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Degradation of reinforced concrete (RC) structures due to chloride penetration followed by reinforcement
corrosion has been a serious problem in civil engineering for many years. In the present paper, a system-
atic and robust model for predicting service life of RC structures is developed which takes environmental
humidity and temperature fluctuations, chloride binding, diffusion and convection, as well as the decay of
structural performance into account. The interactions between the decay of structural performance, heat
and moisture transfer are considered in a coupled thermal-hygro-mechanical model. The governing
equations of heat, moisture and chloride transport into nonsaturated concrete are described particularly
and solved numerically by finite element analysis in space and time domains. Comparisons of numerical
results with analytical solutions and experimental observations are conducted to establish the validity of
the proposed numerical model. Applications of the numerical model are demonstrated by predicting ser-
vice life of a RC slab exposed to a chloride environment.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Chloride-induced corrosion of reinforcement has been identi-
fied as one of the most predominant degradation mechanisms in
RC structures. This degradation mechanism leads to a series of
structural problems, such as reduction of the cross-section area
of reinforcement, cracking, spalling and delaminating of concrete
cover and loss of concrete–steel bond strength, and thus reduces
the load-carrying capacity of RC structures. Therefore, service life
prediction of RC structures exposed to chloride environment is of
great importance. A large amount of work done on service life
modeling associated with chloride-induced deterioration has taken
diffusion as the main transport mechanism of chloride into con-
crete, under the assumption that the concrete cover is fully satu-
rated [1–5]. In reality, concrete is often found in a nonsaturated
condition rather than a saturated condition, such as the case of
RC structures exposed to marine environments or de-icing salts.
Chloride penetration into nonsaturated concrete structures is a
complex phenomenon, involving various factors such as diffusion
due to non-uniform distribution of chloride ions and convection
due to moisture diffusion into concrete. Saetta et al. [6] analyzed
the penetration of chloride into concrete structures under com-
bined diffusion and convection. Nielsen and Geiker [7] presented
a simplified model for predicting chloride ingress into partially-
saturated concrete based on Fick’s second law by modifying the
ll rights reserved.

: +86 10 62781824.
).
chloride diffusion coefficient. Ababneh et al. [8] simulated chloride
penetration into nonsaturated concrete under combined mecha-
nism of diffusion and convection by using a multiscale model.
Meijers et al. [9] developed a computational model for simulating
chloride ingress into nonsaturated concrete structures. Despite
these efforts, some discrepancies between the predicted values
and the observed data from laboratory and field still exist. This
may be attributed to the particularity of this problem such as the
difference of moisture transport into concrete during drying–
wetting cycles, the fluctuation of external environment and the
interactions between mass transport and decay of RC structural
performance, etc.

The performance of concrete structures will decay gradually
when exposed to multiple physical, chemical and mechanical dete-
rioration processes. The porosity and permeability of concrete are
increased due to various deterioration processes and the transport
rates of various aggressive agents into concrete are accelerated
accordingly. In turn, the performance of concrete structures decays
further due to the accelerating deterioration processes. The cou-
pling between mass transport and deterioration processes is
becoming increasingly necessary to be considered in the durability
assessment of RC structures [10]. A great deal of research has been
done on modeling service life of undamaged concrete structures.
Subsequently, a series of work has also been conducted to address
the influence of cracking on the penetration resistance or perme-
ability of concrete [11–14]. However, comparatively little work
has been performed to quantitatively describe how these proper-
ties change when exposed to coupled deterioration processes and
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how the decay of concrete structures accelerates mass transport in
concrete structures accordingly, which frequently occur in field
applications.

In this paper, the interactions between the decay of structural
performance, heat and moisture transfer are taken into account
in a coupled thermal-hygro-mechanical model, and the alterations
of porosity and permeability of concrete under the multiple cou-
pled deterioration processes are characterized by introducing a
scalar damage variable into the present model. The heat transfer,
moisture transport and chloride penetration processes are formu-
lated using the governing partial differential equations on the basis
of conservation of energy and mass. A practical finite element
model is built up to solve the coupled heat, moisture and chloride
transfer processes in space and time domains. The numerical mod-
el is implemented and validated by comparing numerical results
with analytical solutions and experimental observations. Further
numerical simulations have been carried out for quantitative dura-
bility design and assessment of a RC slab exposed to a chloride
environment.
Dh ¼
DdðhÞ ¼ Ds
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2. Theoretical formulation

