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� A comprehensive model for the combined carbonation and chloride ingress in concrete is developed.
� The effect of CSH is directly considered for the estimation of the degree of carbonation.
� The changes of the pore structure and the binding capacity are considered for the combined action.
� The corrosion initiation can be accelerated significantly by the combined mechanism.
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The combined effect of carbonation and chloride ingress in concrete is studied in this paper. Based on the
change of the pore structure and the chemical equilibrium, a comprehensive model is proposed for this
problem. A coupled simulation of the transports of carbon dioxide, chloride ions, heat and moisture is
carried out. Several sets of experimental data were compared with the prediction by the numerical model
developed in this paper, for its verification. Parametric study shows that the differences between the
combined mechanism and the independent mechanisms are significant in many aspects.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The corrosion of reinforcement due to the penetration of
chloride ions and the carbonation of concrete is an important prob-
lem which reduces the durability of reinforced concrete structures.
Once the chloride concentration around the surface of the steel
reinforcement exceeds a certain threshold concentration, or the
pH value of the concrete pore solution decreases to a threshold
value due to carbonation reaction, the steel reinforcement will
undergo the so-called depassivation process [1–3]. With the intru-
sion of oxygen, electrochemical reactions occur generating
corrosion products on the surface of the steel reinforcement. This
results in cracking of the concrete cover due to the swelling pres-
sure of the corrosion products [4,5]. Of course, the cross sectional
area of the reinforcement decreases because of the corrosion
mechanisms. Therefore, it is important to develop a tool to predict
the depassivation mechanisms of steel reinforcement accurately
for durability design and pre-planning and maintenance of RC
structures. The time-dependent load capacity of a reinforced con-
crete structure should be assessed by taking into account the
growth of the corrosion layer within the cross section of the rein-
forcements. This subject is certainly important to study, and possi-
ble to incorporate. However, we focus only on the initiation of the
corrosion in this combined mechanism in this paper.

The transport of chloride ions causing the depassivation of steel
reinforcement in concrete is well studied and a number of models
are available for the simulation of the process [1,6–11]. Some of
them studied the influence of initial cracks in concrete [12–15]
and the effect of loading on chloride transport [16,17]. In the liter-
ature [18–20], numerical modeling of the entire process of con-
crete corrosion damage was proposed, in which physical and
electrochemical model can be coupled with cracking mechanical
model. The corrosion of reinforcement caused solely by chloride
ingress has been sufficiently studied and is well understood.

The ingress of chloride ions is often significant in a marine
atmospheric environment, where the supply of chloride ions due
to salt spray and the carbonation of concrete can occur simultane-
ously [21]. For instance, the entrances of cross-harbour tunnels are
subjected to severe salt spray conditions, and at the same time
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Nomenclature

BT heat transfer coefficient of concrete surface
Bc chloride transfer coefficient of concrete surface
Bh humidity transfer coefficient of concrete surface
CCO2 ;b molar concentration of carbon dioxide on concrete

surface
CCO2 molar concentration of carbon dioxide in the gas phase

of pore
CCSH molar concentration of the calcium silicate hydrate

(CSH) in concrete
Cbc content of bound chloride
Cch;d and Cch;s molar concentration of dissolved and solid

CaðOHÞ2, respectively
Cfc;b chloride concentration on concrete surface
Cfc;env chloride concentration of the surrounding environment
Cfc content of free chloride
Ctc content of total chloride
Cth threshold chloride content of non-carbonated concrete
Ccar
th threshold chloride content considering the influence of

carbonation
Dcar
CO2

diffusion coefficient of carbon dioxide in concrete
Dfc chloride diffusion coefficient of non-carbonated concrete
Dcar
fc diffusion coefficient of chloride considering the

influence of carbonation
Dcar
h diffusion coefficient of moisture considering the

influence of carbonation
FA ratio of cement replacement by fly ash
Ih internal source of heat
ICSH rate of consumption of carbon dioxide due to the

reaction with CSH
Ich rate of consumption of carbon dioxide due to the

reaction with dissolved CaðOHÞ2
Id dissolved rate of solid CaðOHÞ2
Irc source term reflecting the release of the free chloride

ions from the Friedel’s salt due to carbonation
Iwe pore water generated by carbonation reaction
Mð�Þ molar mass of the substance given in the round brackets
PCO2 volume fraction of carbon dioxide in the environment
Tb temperature of concrete surface
Tenv temperature of the surrounding environment
½CCSH�0 initial molar concentration of the CSH in concrete
½CCaO�0 initial molar concentration of the total calcium oxide in

concrete
½Cch;d�0 initial molar concentration of the dissolved calcium

hydroxide before carbonation

DVch and DVCSH molar volume change of CaðOHÞ2 and CSH after
reacting with CO2, respectively

