factors, experimental evidence indicates that
chloride penetration is highly affected by environmental
conditions through temperature and humidity. For example,
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climate change can lead to lifetime reductions ranging from
2 to 18% for RC structures subjected to continental, tropical
and oceanic weather conditions (Bastidas-Arteaga et al.
2010; Bastidas-Arteaga and Stewart 2015). Wang (2010)
also confirms similar conclusions concerning the effects of
climate change on RC durability.
The chloride-induced corrosion of steel reinforcement has

been a critical issue for the service life assessment of RC
structures. Therefore, several investigations have been car-
ried out to understand and model chloride ingress and steel
corrosion processes (Andrade and Alonso 1996; Martin-
Pérez 1999). Before studying corrosion propagation, it is
very important to understand chloride ingress processes.
Chloride penetrates into concrete by different mechanisms
such as diffusion, convection, migration, absorption, per-
meation, and thermo-diffusion. The Fick’s law and Nernst–
Planck equations are most commonly used in the literature to
model chloride penetration into concrete. Analytical solu-
tions of these equations are often used for engineering pur-
poses (Liu and Weyers 1998; Morga and Marano 2015; Pang
and Li 2016; Srubar 2015; Xi and Bažant 1999). These
models are valid under the following assumptions (Tuutti
1982): (a) concrete is saturated (permanently submerged in
seawater), (b) concrete is homogeneous, (c) chloride coef-
ficient diffusion is constant (in time and in space), and
(d) surface chloride concentration is constant in time. The
latter may be less restrictive than the others. In a recent
research, de Vera et al. (2015) used the Fick’s second law of
diffusion to model chloride ingress into concrete structures
exposed to atmospheric environment assuming that the
chloride flux is constant. Under this assumption it is pos-
sible to consider a time-variant surface chloride concen-
tration. However, the fickian diffusion-based models are
limited when different transfer phenomena are involved.
Nernst–Planck equations are commonly used for modeling
chloride ingress in non-saturated concrete structures located
in tidal zones and inland under salt spray attack or de-icing
salt (Nielsen and Geiker 2003; Samson and Marchand
2007; Amiri et al. 2015). Chloride ingress through unsat-
urated concrete is a complex problem involving diffusion,
convection, chemical interaction, water activity, and
thermo-gradient transfer terms. Nernst–Planck equations
can be then coupled with moisture transport and heat
transfer relationships to establish a complete model of
chloride ingress. In addition, these models account for other
factors such as: chloride binding, ionic interaction, aging
factor, temperature, humidity (Bastidas-Arteaga et al. 2011;
Martin-Pérez 1999).
Estimation of corrosion initiation time in RC structures is

crucial for minimizing both maintenance costs and failure
risks (Bastidas-Arteaga and Stewart 2015). The advantage of
analytical solutions of Fick’s law is their low computational
cost; however, these models cannot represent accurately
chloride ingress under real (complex) exposure conditions,
leading to poor prediction. This point is improved by
Nernst–Planck based models but they are generally com-
putationally expensive (Marchand and Samson 2009). Its
computational efficiency is affected directly by the type of

chloride ingress model and the time discretization step.
Complex chloride ingress models take into consideration
more interactions among transfer phenomena (e.g., chloride
ingress mechanisms, water activity, and thermo-gradient
transfer, etc.). Nevertheless its relatively high computational
cost poses a serious problem to estimate corrosion initiation
time. In particular, when lifetime assessment includes the
uncertainties involved in this problem (Bastidas-Arteaga
et al. 2010, 2011, 2013).
The assessment of corrosion initiation risks also requires

long-term and high-resolution climate simulated databases
for a given location. Such databases are rarely found in
practice where over-simplified models are used to represent
deterministic (Martin-Pérez 1999) or probabilistic (Bastidas-
Arteaga et al. 2013; Breysse et al. 2014) climate parameters.
The use of over-simplified climate models as well as the
selection of time resolutions introduces additional errors for
lifetime assessment. Time-averaged exposure data neglects
important climate variations leading to the reduction of
chloride ingress penetration rates (Flint et al. 2014); there-
fore, understanding the influence of these aspects becomes
essential to improve the accuracy of chloride ingress
modeling.
Within this context, the purposes of this study are:

• To introduce a complete model of chloride ingress that
takes into account: concrete chloride binding capacity,
time-dependent nature and effects of temperature and
humidity in the surrounding environment, time-depen-
dent diffusion and chloride flow into unsaturated
concrete considering water activity, and interaction
between chloride content and water vaporization.

• To establish an efficient (reduced) chloride ingress model
ensuring a good accuracy (with respect to the complete
model) with reduced computational effort for long-term
lifetime assessment under realistic climate and exposure
conditions.

• To study the effects of time discretization step and
climate models on the corrosion initiation time assess-
ment for specific weather conditions.

The paper is organized as follows. Section 2 describes
the chloride ingress models (complete and reduced) as well
as the initial and boundary conditions. Section 3 presents
the climate databases (temperature air, temperature water
and relative humidity) and climate models that are con-
sidered in the numerical example. Section 4 evaluates the
performance of the reduced model for various realistic
climate and exposure conditions and provides recommen-
dations for each case. Section 4 also includes a discussion
about the use of simulated climate data for lifetime
assessment.