2.1. Heat transfer

Based on the principle of energy conservation, the heat transfer
process is governed by Fourier’s law as follows:

div½jgrad ðTÞ� ¼ qc
@T
@t

ð1Þ

where j is the thermal conductivity of concrete (W/m K), T is the
temperature of concrete (K), q is the density of concrete (kg/m3),
and c is the specific heat capacity of concrete (J/kg K). In the heat
transfer analysis under the normal temperature environment
(263:15 K 6 T 6 313:15 K), j, q and c vary tinily and can be as-
sumed to be constants which have been confirmed by Martín-Pérez
et al. [15] and Isgor and Razaqpur [16]. In this case, heat transfer
may be solved firstly without considering the influence of other
mass transport processes.

2.2. Moisture transport

Moisture transport into concrete usually involves one or a com-
bination of transport mechanisms including water diffusion, sorp-
tivity and permeability [17]. A complete moisture transport model
should include the transfer of liquid water, vapor and air in con-
crete. However, in order to simplify the process and utilize the
experimental data from the literature, a unified nonlinear diffu-
sion-form equation is adopted here to describe the global moisture
transport in concrete:

@ðshÞ
@t
¼ div½sDh grad ðhÞ� ð2Þ

where s is the porosity of concrete, h is the water saturation degree
in the concrete pores and Dh is the moisture diffusivity. When a par-
tially-saturated concrete is being wet, the water is quickly absorbed
through capillary suction. During dry periods, the moisture is driven
out from the inside concrete by pore water evaporation as well as
vapor diffusion. Thus the moisture diffusivity during drying and
wetting periods should differ [18]:

Dh ¼
DdðhÞ ¼ Ds

d a0 þ 1� a0ð Þ 1þ 1�h
1�hc

� �N
� ��1

( )
during drying

DwðhÞ ¼ D0
w expðnhrÞ during wetting

8>><
>>:

ð3Þ

where Ds
d is the drying moisture diffusivity when totally saturated,

a0, hc and N are model parameters (a0 = 0.05, hc = 0.792, N = 6 [19]);
D0

w is the wetting moisture diffusivity at an initial water saturation
degree of h0, n is an empirically determined constant (n = 6 [19]),
and hr = (h � h0)/(h1 � h0) is the normalized water saturation degree
where h1 is the water saturation degree of totally saturated concrete.
In order to reflect the dependence of moisture diffusivity Dh on the
temperature level T, the degree of hydration of concrete character-
ized by an equivalent hydration period te and the decay of concrete
structures’ performance characterized by a scalar damage variable
d, the moisture diffusivity Dh can be expressed as [20,21]:
where F1(T), F2(te) and F3(d) respectively account for the dependence
of Dh on the temperature level T, the equivalent hydration period te

and the decay d of concrete structures’ performance, and can be de-
scribed as follows [20,21]:

F1ðTÞ ¼ exp
Uh

R
� 1

Tref
� 1

T

� �� �
ð5aÞ

F2ðteÞ ¼ 0:3þ

ffiffiffiffiffiffi
13
te

s
ð5bÞ

F3ðdÞ ¼ 1þ Dh;max

Dh;ref
1� 1þ d

dcr

� �nn� ��1
( )

ð5cÞ

where Uh is the activation energy of hydration, R is gas constant, Tref

is the reference temperature at which the moisture diffusivity is
evaluated; te is an equivalent hydration period; nn and dcr are model
parameters (nn = 5, dcr = 0.4 [21]), and the value of Dh,max/Dh,ref is
chosen to be 20 [22].

2.3. Chloride transport

The flux Jc of chloride ions into saturated concrete due to diffu-
sion is governed by Fick’s first law [23]:

Jc ¼ �sDc grad ðCfcÞ ð6Þ

where Dc is the effective chloride diffusion coefficient (m2/s), Cfc is
the concentration of chloride ions dissolved in the pore solution
(kg/m3 of pore solution).