D/c ultimate reduction of the porosity after carbonation
X tortuosity of concrete
X0 initial tortuosity of concrete
aL and bL parameters for Langmuir isotherm
ac degree of carbonation
aL;c aL parameter for Langmuir isotherm corrected for

carbonation
d constrictivity of concrete
d0 initial constrictivity of concrete
j correction factor of vapor phase water generated by

carbonation
k thermal conductivity
JCO2

flux of carbon dioxide
Jch;d flux of hydroxide ions
J fc;b flux of chloride ions on concrete surface
J fc flux of free chloride ions
Jh;b flux of humidity through the concrete surface
qb heat flux through the concrete surface
rp dimensionless size of peak radius
rp;0 dimensionless parameter of peak radius before carbonation
rp;c dimensionless parameter of peak radius after carbonation
/ current porosity of concrete
/0 porosity of non-carbonated concrete
/hc porosity of hardened binder
/we

volume fraction of evaporable pore water
qCO2

gas density of carbon dioxide
a=b and w=b aggregate-to-binder ratio and water-to-binder ratio
b binder content per unit volume of concrete
cq specific heat
d reduction factor of the binding capacity of chloride ions

due to carbonation
f cðw=bÞ and f cðFAÞ influence functions of water-to-binder ratio

and fly ash replacement ratio on the change of peak
radius due to carbonation

f hðw=bÞ influence function of water-to-binder ratio on estimating
the peak radius size of non-carbonated concrete

f pðX; dÞ influence function of the change of the pore structure on
the diffusion coefficients of chloride ions and moisture

hb relative humidity of concrete surface
henv relative humidity of the surrounding environment
rCSH reaction rate of CSH with carbon dioxide
rp;ref reference size of peak radius
rp size of peak radius in different degrees of carbonation
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they must withstand carbon dioxide pollution with a concentra-
tion five to six times higher than that in most other on-shore envi-
ronments. A similar concern may be made for structures in modern
cities at those latitudes where de-icing salts are heavily used in
winter, and where the concentration of carbon dioxide is high
because of pollution and traffic. Given the interaction of carbona-
tion with the durability threat caused by the chloride ions ingress,
both factors must be taken into account in the development of a
simulation tool.

Carbonation influences the transport of chloride ions in con-
crete significantly. Numerous experiments have been carried out
to study this influence [22–31]. According to those experimental
researches, the precise influence of carbonation is so complicated
that it is difficult to note whether carbonation will accelerate or
decelerate the durability damage due to chloride ions. The influ-
ence of carbonation on the diffusion coefficient of chloride ions
depends on the types and mix proportions of concretes considered
experimentally [22,29–31].

An interesting phenomenon was reported in a new type of test
where carbonation and chloride ingress were loaded alternately
[24–26]. In that alternating test, the concentration of chloride ions
was maximum near to the front of carbonation. Although carbon-
ation and chloride ingress take place simultaneously, it should be
noted that the diffusion of chloride ions is much faster than the
rate of carbonation. That is, before carbonation, concrete usually
contains Friedel’s salt due to the chloride ion bound inside of con-
crete. Once the Friedel’s salt reacts with carbon dioxide during the
carbonation process, chloride ions are released to the pore solution
in concrete as shown in the following equation.

3CaO � Al2O3 � CaCl2 � 10H2Oþ 3CO2

! 3CaCO3 þ 2AlðOHÞ3 þ CaCl2 þ 7H2O ð1Þ



X. Zhu et al. / Construction and Building Materials 110 (2016) 369–380 371
These released chloride ions increase the free chloride concentra-
tion significantly higher than that in a simple diffusion of chloride
ions from the surface to the inside. Therefore, in order to analyze
and predict the combined effects of carbonation and chloride
ingress, it is essential to model realistically how carbonation inter-
acts with chloride transport without carbonation.