2. Modeling Chloride Ingress

Chloride ingress is governed by different phenomena such
as moisture transport, heat transfer and chloride transfer. The
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following sections describe each phenomenon through
transfer equations at the macroscopic scale.

2.1 Complete Model of Chloride Transfer
2.1.1 Modeling Moisture Transport
Moisture transfer is a driving factor for multi-physical

chloride ingress models. It can be modeled using Darcy’s
law with main capillary pressure or humidity diffusion. Main
capillary pressure takes into account the vapor transfer that
influences condensation and vaporization for low moisture
content in concrete (Baroghel-Bouny et al. 2011; Mualem
1976). Humidity diffusion is a quite empirical approach that
uses average moisture diffusion coefficients (Martin-Pérez
1999). This work considers a moisture transport model based
on humidity diffusion according to Darcy’s law and thermo-
diffusion generated by a temperature gradient that requires
therefore the knowledge of sorption–desorption curves
(Nguyen and Amiri 2016):

oW

ot
þ div Dh

oW

ox
|fflfflffl{zfflfflffl}

humidity diffusion

þ DT
oT

ox
|fflffl{zfflffl}

thermo�diffusion

0

B

B

@

1

C

C

A
¼ 0 ð1Þ

where W is the moisture content (m3 water/m3 concrete) at
depth x and time t, T is the temperature inside concrete (K),
Dh and DT are respectively the humidity (m2/s) and thermo-
diffusion (m2/(s 9 K)) coefficients that depend on weather
conditions and material properties. These coefficients can be
estimated from:

Dh ¼ exp
Eh

R
� 1

Tref
� 1

T

� �� �

� �KwKrw

lw
W

qwRvT

RH
� Pvs
qwRvT

ε�Wð ÞDva

� �

� oRH

oW
ð2Þ

and

DT ¼ KwKrw

lw
W

Pc
T
� 1

qw

RH

Rv
ε�Wð ÞDva

o Pvs
T

� �

oT
ð3Þ

where Eh is the activation energy of moisture transfer
process (J/mol), R is the gas constant (8.314 J/mol K), Tref is
the reference temperature chosen equal to 20 �C, Kw is the
permeability to water of concrete (m2), Krw is the relative
permeability to water of concrete (-), lw is the water
viscosity (Pa 9 s), qw is the density of water (kg/m3), Rv is
the specific gaz constant (461.89 J/(kg 9 K)), ε is the
porosity of concrete (-), RH is the relative humidity inside
concrete, Pvs is the saturated vapor pressure (Pa) that can be
expressed as below:

Pvs ¼ exp 13:7� 5120

T

� �

ð4Þ

The capillary pressure Pc (Pa) can be calculated through
the Kelvin’s Equation:

Pc ¼ � qw
Mw

� RT� lnðRHÞ ð5Þ

where Mw is the molecular weight of water (18 g/mol).
There is a relation between the relative humidity and mois-
ture content [Eq. (8)]. From Eqs. (5), (8) and (9) we can
determine the capillary pressure according to the moisture
content.
The vapor diffusion coefficient in gas Dva (m

2/s) can be
determined as follows (Mualem 1976):

Dva ¼ 2:17 � 10�5 T

Tref

� �1:88

�ε�2 � ε�Wð Þ2mþ2 ð6Þ

where m is a factor representing concrete skeleton resistance
to gas equal to 1.4 (-) (Mualem 1976; Sleiman et al. 2009).
Sorption isotherm describes relation between moisture

content of concrete (m3 water/m3 concrete) and relative
humidity of concrete. This relation is expressed as (Gen-
uchten 1980; Mualem 1976):

W

ε
¼ 1þ �a � ln RHð Þ

1
1�b

� ��b
ð7Þ

where a and b are empirical parameters defined by
(Genuchten 1980) and represent sorption–desorption
curves. The moisture diffusion coefficient of Eqs. (1) and
(2) includes vapor movement. In case of a concrete exposed
to very low humidity, the vapor flow can be more important
than liquid water flow. In addition, in the present work, we
take into account the chloride effect on the water retention
capacity of concrete. Indeed, the presence of chloride in pore
solution reduces liquid water evaporation. This may slow
down the moisture transport, especially in case of low
relative humidity. The sorption curve is thus mathematically
described as follows (Baroghel-Bouny et al. 1999):

W

ε
¼ 1þ �a� ðln RH� ln awÞð Þ

1
1�b

� ��b
ð8Þ

where aw is the water activity estimated from the following
equation (Nguyen 2007):

ln aw ffi � 2Mw

qw
� Cf ð9Þ

where Cf is the free chloride concentration that will be
detailed in Sect. 2.1.3.
From the sorption curve, we can determine relative per-

meability to water that describes the effective permeability
of liquid phase in concrete as (Mualem 1976):

Krw
W

ε

� �

¼ W

ε

� �5;5

� 1� 1� W

ε

� �1
b

 !b
0

@

1

A

2

ð10Þ

The relative permeability varies from 0 to 1. It equals 1
when concrete is saturated with water. Equation (10) takes
into account the discontinuity of the liquid phase at very low
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humidity of concrete by fixing the relative permeability of
concrete to zero.