Chloride transport in nonsaturated concrete occurs both by
diffusion and convection. The flux of chloride ions due to convec-
tion can be mathematically expressed as the product of the free
chloride concentration Cfc and the flux of moisture Jm [6]:

J0c ¼ Cfc � Jm ð7Þ

The total flux of chloride ions ingress into nonsaturated
concrete can be obtained by combining the flux of chloride ions
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due to diffusion (Eq. (6)) and the flux of chloride ions due to con-
vection (Eq. (7)), and can be written as:

J ¼ �sDc grad ðCfcÞ � sCfc Dh grad ðhÞ ð8Þ

Establishing chloride mass conservation results in:

@Ctc

@t
¼ @Ctc

@Cfc
� @Cfc

@t
¼ div sDc � grad ðCfcÞ þ sCfc Dh grad ðhÞ½ � ð9Þ

where Ctc is the total chloride concentration (kg/m3 of concrete),
and @Ctc

@Cfc
represents the chloride binding capacity of concrete. The

binding properties of a specific cementitious system are usually de-
fined in the form of a binding isotherm with the amount of bound
chloride Cbc expressed as a function of the free chloride concentra-
tion Cfc. The total, bound and free chloride concentrations in con-
crete are related by:

Ctc ¼ Cbc þ shCfc ð10Þ

In the present paper, Freundlich binding isotherm will be
adopted to describe the relationship between bound chloride and
free chloride, which can be described as follows [24]:

Cbc ¼ aCb
fc ð11Þ

where a and b are model parameters.
To reflect the dependence of chloride diffusion coefficient Dc on

the temperature level T, the age of concrete structures t, the water
saturation h and the decay of concrete structures’ performance
characterized by a scalar damage variable d, the effective chloride
diffusion coefficient Dc,ref of concrete, determined at some defined
reference conditions, can be modified by adopting a multifactor
law [6,21]:

Dc ¼ Dc;ref � f1ðTÞ � f2ðtÞ � f3ðhÞ � f4ðdÞ ð12Þ

where f1(T), f2(t), f3(h) and f4(d) respectively account for the depen-
dence of Dc on the temperature level T, the age t of concrete struc-
tures, the moisture saturation degree h and the decay d of concrete
structures’ performance, and can be described as follows [6,21]:

f1ðTÞ ¼ exp
Uc

R
1

Tref
� 1

T

� �� �
ð13aÞ

f2ðtÞ ¼
tref

t

� �m

ð13bÞ

f3ðhÞ ¼ hg ð13cÞ

f4ðdÞ ¼ 1þ Dc;max

Dc;ref
1� 1þ d

dcr

� �nn� ��1
( )

ð13dÞ

where UC is the activation energy of the chloride diffusion process;
tref is the time of exposure at which Dc,ref has been measured, m is
the age reduction factor; g is power index; nn and dcr are model
parameters (nn = 5, dcr = 0.4 [21]), and the value of Dc,max/Dc,ref is
chosen to be 8 [25].

2.4. Decay of concrete structural performance

When exposed to various physical, chemical and mechanical
deterioration processes, the performance of concrete structures de-
cays gradually and the transport rates of various aggressive agents
into concrete are accelerated accordingly. In turn, the performance
of concrete structures decays further due to the accelerating dete-
rioration processes. The interactions between mass transport and
these deterioration processes are becoming increasingly necessary
to be considered in durability assessment of concrete structures.
Two typical deterioration processes such as heat transfer and asso-
ciated thermal contraction/expansion, and moisture transfer and
associated drying shrinkage/wetting expansion, which frequently
occur in field applications, are taken into account herein to study
the decay of performance of concrete.

In the present paper, the interactions between mass transport
and the deterioration processes are taken into account in a coupled
thermo-hygro-mechanical model. In this model, the coupled
system of mechanical deformation, moisture transport and heat
conduction is characterized by the displacement field u, the water
saturation degree h and the temperature T together with a set of
internal variables. The primary variables in the domain X are
controlled by the balance of linear momentum, mass content and
energy as:

divðrÞ ¼ 0
@ðshÞ
@t
¼ div½Dh grad ðshÞ� ð14Þ

qc
@T
@t
¼ div½j gradðTÞ�

The total strain of concrete structures under environment load-
ings can be described as follows:

etot ¼ eme þ eth þ esh ð15Þ

where eme means mechanical strain caused by environment load-
ings; eth = aDT is thermal strain, a = [aT, aT, aT, 0, 0, 0]T is the vector
of coefficients of thermal expansion, and aT is the thermal expan-
sion coefficient; esh = bDW is shrinkage strain, b = [bsh, bsh, bsh, 0, 0,
0]T is the vector of coefficients of shrinkage, W = sh is free moisture
content of concrete and bsh is the shrinkage coefficient.