Some works proposed direct influence functions of carbonation
on chloride transport in concrete [28,32] but they analyzed merely
the influence of carbonation on the chloride diffusion coefficient.
Those models cannot explain the results from the alternating tests
[24,25]. A number of simulations of the carbonation process are
found in the literature [33–35]. The carbonation process consists
of the diffusion of carbon dioxide and the reaction of carbon diox-
ide with calcium hydroxide. In most of the works, the influence of
other hydrate products, such as calcium silicate hydrate
3CaO � 2SiO2 � 3H2O (CSH), is hardly considered in the simulation
of the carbonation process. We build a comprehensive model for
the combined effect of carbonation and chloride ingress which will
be verified with experimental data.

After this introduction in Section 1, the mathematical expres-
sion of our model for this combined problem is given in Section 2.
The influence mechanism of carbonation to chloride transport is
also given in this section. The boundary conditions and the solving
method of the numerical model are shown in Section 3. The
numerical results are compared with the experimental data in Sec-
tion 4 to verify the model. A parametric study on this numerical
model is given in Section 5. The conclusion for this work follows
in Section 6.
2. Model of carbonation and chloride transport

2.1. Process of the carbonation

The carbonation of concrete is a complex physical and chemical
process. In our model, this process is divided into four parts: (1)
transport of carbon dioxide, (2) mass balance of dissolved calcium
hydroxide, (3) dissolution of solid calcium hydroxide into concrete
pore solution and (4) chemical reaction of CSH with carbon diox-
ide. The governing equations can be given by

@ð/� /we
ÞCCO2

@t
þ $ � JCO2

¼ �Ich � ICSH ð2Þ

@/we
Cch;d

@t
þ $ � Jch;d ¼ �Ich þ Id ð3Þ

@Cch;s

@t
¼ �Id ð4Þ

@CCSH

@t
¼ �rCSH ð5Þ

where CCO2 is the molar concentration of carbon dioxide in the gas
phase of the pores (mol=m3 of pore air), / is the current concrete
porosity, /we

is the volume fraction of evaporable pore water (m3

solution/m3 concrete), JCO2
is the flux of carbon dioxide, Ich and ICSH

is the rate of the carbon dioxide consumption due to its chemical
reaction with CaðOHÞ2 and CSH, respectively, Cch;d is the molar con-
centration of the dissolved calcium hydroxide (mol/m3 of solution),
Jch;d is the flux of hydroxide ions, Id is the dissolved rate of the solid
calcium hydroxide to the pore water, Cch;s is the molar concentra-
tion of solid calcium hydroxide (mol/m3 of concrete), CCSH is the
molar concentration of CSH in concrete (mol/m3 of concrete), rCSH
is the reaction rate of CSH with carbon dioxide. The right hand sides
in Eqs. (2)–(5) are determined by Papadakis et al.’s carbonation
model [36–38]. Those are summarized in Appendix A. The relation
between /we
and h can be estimated according to the BSB model

[39] as given in Appendix B.
A number of estimation methods for the diffusion coefficient of

carbon dioxide Dcar
CO2

are available in literature [34,38,40]. The fol-
lowing simple formula is adopted in this study:

Dcar
CO2

¼ 1:64� 10�6/1:8
hc ð1� hÞ2:2 ð6Þ

where /hc is the porosity of hardened binder paste and h is the
humidity. Note that /hc is a function of porosity [38]. During the
process of carbonation, the influence of the porosity change on
the diffusion coefficient of carbon dioxide should be considered.

Some of the unhydrated silicates contained in concrete, such as
3CaO � SiO2 (C3S) and 2CaO � SiO2 (C2S), can react with carbon diox-
ide, too. However, the amounts of C3S and C2S are small and diffi-
cult to determine accurately. Their rate of the chemical reaction
with carbon dioxide is close to the reaction rate of CSH. They are
all insensitive to the degree of carbonation [36]. Therefore, we take
C3S and C2S into the content of CSH CCSH to reflect the content of
total solid carbonatable constituents of hardened binder paste in
concrete for simplicity.

The pH value of concrete can be estimated by the concentration
of the dissolved calcium hydroxide [36,41].

pH ¼ 14þ logð2� 10�3Cch;dÞ for Cch;d P 1� 10�3

8:3 otherwise

(
ð7Þ

Actually, the low bound of pH value for a completely carbonized
concrete also depends on the concentration of CO2 from the envi-
ronment [4]. Since the ultimate limit of pH would be far below
the threshold value which causes depassivation of the reinforce-
ment, the dependence of the ultimate value in Eq. (7) is not consid-
ered in this model.