2.1.2 Modeling Heat Transfer
Several approaches have been developed to predict tem-

perature evolution in cement based materials (Jensen and
Hansen 1999; Samson and Marchand 2007). The most
common methods are based on a single mass conservation
equation with average parameters. We can find in the liter-
ature complex models of heat transfer involving the contri-
bution of all phases (gas, liquid, solid), hydration process
energy, convection and conduction (Martin-Pérez 1999). For
a prediction of long-term behavior, in most cases, energy
associated with water vaporization, gas movement and
hydration would become weak as compared to the conduc-
tion. Therefore, the heat transfer equation can be written as
follows:

oT

ot
� 1

q0 � Cp
� div k grad T

|fflfflfflffl{zfflfflfflffl}

conduction

0

@

1

A ¼ 0 ð11Þ

where q0 is the density of concrete (kg/m3), Cp is the
effective heat specific of concrete (J/(kg 9 C)) and k is the
heat conductivity of concrete (W/(m 9 C)) that depends on
weather conditions and material properties and that can be
determined from (Samson and Marchand 2007):

k ¼
kref � 0:244 W

� � 1
� �

þ 1
� �

� 0:0015 T� Trefð Þ þ 1ð Þ if T� � 4 �C

k ¼ 1:5 if T\� 4 �C

:

8

>
<

>
:

ð12Þ

where kref is the reference concrete heat conductivity mea-
sured for a given temperature—e.g., Tref = 20 �C. k linearly
increases with the moisture content of concrete.
Equation (12) could account for freezing and thawing

situations. Indeed, k is assumed constant for negative tem-
peratures. Above the threshold (T C - 4 �C), k increases
linearly with the temperature.

2.1.3 Modeling Chloride Transfer
According to Samson and Marchand (2007), chloride transfer

is modeled by the mass balance equation including diffusion,
convection, chemical activity and thermo-diffusion terms:

o WCfð Þ
ot

þoCb

oCf
�oCf

ot

�div De W grad Cf
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
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|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
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0

@
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C
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where Cf is the free chloride concentration (mol/m3

solution), Cb is the bound chloride concentration (mol/m3

concrete), cCl is the chemical activity coefficient for
chlorides that depends on the free chloride concentration,
DW is the liquid water diffusion coefficient (m2/s) that can be
expressed as follows:

DW ¼ exp
Eh

R
� 1

Tref
� 1

T

� �� �

� �KwKrw

lw
W

qwRvT

RH

� �

� oRH

oW
ð14Þ

De is the coefficient of chloride transfer (m2/s) that takes
into account temperature, moisture, age of concrete and free
chloride concentration:

De ¼ DCl;ref � f 1ðTÞ � f 2ðtÞ � f 3ðWÞ � f 4 Cfð Þ ð15Þ

where DCl,ref is the reference diffusion coefficient measured
at standard conditions, f 1 Tð Þ is a function that takes into
account the effect of the temperature:

f 1 Tð Þ ¼ exp
Ea

R
� 1

Tref
� 1

T

� �� �

ð16Þ

where Ea is the activation energy of chloride transfer
process. f 2 tð Þ is a function that considers the effect of
concrete aging:

f 2 tð Þ ¼ tref
t

� �mage

ð17Þ

where tref is the time of exposure at which DCl,ref has been
measured (tref = 28 days), t is the actual exposure time
(days) and mage the age factor (-). f 3 Wð Þ is a function
accounting for the moisture content dependence (Buchwald
2000):

f 3 Wð Þ ¼ W

ε

� �7
3

ð18Þ

f4(Cf) is a function that considers chloride concentration
effect on chloride diffusion process (Damrongwiriyanupap
et al. 2015):

f 4 Cfð Þ ¼ 1� kion � Cc
f

� �mion ð19Þ

where kion and mion are empirical parameters (kion = 8.33,
mion = 0.5) (Damrongwiriyanupap et al. 2015) and Cf

c is the
free chloride concentration (kg/kg concrete).
The chemical activity coefficient can be determined as

(Samson and Marchand 2007):

In cCl ¼ �
ffiffiffi

2
p

� F2 � e0

8p� ere0RTð Þ1:5
� z2Cl �

ffiffiffiffiffi

Cf

p

ð20Þ

where F is the Faraday constant (96,500 C/mol), e0 is the
elementary charge (1:6� 10�19CÞ, er is the relative per-
mittivity of water (er = 80), e0 is the vacuum permittivity
(e0 ¼ 8:82� 10�12A2 � s4=ðkg�m3) and zcl is the chloride
ion charge (zcl = -1).
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The bound chloride concentration depends mainly on
concrete properties and free chloride concentration in pore
solution. In general, it is determined experimentally. For
concrete exposed to maritime conditions where chloride
concentration is not high, the Langmuir isotherm provides
the best description of bound chloride concentration (Larsen
1998; Tang and Nilsson 1993). This work uses this isotherm
for calculating the bound chloride content as:

Cb ¼
aiCf

1þ biCf
ð21Þ

where ai and bi are parameters estimated experimentally.
This section presented a coupled thermo-hydro-chemical

model for chloride ingress into concrete. The model involves
major processes that occur during chloride penetration such
as diffusion, convection, thermo-diffusion and chemical
activity. It also takes into account temperature and moisture
changes of the surrounding environment. The complete
model expressed by the set of Eqs. (1–21) is hence accurate
to predict the chloride ingress process. Nevertheless, it
requires a high computational cost that could be restrictive
for the long-term assessment of the corrosion initiation time
in RC under realistic climate and exposure condition. Fur-
thermore, the computational burden increases in the case of
probabilistic assessment of RC structure durability. This
problem could be dealt with a reduced numerical model or
increasing the time-discretization step. Hence, the following
section presents a reduced ingress chloride model. The
illustrative examples (Sect. 4) compare results obtained from
both the complete and reduced models and study the effects
of the time-discretization steps for different types of expo-
sure conditions.

2.2 Reduced Model of Chloride Ingress
This section presents a reduced model of chloride pene-

tration based on the above-mentioned complete model. It
retains the main terms of the coupled thermo-hydro-chemical
transfer equations. The moisture transfer equations neglect
thermo-diffusion terms and vapor flow by assuming that
Darcy diffusion is the key parameter for humidity transfer:

oW

ot
þ div DW

oW

ox

� �

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

humidity diffusion

¼ 0 ð22Þ

DW ¼ exp
Eh

R
� 1

Tref
� 1

T

� �� �

� �KwKrw

lw
W

qwRvT

RH

� �

� oRH

oW
ð23Þ

This simplification could lead to wrong chloride assess-
ment when the weather conditions are rather dry. Therefore,
a comparison between complete and reduced models is
necessary to validate this assumption.
The heat transfer equations remain unchanged [Eqs. (11)

and (12)] Indeed, in the heat equations we have removed the
heat flows from vapor diffusion and convection terms that

are negligible as compared to the heat conduction (Samson
and Marchand 2007). This model of heat transfer is able to
take into account the humidity state of concrete despite these
simplifications.
Concerning chloride transfer, it is assumed that the

chemical activity and thermo-gradient terms are negligible
because the gradient of the activity coefficient is practically
zero for the considered range of chloride concentrations (de
Vera et al. 2000; Hidalgo et al. 2001). The thermo-gradient
term mainly depends on ionic diffusion, chemical activity
and temperature gradient. The latter is weak because of a
rapid heat transfer through concrete. The mass conservation
equation of chloride transfer considers only the diffusion and
convection terms and is written as:

oWCf

ot
þ oCb

oCf

oCf

ot

� div De W grad Cf
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

diffusion

þ Cf DW gradW
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

convection

0

@

1

A

¼ 0 ð24Þ

2.3 Initial and Boundary Conditions
2.3.1 Initial Condition
Initial conditions are required for solving the systems of

partial differential equations (PDEs) for the complete
[Eqs. (1), (11) and (13)] or the reduced [Eqs. (11), (22) and
(24)] models. According to the literature (Zhang et al. 2012),
the interior humidity of early-age concrete can be described
by a vapor-saturated stage. Afterwards, the concrete
humidity decreases gradually. This reduction depends on
location and climate conditions. However, it is quite com-
plicated to define the real humidity after early-age concrete.
In this work, it is assumed that the concrete have reached a
stable humidity when subjected to the external climate
conditions. The initial relative humidity of concrete is set
uniform across the whole concrete sample and equals 70%
(Sleiman et al. 2009). The temperature of concrete depends
highly on the surrounding environment temperature; its
initial value is thus hypothetical. The temperature of con-
crete is considered uniform and equals 20 �C. Concerning
initial chloride concentration, it is possible to have a low
amount of chlorides inside concrete mix ingredients such as
aggregate and cement. The chloride content can be provided
by the manufacturer or experimentally determined. How-
ever, in general, the amount of chloride mixed in is low and
can be neglected with respect to chloride coming from
outside. Therefore, we suppose that the initial chloride
content is equal to zero.

2.3.2 Boundary Conditions
The boundary conditions at the exposed surface are based

on the flow of surrounding parameters (relative humidity,
temperature and chloride concentration) crossing the con-
crete surface. In this work, we consider two configurations of
exposure: wetting–drying cycles (tidal zone) and air expo-
sure. For both configurations, the flux of w (moisture,
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temperature, or chlorides) crossing the concrete surface, us
w

is expressed as:

us
w ¼ hw ws � wenvð Þ

|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

diffusion

þ wenvu
0s
w

|fflfflffl{zfflfflffl}

convection

ð25Þ

where hw is the surface transfer coefficient, ws is the value of
w at the concrete exposed surface, wenv is the surrounding
environment parameter for each physical problem and u

0s
w is

the convection flow at the exposed surface. Unlike air
exposure, in wetting–drying cycles the surface transfer
coefficients hw are very high, which leads to Dirichlet’s
boundary conditions.
This paper also considers that all transfers are unidirec-

tional. Therefore, it is assumed that there are not additional
fluxes of w for the other surfaces. The climate evolution is
thus taken into account by the variable wenv. In the case of
partial immersion in seawater (tidal zone), concrete surface
is exposed to cycles of wetting (6 h) and drying (18 h)
during 1 day in accordance with the literature (Sleiman et al.
2009). When structure is exposed to salt spray, it is assumed
that surface chloride concentration imposed at concrete
exposed surface is constant. If the structure is subjected to
de-icing salts, it is considered that during 5 months of cold
periods, surface chloride concentration is also constant. In
the section considering case studies, the values of surface
chloride concentration are detailed.