In the framework of concrete damage plasticity model, the evo-
lutions of plastic strain and damage variable are usually described
in an effective stress space �r. The effective stress �r and the plastic
strain can be respectively described as follows:

�r ¼ Del
0 � etot � eth � esh � epl	 


2 �rjFð�r; ~eplÞ
� �

ð16Þ

_epl ¼ _k
@Fpð�rÞ
@�r

ð17Þ

where Del
0 is the initial elastic stiffness of concrete, Fp is the plastic

potential, _k and F obey the Kuhn–Tucker conditions: _kF ¼ 0; _k P 0;
F 6 0. The yield function F is used herein to account for different
evolutions of strength under tension and compression in terms of
effective stress [26,27]:

F �r; ~epl	 

¼ 1

1� ap

ffiffiffiffiffiffiffi
3�J2

q
þ ap

�I1 þ bph �̂rmaxi
� �

� �rcð~epl
c Þ ð18Þ

where �J2 ¼ �s : �s=2 is the second-invariant of the effective deviatoric
stress, �s ¼ �r��I1=3I, �I1 ¼ �rkk is the first-invariant of the effective
stress, �̂rmax is the maximum principal effective stress, and the
Macauley bracket h � i is defined by hxi ¼ 1

2 ðjxj þ xÞ, ap and bp are
model constants.

The relationship between Cauchy stress and effective stress can
be described as follows:

r ¼ ð1� dÞ�r ð19Þ

The scalar damage variable d is a function of stress state and
two independent uniaxial damage variables dt and dc, and can be
described as follows:

1� d ¼ ð1� stdcÞð1� scdtÞ ð20Þ

where st and sc are functions of stress state, and dt and dc are respec-
tively the uniaxial tension and compression damage variables
which are assumed to be functions of equivalent plastic strains in
tension and compression, respectively [26].
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3. Numerical implementation

3.1. Formulation of the present numerical model

The coupling between mass transport and various deterioration
processes and the nonlinearity of material parameters involved
make analytical solutions for Eqs. (14) and (9) impossible. In the
present study, a finite element-based computational methodology
is developed to model the coupling between mass transport pro-
cess and the thermal-hydro-mechanical deterioration process.
The coupled-field analysis is performed in the following manner,
as illustrated in Fig. 1:

Firstly, at the beginning of each time step, temperature, water
saturation degree, chloride concentration and scalar damage index
are read for the next time step analysis. Secondly, the transient
heat transfer analysis of concrete structures is performed and the
spatial temperature distribution can be obtained accordingly.
Thirdly, taking into account the dependence of moisture diffusivity
on temperature, water saturation degree, equivalent hydration
period and decay of concrete structures as described in Eq. (4),
the coupled thermal-hygro-mechanical analysis is performed.
Because of the nonlinearity of the problem, a Newton–Raphson
iterative solution algorithm is adopted here to solve the nonlinear
problem. When the iteration is convergent at the end of the ther-
mal-hygro-mechanical analysis, water saturation degree and scalar
damage variable at each node of the finite element model can be
updated accordingly. Finally, chlorides’ penetration into nonsatu-
rated concrete under combined diffusion and convection is per-
formed, considering the dependence of chloride diffusivity on
water saturation degree, temperature, time of exposure and decay
of concrete structures, as described in Eq. (12). A Newton–Raphson
iteration algorithm and a successive under-relaxation method are
employed to solve the diffusion–convection problem. When the
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Moisture diffusion analysis 
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Convergence 
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Fig. 1. Flowchart of the numerical model.
iteration is convergent at the end of chlorides penetration’s analy-
sis, temperature, water saturation degree, damage index and chlo-
ride concentration at each node of the finite element model are
updated accordingly and prepared for the next time step.

In the above analyses, the heat transfer analysis is done in
ABAQUS heat transfer analysis procedure, and the coupled
thermal-hygro-mechanical process is performed using the ABAQUS
transient thermal-stress analysis [28]. According to Eq. (15), the
equivalent thermal strain eth

eq ¼ eth þ esh can be obtained by using
ABAQUS user subroutine to define incremental thermal strains
(UEXPAN). The chloride penetration into partially-saturated con-
crete under combined diffusion and convection is implemented
by using ABAQUS user subroutine to define an element (UEL),
which is described in detail in the following section.