Conventionally, the degree of carbonation is estimated by the
consumption of only the dissolved calcium hydroxide [34]. How-
ever, the carbon dioxide also reacts with solid constituents of the
hardened binder. This changes the pore structure and influences
the migration of ions. Therefore the reactions of CSH and other
unhydrated silicates during carbonation process also needs to be
considered in the degree of carbonation. Here, the degree of car-
bonation ac is defined as:

ac ¼ 1� Cch;s þ /we
Cch;d þ 3CCSH

½CCaO�0
ð8Þ

where ½CCaO�0 is the initial molar concentration of the total calcium
oxide in concrete. This value can be estimated approximately by
using the mix proportions of concrete [42].

2.2. Change of pore structure due to carbonation

When carbonation occurs, the pore structure andmaterial prop-
erties of concrete will also change [29,38,43,44]. This will seriously
affect the transport of moisture, chloride ions and carbon dioxide.
Therefore, establishing a mathematical model which can reflect the
variations of concrete pore structure in different degrees of carbon-
ation is important. Here, we consider the change of the porosity
and the peak radius size of capillary pores [13,45].

The porosity / in different carbonation degrees can be given by

/ ¼ /0 � D/c ac ð9Þ

where /0 is the porosity of non-carbonated concrete and D/c is the
ultimate reduction of the porosity when the concrete is fully car-
bonated. D/c can be estimated by [38]

D/c ¼ ½CCaO�0 � 3½CCSH�0
� �

DVch þ ½CCSH�0DVCSH ð10Þ
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where ½CCSH�0 is the initial molar concentration of the CSH in

concrete, and DVch ¼ 3:85� 10�6 m3/mol and DVCSH ¼ 15:39�
10�6 m3/mol are the molar volume changes of calcium hydroxide
and CSH after they react with carbon dioxide, respectively. ½CCSH�0
can be given by

½CCSH�0 ¼ PCSH½CCaO�0
3

ð11Þ

where PCSH is the molar proportion of calcium oxide in the form of
CSH and can be estimated approximately based on the formulae
given in the literature [46].

The peak radius of capillary pores reflects the connectivity of
pore structure which influences the mobility of chloride ions in
concrete [13,45]. It can be calculated based on the pore size
distribution which may be obtained by the mercury intrusion
porosimetry. The change of the peak radius size due to carbonation
is significant, especially for fly ash concretes [43]. Some of previous
studies about the influence of carbonation on the pore size
distribution are summarized in the literature [47].

Here, for simplicity, we assume that the size of peak radius is
linearly proportional to the degree of carbonation ac . Then the
size of peak radius rp in different degrees of carbonation can be
given by

rp ¼ 5� 10�8rp;ref ðrp;c � rp;0Þac þ rp;0
� � ð12Þ

where rp;ref ¼ 1 m is a reference size and rp;0 and rp;c are dimension-
less parameters of peak radius before and after carbonation. rp;0 and
rp;c depend on the water-to-binder ratio and the fly ash content, i.e.

rp;0 ¼ f hðw=bÞ ð13Þ

rp;c ¼ f hðw=bÞ f cðw=bÞ f cðFAÞ ð14Þ
where f hðw=bÞ is the influence of the water-to-binder ratio on
estimating the peak radius size of non-carbonated concrete and
f cðw=bÞ and f cðFAÞ are the influence functions of the water-to-
binder ratio and fly ash replacement ratio on the change of the peak
radius due to carbonation. These three functions determined by
experimental data [38,43,47–55] are as follows:

f hðw=bÞ ¼ �4:66ðw=bÞ2 þ 8:72ðw=bÞ � 1:78 for 0:3 6 w=b

6 0:55 ð15Þ
Fig. 1. Change of peak radius depending on (a)
f cðw=bÞ ¼ 10:59ðw=bÞ2 � 11:36ðw=bÞ þ 4:29 for 0:3

6 w=b 6 0:55 ð16Þ

f cðFAÞ ¼ 5:38FA2 þ 12:92FAþ 1 for 0 6 FA 6 30% ð17Þ
where FA is the ratio of cement replacement by fly ash.