2.4 Numerical Resolution of Governing Transfer
Equations
This work focuses mainly on the assessment of chloride

concentration at the concrete cover depth, Cac, which is
useful to estimate corrosion initiation risks. In order to cal-
culate the chloride concentration inside a concrete structure
and estimate the time to corrosion initiation, we need to
solve the system of PDEs described in Sects. 2.1 and 2.2.
Towards this aim, we use the finite volume method with two
mesh sizes. The first mesh size (50 mm) is used to discretize
the length from the concrete surface until the concrete cover
depth (5 cm). The second one (150 mm) is used to discretize
the material from the concrete cover depth until a maximum
depth of 20 cm.
Figure 1 summarizes the proposed algorithm used to

estimate the evolution in time and depth of T, W and Cf

inside concrete. After introducing the material properties
and the initial conditions, the finite volume method is used
to solve the heat transfer equations, then the moisture
transport relationships and finally the chloride ingress
equations. The solution of each transfer set of equations
considers the evolution of exposure conditions at each time
step dt. The system of PDEs is integrated by using the
same dt. The computation is stopped when time exceeds a
predefined structural lifetime (Tlifetime = 100 year) or when
the chloride concentration at the rebar level exceeds a
threshold chloride concentration for corrosion initiation
Ccrt = 0.4% by weight of cement (& 37 mol/m3 of con-
crete) (Duracrete 2000).

3. Climate Data and Modeling Climate
Evolution

In order to consider the effect of various climate and
exposure conditions, this study includes three localizations
in France that represent three different climate configura-
tions: Brest (Atlantic west coast where climate is temperate
and humid), Strasbourg (mild continental climate where
climate is continental with a cold winter), and Nice (mild
Mediterranean climate where climate is hot and dry). The
climate data was provided by Méteo France from instru-
mented sites located inland and on the seashore
[https://donneespubliques.meteofrance.fr]. It includes rela-
tive humidity, air, and seawater temperatures (Sect. 3.1).
Since in practice it is difficult to obtain long-term climate
predictions, various climate models are also presented in
Sect. 3.2. Section 4 will study the effects of these climate
models in comparison to real climate data for long-term
assessment of chloride ingress.

3.1 Climate Database
Figures 2, 3 and 4 show the climate database of Nice,

Brest and Strasbourg for a period of 13 years from 2003 to
2015. The climate parameters (relative humidity, air and
water temperature) were hourly recorded. This allows
studying the effect of maximum or minimum daily climate
variations on transfer processes. The data displayed in these
figures indicate that the climate conditions are different for
each place. Nice has a hot and dry climate, Brest has a cold
and humid climate, and Strasbourg has a very cold and
slightly humid climate. The Strasbourg climate has at least
one negative temperature period per year. We study the
effect of these different exposure conditions in Sect. 4. Since
the assessment of corrosion initiation time requires a sig-
nificant amount of climate data, we assume that the climate
database cycle is 13 years periodic by using several times
the 13 years database. This climate database is used as an
input for the chloride ingress model in order to compute the
evolution of chloride concentration at the rebar level.

3.2 Modeling Climate Evolution
This section concerns the modeling of three climate

parameters: air, seawater temperatures and specific humidity.
To assess impact of climate models on RC lifetime predic-
tion, in the present work, we consider three different climate
models. The two first models can represent daily climate
variation. While the first one uses a yearly-based database to
model daily climate variation, the second one uses a
monthly-based database. The third model only takes into
account seasonal climate variation. The following sections
describe these models.

3.2.1 Daily Climate Model Considering a Yearly
Type Day (DYT)
The DYT was utilized in some works in the literature

(Yuan and Jiang 2011; Bastidas-Arteaga et al. 2013). This
climate model includes average, seasonal and daily variation
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terms. The parameters of the model are unchanged over the
whole considered time. The model for climate parameters is
expressed as:

ws tð Þ ¼ 1

n

X
n

i¼1

ws
i

|fflfflfflffl{zfflfflfflffl}

mean

þ ws
1 � sin

2pt
365:25� 24

þ ws
2

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

seasonal variation

þ ws
3 � sin

2pt
24

þ ws
4

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

daily variation

ð26Þ

where ws is the modeled weather parameter (air temperature
Ta, seawater temperature Tw or specific humidity SH), n is the

number of measurement data, and the factors ws
1;w

s
2;w

s
3, and

ws
4 are obtained by fitting the climate model with the database.
Modeling relative humidity variations requires working on

specific humidity SH with respect to conservation of mass
because this parameter does not depends on air body tem-
perature and pressure changes. SH is a ratio of the water
vapor content to the total air content on a mass basis (m–3/
m3). The relative humidity can be determined from (Basti-
das-Arteaga et al. 2013):