3.2. Formulation of the UEL

The governing equation for chloride penetration into nonsatu-
rated concrete can be expressed as follows:

@Ctc

@Cfc

@Cfc

@t
¼ div sDc grad ðCfcÞ½ �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusion

þdiv ðsCfcDh grad ðhÞÞ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
convection

ð21Þ

and the boundary conditions for this problem is given as follows
[6,15]:

Js
c ¼ sBcðCen � CfcÞ þ sCenBhðhen � hÞ ð22Þ

where Bc and Bh are respectively surface chloride and moisture
transfer coefficients, Cen denotes the chloride concentration of envi-
ronment and hen is the water saturation degree on the boundary.

Employing the Galerkin weighted residual method on the gov-
erning partial differential equation and the boundary conditions
yields:

Cij
_Cfc;j þ KijCfc;j � Fi ¼ 0 ð23Þ

where Cij, Kij, Fi are respectively the component of capacitance ma-
trix, property matrix and load vector, and can be expressed as
follow:

Cij ¼
X

e

Ce
ij ð24aÞ

Kij ¼
X

e

Ke
ij ð24bÞ

Fi ¼
X

e

Fe
i ð24cÞ

The component of element capacitance matrix Ce
ij, element

property matrix Ke
ij, and element load vector Fe

i can be expressed
as:

Ce
ij ¼

Z
Xe

@Ctc

@Cfc
NiNjdXe ð25aÞ

Ke
ij ¼

Z
Xe

sDcNi;kNj;k dXe �
Z

Xe

sDhNiðNl;khlÞNj;k dXe

�
Z

Xe

sNiðNl
_hlÞNj dXe þ

Z
Ce

sBcNiNjdCe ð25bÞ

Fe
i ¼

Z
Ce

Nis BcCen þ CenDhðhen � hÞ½ �dCe ð25cÞ

In Eq. (25b), k is a dummy index, (k = 1, 2 for two dimensions, while
k = 1–3 for three dimensions).

Eq. (23) describes a system of first-order differential equations
in the time domain. The temporal discretisation is achieved by
replacing the time derivative with a finite difference approxima-
tion using the backward Euler method
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ðC=Dt þ KÞ � Cnþ1
fc ¼ C=Dt � Cn

fc þ Fnþ1 ð26Þ

where the superscript (n + 1) refers to the time level and Dt denotes
a time increment. The algorithm is iterative due to the nonlinear
nature of the kinetic and diffusivity. A converged solution is deemed
to have achieved when:

Cnþ1
fc;lþ1 � Cnþ1

fc;l

Cnþ1
fc;l

�����
����� < d ð27Þ

at all nodes where d is a prescribed tolerance and subscript (l + 1) is
the current iteration number.

4. Results and discussions

4.1. Comparisons with analytical results

To view the validity and accuracy of the present numerical
model, we consider a transient diffusion problem and a diffu-
sion–convection problem, respectively. The governing equations
of the transient diffusion problem and the diffusion–convection
problem can be respectively described as follows:

Diffusion:
@C
@t
¼ u

@2C
@x2 ð28Þ

Diffusion—convection:
@C
@t
¼ u

@2C
@x2 � v @C

@x
ð29Þ
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The boundary/initial-value conditions for the diffusion and the
diffusion–convection problems are given as follows:

Boundary conditions: Cð0; tÞ ¼ C0 Cð1; tÞ ¼ 0 ð30Þ

Initial conditions: : Cðx;0Þ ¼ 0 x > 0 ð31Þ

The analytical solutions for the diffusion problem and the diffu-
sion–convection problem with above boundary and initial condi-
tion are respectively given as follows:

Cðx; tÞ ¼ C0 1� erf
x

2
ffiffiffiffiffi
ut
p
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ð32Þ

Cðx; tÞ ¼ C0

2
exp

v
u

x
� �

erfc
x

2
ffiffiffiffiffi
ut
p þ v

ffiffiffiffiffi
ut
p

2u

� �
þ erfc

x
2
ffiffiffiffiffi
ut
p � v

ffiffiffiffiffi
ut
p

2u

� �� �
ð33Þ

The transient diffusion problem and the diffusion–convection
problem are respectively solved by the present numerical model.
The comparisons between analytical solutions and numerical re-
sults are illustrated in Fig. 2. The plot shows the accuracy of the
numerical solution, and it can be derived that the present numer-
ical model can be extended to more complex situations for model-
ing chloride penetration into nonsaturated RC structures under
combined diffusion and convection.

4.2. Comparisons with experiment

In order to assess the validity of the proposed numerical model,
comparisons of numerical results and experimental observations
are conducted. The experimental results were obtained from the
126 days chloride penetration into concrete under different drying
and wetting cycles [29]. In the experimental test, four groups of
specimens (100 mm � 100 mm � 100 mm cubes) were used to
simulate chloride penetration under different cyclic drying and
wetting processes. All faces, except one, were protected with epoxy
paint so that chloride penetration into concrete could take place
through one face only. The first group was exposed to 1 mol/L NaCL
solution for 126 days, while the other three groups were exposed
to a series of different drying–wetting cycles, as illustrated in
Fig. 3. The material properties of concrete in the experimental test
are given as follows: the porosity of concrete s = 0.161, the chloride
diffusivity Dc = 7.92 � 10�12 m2/s, the moisture diffusivity during
drying period Ds

d ¼ 1:31� 10�10 m2=s, and the moisture diffusivity
during wetting period D0

w ¼ 4:05� 10�11 m2=s. Fig. 4 shows the
comparisons of the total chloride concentration predicted by the
present numerical model and those observed by experiment.
It can be seen that the results predicted by the present computa-
tional framework agree well with the test data for chloride
penetration into partially-saturated concrete structures under
Cl solution 0.5 day 

3.5 days 3.5 days 3.5 days 3.5 days

riods used in the experiment.



0 5 10 15 20 25 30

0

2

4

6

8

10

12

C
l-  

to
ta

l a
m

ou
nt

 (m
g 

C
l- /

g 
co

nc
re

te
)

Location (mm)

 td=0 day, Calculated 

  td=0 day, Experimental

  td=3 days, Calculated

  td=3 days, Experimental

  td=6.5 days, Calculated

  td=6.5 days, Experimental

  td=13.5 days, Calculated

  td=13.5 days, Experimental

Fig. 4. Comparisons between numerical results and experimental observations
under different drying–wetting periods.

0.5 m

0.
2 

m

Exposed to sea water during wetting period 

Fig. 5. Geometry of the concrete slab.

576 G. Lin et al. / Cement & Concrete Composites 32 (2010) 571–579
different drying and wetting cycles. The validity of the proposed
implementation to model chloride ingress into partially-saturated
concrete is confirmed.
4.3. Applications of the proposed numerical model

Current models for predicting the initiation time of reinforce-
ment corrosion exposed to chloride environment are focused on
chloride penetration without considering the decay of structures’
performance and the difference of moisture transport during
drying and wetting periods which frequently occur in field
applications. In the present research, a concrete slab (length �
width � height = 0.5 m � 0.2 m � 0.2 m) illustrated in Fig. 5 is se-
lected herein to implement the simulation procedure for predicting
service life of RC structure exposed to chloride environment. Only
the bottom surface of the slab is exposed to sea water during the
wetting period as illustrated in Fig. 6. The value of parameter Cen,
i.e., the amount of applied chloride coming from sea water, is eval-
uated in the proposed numerical model by assuming a step func-
tion, wherein chloride ions are applied to the bottom surface of
the specimen only during the wetting period. During the drying
period, the chloride flux crossing the concrete surface is set to zero
Drying period  en = 0.5

Wetting p

θ

Fig. 6. Drying–we
since chloride ions will remain in the concrete unless washing-
away effects are taken into account. To consider the seasonal var-
iation of ambient temperature, the annual variation of ambient
temperature is assumed as a sinusoidal function as follows [6]:

Ten ¼ 15þ 15 sinð2ptÞ ð34Þ

where Ten is the ambient temperature (�C), t is the time of exposure
(years). The material properties of the concrete specimen are de-
scribed in detail in Table 1.

Fig. 7 shows the free chloride profiles after an exposure period
of 10 year, 30 years and 50 years, respectively. The depth of pene-
tration is measured from the exposed surface of the concrete slab.
It can be seen that the free chloride concentration reaches a max-
imum value about 10–15 mm inside the concrete and beyond this
depth the free chloride concentration decreases with increase in
the depth from the exposed surface. The variation of free chloride
concentration with the time of exposure at different depth is show
in Fig. 8. It is observed that, at a fixed depth inside of the concrete
slab, the free chloride concentration increases with an increase in
time of exposure. Service life predictions can be obtained by
assuming that the service life of a RC structure exposed to chloride
environment corresponds to the period until reinforcement
depassivation. The free chloride threshold concentration used is
0.2% by mass of cementitious material [30]. In order to assure
the initiation time of reinforcement corrosion beyond 50 years un-
der combined deterioration process, the thickness of concrete cov-
er should not be less than 55 mm.