RH ¼ SH

exp 13:7� 5120
T

� �

� ðSHþ 0:622Þ
ð27Þ

In order to model climate evolution, we choose the climate
data over the period of 13 years from 2003 to 2015 as input

Fig. 1 Algorithm for calculating temperature, moisture content and chloride profiles.
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database. Figures 2, 3 and 4 compare the database with the
results of the daily yearly-based climate model. To estimate
accuracy of the climate model, we calculate the sum of
squares due to error between database and climate model. It
was found that the error of the climate models are about 34,
8 and 43% for air temperature, water temperature and
specific humidity in Brest, respectively. For Strasbourg, we
estimate air temperature and specific humidity errors of 25
and 33%, respectively. For Nice, the errors were 13 and 30%
for air temperature and specific humidity, respectively. These
results indicate that this climate model represent quite well
daily temperature variations of seawater but it cannot rep-
resent correctly extreme values of air temperature and
specific humidity. This is due to the fact that when we use a
yearly-based database to characterize the daily variation term
of Eq. (26) the model identifies the same amplitude param-
eter ws

3 for all months. Figure 4 shows that the daily yearly-
based model is not well adapted to represent this kind of
climate; in particular, for modeling relative humidity
variations.

3.2.2 Daily Climate Model Considering a Monthly
Type Day (DMT)
This climate model also takes into account average, sea-

sonal and daily climate variations as in Eq. (26). However,
in this climate model we are interested in characterizing a
daily climate variation for each month. Figure 5 shows the
daily climate variation of August 2005 in Brest, France
obtained from above-mentioned models. In comparison with
the daily yearly-based model, this model provides a better
representation of daily climate variations.

3.2.3 Seasonal Climate Model
This model only considers climate average and seasonal

climate variation terms only:

ws tð Þ ¼ 1

n

X
n

i¼1

ws
i

|fflfflfflffl{zfflfflfflffl}

climate average

þ ws
1 � sin

2pt
365:25� 24

þ ws
2

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

seasonal variation

ð28Þ

This is a common model used to simulate seasonal climate
variations in the literature (Martin-Pérez 1999). However,
Fig. 5 shows that there is an important scatter in comparison
with hourly climate variations. The following section
explores how the approximations of climate models influ-
ence long-term chloride ingress assessment.

4. Illustrative Example

4.1 Problem Description
In order to compare the complete and reduced chloride

ingress models, one specific chloride-contaminated envi-
ronment is assigned to each location (Table 1). These
exposures correspond to a tidal zone with wetting–drying
cycles, a cold inland area where chlorides come from de-
icing salts and a coastal zone were chlorides are carried by
salt spray for Brest, Strasbourg and Nice, respectively. It
should be noted that the surface total chloride concentration
Cs is used for structures placed in Strasbourg and Nice. The
used values are also detailed in Table 1. For the structure
sited in a tidal zone (Brest), we imposed a free chloride
concentration Cf at the concrete surface corresponding to the
seawater (17.75 kg/m3 water) concentration during the
immersion period (high tide). During low tide, the chloride
flux at the surface of the concrete is zero. The isotherm
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equation is used to calculate the total chloride concentration
Cs.
We also consider that the three RC structures were built

using the same concrete that contains 330 kg/m3 of ordinary
Portland cement, 8% of C3A and w/c = 0.5. It is assumed
that the hydration period tref, equal 28 days [Eq. (15)]. The
main parameters of the considered concrete are described in
Table 2.

4.2 Results: Chloride Transfer Model and Time-
Step Effect
The following results focus on the comparison of the total

chloride concentration estimated by both the complete and
reduced models at the cover depth (5 cm). They also study
the effect of the time-step used for averaging the climate
database, dt—e.g., hourly, daily, weekly, etc. The results are
compared with the reference cases using time discretization

Table 1 Exposure conditions for each location.

Location Description of exposure conditions Cs References

Brest Coastal structure placed in a tidal
zone with one cycle of wetting
(6 h) and drying (18 h) per day

Cf = 17.75 kg/m3 water Sleiman et al. (2009)

Strasbourg Inland structure located in a cold
region where de-icing salts are
applied during a winter period of

5 months (from October to
February). This cold period
length was assumed based on

recorded weather data

3.5 kg/m3 concrete Bastidas-Arteaga et al. (2013)

Nice Structures placed at 0.1 km from
the seashore. Chlorides are

carried by salt spray from sea
chlorides mixed in the humid air.

The surface chloride
concentration is constant during

the structural lifetime

2.95 kg/m3 concrete Martin-Pérez (1999)

Table 2 Material parameters (Samson and Marchand 2007; Nguyen 2007).

Physical problem Parameter Unit Value

Moisture transport a – 3.82

b – 0.47

m – 1.40

lw Pa 9 s 1 9 10-3

Kw m2 3 9 10-21

Eh kJ/mol 30

ε – 0.12

Heat transfer kref W/m K 2.46

Cp J/kg C 1000

q0 Kg/m3 2400

Chloride ingress DCl,ref m2/s 3 9 10-12

Ea kJ/mol 35

ai m3 solution/m3 concrete 0.38

bi m3 solution/mol chloride 0.07

mage – 0.15

mion – 0.50

kion – 8.33
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step of 1 h. As mentioned in Sect. 2.4, the simulations are
stopped once corrosion initiation takes place or after
100 years of exposure.