In order to study the effects of convection, decay of structures
and the chloride binding capacity of concrete on service life of RC
structures exposed to chloride environment, comparisons of the
chloride profiles predicted by the present numerical model and
those predicted by these models which neglect some factors are
conducted in the following.

4.3.1. Effect of convection on chloride profiles
Diffusion models are valid tools for estimating chloride profiles

of concrete under saturated conditions. However, when concrete is
subjected to drying–wetting environment, the transport of chlo-
ride ions due to water ingress into concrete cannot be ignored.
Chloride transport in partially-saturated concrete structures is a
complex phenomenon, involving various factors such as diffusion
of chloride ions and movements of chlorides due to permeation
of water into concrete structures. The effect of convection on chlo-
ride ingress into nonsaturated concrete plays a rather important
hole. The effect of convection on the chloride profiles is researched
by analyzing two different cases: the one in which chloride pene-
trating into concrete is driven by diffusion only, while the second
one in which chloride penetrating into concrete is driven by com-
bined diffusion and convection. The free chloride concentrations
after an exposure period of 10, 30 and 50 years for the two cases
are plotted in Fig. 9, respectively. It can be observed that, at any
fixed depth, the free chloride concentration for the second case is
much greater than that for the first case. This is due to the coupled
moisture diffusion and chloride penetration, which is shown in Eq.
(8). The coupling effect contributes significantly to chloride pene-
tration into partially-saturated concrete. The variation of free chlo-
ride concentration under diffusion only with the time of exposure
eriod  en = 1.0 Wetting period 0.5 dayθ

tting period.
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Fig. 7. Depth profile of free chloride concentration.
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Fig. 8. Time profile of free chloride concentration.
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Fig. 9. Effect of convection on free chloride profiles.
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Fig. 10. Time profile of free chloride concentration when neglecting convection.

Table 1
Values of material properties of concrete used for the numerical analysis.

Properties Value

Porosity, s 0.10
Reference chloride diffusivity (m2/s) Dc,ref 2.0 � 10�12

Moisture diffusivity during drying period (m2/s) Ds
d 2.0 � 10�10

Moisture diffusivity during wetting period (m2/s) D0
w

3.22 � 10�10

Density of concrete (kg/m3) q 2400
Special heat capacity (J/kg K) c 1000
Thermal conductivity (W/m K) j 2
Thermal expansion coefficient (1/K) aT 1.0 � 10�5

Shrinkage coefficient bsh 9.96 � 10�3

Environment chloride concentration (mol/L) Cen 0.5
Initial elastic modulus (GPa) E 27
Compression strength (MPa) fc0 30
Tensile strength (MPa) ft0 3.3
Dilation constant, cp 0.7813
Material parameters, jt 1.5 � 103

Material parameters, jc 0.5 � 103
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at different depth is show in Fig. 10. It can be observed that, at a
fixed depth inside of the concrete slab, the free chloride concentra-
tion increases with an increase in time of exposure. In order to as-
sure the initiation time of reinforcement corrosion beyond 50 years
under diffusion only, the thickness of concrete cover should not be
less than 30 mm, as illustrated in Fig. 10, while that should not be
less than 55 mm under combined diffusion and convection. It can
be concluded that neglecting the effect of convection on chloride
ingress into nonsaturated concrete overestimates service life of
concrete structures, and this point may be essential for durability
design and assessment of RC structures in the splash and tidal
zones or highway concrete structures exposed to de-icing salts.
4.3.2. Effect of decay of structural performance
Most deterioration processes alter the porosity and permeabil-

ity of concrete, trigger the initiation and evolution of damage, im-
pair the durability of RC structures and thus result in accelerating
aggressive agents’ penetration into RC structures. In turn, the per-
formance of concrete structures decays further due to acceleration
of aggressive agents’ ingress. The coupling between these deterio-
ration processes and mass transport is becoming increasingly nec-
essary to be considered in durability design and assessment.

The alteration of the porosity and permeability of concrete can
be taken into account by introducing a scalar damage variable into
the present numerical modeling. The dependence of decay of con-
crete structures on moisture and chloride diffusivity is taken into
account by modifying the diffusivity respectively as shown Eqs.
(4) and (12). The effect of decay of concrete on the chloride concen-
tration profiles is studied by analyzing two different cases: one in
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Fig. 12. Influence of damage on free chloride profiles.
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Fig. 13. Time profile of free chloride concentration when neglecting decay.
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which the decay of RC structures is neglected, while the other in
which the decay of concrete structures is taken into account by
introducing a scalar damage index. The damage variable versus
time is illustrated in Fig. 11. It can be observed that the decay of
the specimen is increasing due to the coupling between mass
transport and various deterioration processes. The plots of free
chloride concentration versus depth after 10 years, 30 years and
50 years of exposure for the two cases are shown in Fig. 12. As ex-
pected, the free concentration is higher for the second one than
that for the first one. The variation of free chloride concentration
in the situation of neglecting decay with the time of exposure at
different depth is shown in Fig. 13. In order to assure the initiation
time of reinforcement corrosion beyond 50 years, the thickness of
concrete cover should not be less than 40 mm when neglecting the
decay of concrete structures while that should not be less than
55 mm when taking the decay of concrete structures’ durability
into account.
0 10 20 30 40 50
0.0

0.2Fr

Exposure time (years)

Fig. 15. Time profile of free chloride concentration when neglecting binding effect.
4.3.3. Effect of binding capacity on chloride profiles
Chloride in concrete structures can be either dissolved in the

pore solution (free chloride ions), or chemically and physically
bound to the cement hydrates and their surfaces (bound chloride
ions). Only the free chloride ions dissolved in the pore solution
are responsible for initiating the process of corrosion, since the
bound chloride ions are immovable and do not initiate reinforce-
ment corrosion. However, the bound chloride ions exert a tremen-
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dous effect on free chloride ions penetration into concrete. The ef-
fect of binding isotherm nature on the chloride concentration pro-
files is studied by analyzing two different cases: one in which
binding capacity of concrete is neglected, and the other one in
which a nonlinear Freundlich binding isotherm is adopted
(a = 1.037, b = 0.36). The plots of free chloride concentration versus
depth after 10, 30 and 50 years of exposure for the two cases are
respectively illustrated in Fig. 14. As expected, the free chloride
concentration for the first case is higher than that for the second
case. It can be seen from Fig. 15 that, in order to assure the initia-
tion time of reinforcement corrosion beyond 50 years, the thick-
ness of concrete cover should not be less than 65 mm when
neglecting binding effect, while that is should not be less than
55 mm when taking binding capacity into account. From the above
analysis, it can be concluded that improving the binding chloride
capacity of concrete can prolong service life of concrete structures
significantly.
5. Conclusions

An integrated finite element-based numerical model has been
developed in this paper for predicting service life of RC structures
exposed to chloride environments, which takes environmental
humidity and temperature fluctuations, chloride binding, diffusion
and convection, as well as the decay of concrete structural perfor-
mance into account. The interactions between mass transport and
the decay of RC structures under coupled deterioration processes
are considered in a coupled thermal-hygro-mechanical model.
The accelerating influences of the decay of concrete durability on
the transport rates of moisture and chloride are incorporated in
the present model. The present study and analysis enable the
following conclusions to be drawn:

(1) The difference of moisture transport into concrete during
drying and wetting periods and the effect of moisture pene-
tration on chloride ingress into partially-saturated concrete
structures have been incorporated in the present numerical
model. From a physical point of view, this is in better
agreement with reality than the traditional models that only
consider pure diffusion. It seems that in the case of a drying–
wetting exposure, such as in de-icing salt environments or in
the splash and tidal zones of marine concrete structures, the
chloride profiles predicted by the present numerical model
differ substantially from those predicted by the traditional
models. This shows the need for an evaluation of service life
of RC structures exposed to drying and wetting cycles on the
basis of the present numerical model.

(2) When exposed to various physical, chemical and mechanical
deterioration processes, the porosity and permeability of
concrete structures increase gradually, and this accelerates
aggressive mass into concrete structures. Therefore, neglect-
ing the decay of concrete structural performance would
overestimate service life of concrete structures.

(3) The binding capacity of concrete exerts a tremendous influ-
ence on chloride ingress into concrete structures, and this
would reduce free chloride concentration near the reinforce-
ment and could prolong concrete structures’ service life.
Consequently, improving chloride binding capacity of con-
crete can extend service life of RC structures exposed to
chloride environment.
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