4.2.1 Exposure to a Tidal Zone
Figure 6 compares the complete and the reduced models

for various values of time step dt. The overall evolution of
the chloride concentration curves confirms previous results
of the literature that chloride penetrates very fast into RC
structures located in tidal zone (Amiri et al. 2015). We found
that the use of the reduced model of chloride ingress does
not affect chloride concentration at the steel level. The
computational error compared to the complete model is
about 1% according to Table 3. Figure 6 also shows that
there is a small influence of the considered time-steps
(dt = 1 h and dt = 6 h) on the chloride concentration at the
steel level. These two small time-steps were selected because
the RC structure is subjected to 6–18 h wetting–drying
cycles. The small difference could be explained by the
imposed environmental conditions. The structure is exposed
to seawater during a quarter of the day where it is subjected
to a saturated environment with small temperature fluctua-
tions (Fig. 7). Therefore, accounting for hourly variations
during the drying period does not affect significantly the
chloride ingress process.
We can note that for the weather condition and type of

exposure, some terms of chloride ingress equations, such as
vapor diffusion or thermo-diffusion does not play important
roles for a concrete subjected to larger relative humidity. In
particular, when we focus on the assessment of chloride
ingress at the cover rebar. It was also found that a time-step
with the length of the drying cycles reduces in ten times
computational effort without adding significant errors
(Table 3). However, different results could be obtained for
larger lengths of the drying cycles.

4.2.2 Exposure to Chloride from De-Icing Salts
For this type of exposure, we consider various time-steps

from 1 h to 7 days. According to the results displayed in
Fig. 8, we found that there is no significant difference

between complete and reduced models as in the previous
case. In contrast, when the time-step increases, chloride
concentrations for a given exposure year are underestimated
with respect to the reference case (dt = 1 h). This difference
can reach 11.3% with a 7 days-time step against 7% with a
24 h-time step (Table 3). The computational errors are
related to the approximations for averaging the mean envi-
ronmental data during each time-step (Fig. 9). It is observed
that the approximation error increases for larger time-step.
For temperature, these errors are: 4% for dt = 6 h, 14% for
dt = 24 h and 22% for dt = 7 days. The errors are mainly
related to the omission of maximum or minimum values of
environmental parameters during the assessment of the
average value for each dt. Despite of an interesting com-
putational gain when dt[ 6 h (Table 3), the computational
errors induce an overestimation from 3 to 5 years of the
corrosion initiation time assessment. Therefore, we suggest
for this kind of exposure to use a reduced model of chloride
ingress with dt = 6 h that is 14.6 times faster in comparison
with the reference case (complete model with dt = 1 h).

4.2.3 Exposure to Chlorides from Salt Spray
Through the results shown in Fig. 10, we found that the

difference between the complete and reduced models is
negligible. However, we observe that the assessment of
chloride ingress is significantly reduced for large time-steps.
For instance, Table 3 indicates that the computational error
can reach 23.4% for dt = 7 days. This is mainly related to
the specific climate of Nice (Fig. 4). Figure 11 shows that
the average value estimated for each time-step is still larger
in comparison to the other places (Brest and Strasbourg).
Dryness of Nice weather decreases the chloride ingress rate.
It should be noted that the computation was stopped at
100 years before corrosion initiation. Once the climate data
is averaged during dt the larger values of relative humidity
are neglected inducing an additional reduction of this chlo-
ride ingress rate. Thereby, the reduced model of chloride
ingress with dt = 6 h can be also used to predict chloride
ingress for this kind of exposure. This configuration allows a
gain of 7.6 times of computational effort with respect to the
complete model.

4.3 Results: Climate Prediction Effect
This section estimates the effect of using the three above-

mentioned climate models (Sect. 3.2) for assessing the total
chloride ingress at the cover depth (5 cm). The results
account for the following considerations:

• The parameters of the climate models are determined
from the climate database by considering various lengths
and periods of data for identification (Table 4).

• The chloride ingress at the rebar is assessed from the
reduced model with a time-step dt = 6 h.

• The evaluation of the impact of climate models considers
mid- and long-term exposure times (20 and 50 years,
respectively).

Figure 12 presents the evolution in time of total chloride
content at the rebar depth for all exposures and models. It is
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Fig. 6 Comparison of models considering various time-steps
for a RC structure in a tidal zone (Brest, France).
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observed that the influence of the considered climate model
varies for each environmental condition. For Brest, it was
found that the total chloride concentrations obtained from
the real database and all climate models are very close.
Table 4 indicates that the maximum absolute difference is
smaller than 1.56 mol/m3 concrete. This value represents
about 4% of the critical chloride concentration for corrosion
initiation. The small differences between models and data-
base results are explained by the fact that the structure is
subjected to seawater environmental conditions under 25%

of exposure time. Since seawater environmental conditions
follow a sinusoidal trend (Fig. 2), the approximations for
climate models, for air temperature and relative humidity do
not have a large influence on the chloride ingress assess-
ment. Therefore, the simplest model based on seasonal
variations can be used to predict the durability of RC
structures placed in tidal zones when the immersion time is
larger.
For Strasbourg, the daily monthly-based or yearly-based

models seem to be good approaches with respect to the
realistic climate data in short- and long-term assessments.
However, the performance of daily monthly-based models
(DMT) depends on the length of the training database. It was
found that a 13 years training database improves long-term
chloride ingress assessment. In contrast, the differences with
respect to the reference case (Table 4) were largest when the
training was done for only 1 year. At 50 years these

Table 3 Computational impact analysis for the reduced chloride ingress model.

Exposure Time-step Time to assess error and
gain
(year)

Computational errora

(%)
Computational gainb

Tidal zone

(Brest)

dt = 1 h 32.82 1.2 2.2

dt = 6 h 32.85 1.1 9.9

De-icing salts

(Strasbourg)

dt = 1 h 51.65 0.1 2.7

dt = 6 h 52.22 1.0 14.6

dt = 24 h 55.34 7.0 53.0

dt = 7 days 57.59 11.3 279.0

Salt spray

(Nice)

dt = 1 h 100 0.1 1.4

dt = 6 h 100 0.1 7.6

dt = 24 h 100 7.5 28.4

dt = 7 days 100 23.4 161.3

a Absolute error estimated with respect to the complete model with dt = 1 h.
b Computed as the ratio between the total simulation time for the complete model with dt = 1 h divided by the total simulation time in each
case.
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differences are superior to 4 mol/m3 concrete (about 11% of
Ccrt) and increase with time. These results indicate that for
this kind of exposure and climate the assessment of chloride-
induced corrosion risks is very sensitive to the choice of the
climate model as well as the training period for the DMT. It
is therefore recommended to use a daily yearly-based model
with a long training period.
Concerning Nice, the results indicate that DMT reduce the

differences in comparison to the reference case (Table 4).
Contrarily to Strasbourg results, the difference decreases
when the training period is shorter (1 years). This should be
related to important climate variations that are neglected by
the sinusoidal trend when the model parameters are

identified over larger training periods. It can be observed
from Fig. 4 that this approximation for a training period of
13 years underestimates larger relative humilities that are
paramount for assessment of chloride ingress into RC
structures located in aerial zones. For this reason, all climate
models underestimate chloride ingress. Although the dif-
ference for DMT with a year of training is approximately
1 mol/m3 concrete (about 2% of Ccrt), indicates that it should
increase with time by adding errors for the corrosion initi-
ation estimation.
The studied climate models only take into account

deterministic trends. The assessment could be improved by
including the randomness of the problem (e.g., by adding
a stochastic term to the climate model) to account for
extreme weather conditions that accelerate of decelerate
deterioration processes. The models could also include
climate change effects to study the concrete behavior
under new environmental constraints. Some studies have
included these aspects for probabilistic assessment of
corrosion initiation (Bastidas-Arteaga et al. 2013; Breysse
et al. 2014).

5. Conclusions

This paper presented some considerations to predict
chloride ingress into unsaturated concrete under realistic
exposure and weather conditions. A complete model of
chloride ingress that couples moisture, heat and chloride
transfers is first formulated. Since this complete model
requires significant computational time, a reduced model of
chloride ingress is afterwards proposed. The comparison of
both models showed that they nearly provide similar results
for the three considered exposure conditions: tidal, de-icing
salt, and salt spray zones.
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This study also included the effect of the time-step for
discretizing environmental databases. For all weather con-
ditions, it was found that a time-step of 6 h provides an
accurate calculation of chloride concentration and reduced

the computational effort from 7.6 to 14.6 times with respect
to the complete model.
The influence of three climate models was also studied in

this paper. The results indicated that the selection of climate

Table 4 Mid- and long-term differences between chloride concentrations assessed with the climate database and models (mol/m3

concrete).

Climate model Length and
period of climate

database

20 year 50 year

Brest Strasbourg Nice Brest Strasbourg Nice

DYT 13 year
(2003–2015)

0.84 -0.43 -5.05 -0.81 -0.22 -8.5

DMT 13 year
(2003–2015)

1.56 -0.61 -4.3 0.41 0.27 -6.52

DMT 8 year
(2003–2010)

1.52 0.23 -3.18 0.33 0.6 -4.57

DMT 3 year
(2003–2005)

1.55 -1.74 -2.7 0.4 -1.31 -3.6

DMT 1 year (2009) 1.08 1.13 -0.92 -0.23 4.07 -0.62

DMT 1 year (2015) 1.11 1.8 -1.16 -0.2 4.09 -1.04

Seasonal 13 year
(2003–2015)

1.19 -3.24 -4.16 -0.03 -1.01 -5.89
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Fig. 12 Evolution of total chloride concentration at the cover depth for climate database and models.
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models as well as the training period could introduce sig-
nificant errors for mid- and long- term chloride ingress
assessment. Consequently, it was recommended to analyze
the effects of selecting a given climate model in order to
reduce prediction errors.
Further applications will focus on:

• propagating uncertainties (material, model and environ-
mental exposure) throughout the reduced model in order
to estimate the probability of corrosion initiation using
surrogate modeling techniques; and

• studying the long-term effect of climate change on RC
durability.
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