It is shown in Fig. 1 the change of the peak radius for ordinary
Portland cement and fly ash concretes before and after carbonation
in different water-to-binder ratios and fly ash contents. The change
of the peak radius by carbonation is marginal in the case of ordi-
nary Portland cement concretes, as shown in Fig. 1a. Fly ash con-
cretes are often considered more durable because of relatively
low porosity. However, it is found in Fig. 1b that the increase of
the peak radius by carbonation is so significant in the case of fly
ash concretes. The peak radius becomes almost three times greater
than the initial value after carbonation with 20% of fly ash. Similar
results were reported in the literature [47,56]; a coarser capillary
pore structure was formed in the process of carbonation for
furnace slag concretes.

2.3. Influence of carbonation on the initiation of chloride-induced
corrosion

2.3.1. Transport of chloride ions with carbonation
We assume that transport of the chloride ions equation after

carbonation still meets Fick’s second law of diffusion. The total
amount of chloride in a unit volume of concrete consists of the free
chloride in the pore solution and the bound chloride (Friedel’s salt),
i.e.

Ctc ¼ /we
Cfc þ Cbc ð18Þ

where Ctc is the content of total chloride in a unit volume of concrete
(mol/m3 of concrete) and Cfc is the content of free chloride ions (mol/
m3 of pore solution). Cbc is the content of bound chloride (mol/m3 of
concrete). A part of the bound chloride can participate in the chem-
ical reaction shown in Eq. (1) and release free chloride ions.

The amount of the bound chloride depends on the concentra-
tion of the free chloride in the pore solution as well as the degree
of the carbonation because we consider the carbonation. Therefore,
the instantaneous rate of the total chloride can be expressed as

@Ctc

@t
¼ @/we

Cfc

@t
þ @Cbc

@Cfc

@Cfc

@t
þ @Cbc

@ac

@ac

@t
ð19Þ
w/b and (b) fly ash content [38,43,47–55].
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where, @Cbc=@Cfc is an isotherm between bound chloride and free
chloride. @Cbc=@ac also can be described by an isotherm in which
the carbonation should be considered.

The governing equation considering the convective term is
given by

@Ctc

@t
¼ $ � Dcar

fc $/we
Cfc þ $ � Dcar

h /we
Cfc$h ð20Þ

where Dcar
fc and Dcar

h are the diffusion coefficients of free chloride
ions and moisture depending on the degree of carbonation.

By inserting Eq. (19) into Eq. (20), then the governing equation
can be arranged as

@/we
Cfc

@t
þ @Cbc

@Cfc

@Cfc

@t
þ @Cbc

@ac

@ac

@t
¼ $ � Dcar

fc $/we
Cfc þ $

� Dcar
h /we

Cfc$h ð21Þ
Eq. (22) can be simplified further into

@/we
Cfc

@t
þ $ � J fc ¼ Irc ð22Þ

where J fc is the flux of chloride ions and Irc is the source term
reflecting free chloride ions released from the Friedel’s salt due to
carbonation. They can be given by

J fc ¼ � 1
1þ 1

/we

@Cbc
@Cfc

Dcar
fc $/we

Cfc þ /we
CfcD

car
h $h

� �
ð23Þ

Irc ¼ � 1
1þ 1

/we

@Cbc
@Cfc

@Cbc

@ac

@ac

@t
ð24Þ

The binding capacity of non-carbonated concrete is often
defined by the slope of a binding isotherm [57,58]. Here, we use
the Langmuir isotherm model in which

Cbc ¼
aL/we

Cfc

1þ bLMðCl�Þ/we
ðCfc=bÞ ð25Þ

where Mð�Þ molar mass of the substance given in (�) (kg/mol), b is
the binder content per unit volume of concrete. Note that MðCl�Þ
and b are introduced to match the units. aL and bL are parameters
to be determined by the type of concrete [13,58]. As suggested in
the literature [13], we take bL ¼ 4:0. Based on experimental data,
for ordinary Portland and fly ash concrete, parameter aL is consid-
ered as a quadratic function of the fly ash replacement ratio FA, i.e.

aL ¼ �15:5FA2 þ 1:8FAþ 11:8 for 0 6 FA 6 0:4 ð26Þ
Fig. 2. Chloride binding capacity of concrete before and after carbonation.
The binding capacity of concrete must also be influenced by car-
bonation. It was reported that the residual binding capacity is
reduced to less than 20% of the initial capacity after carbonation
[21,24,25]. The chloride binding capacity of concrete before and
after carbonation are shown in Fig. 2. To compare data from differ-
ent sources [13,21,24,25], the binding capacity is divided by aL.
Based on these experimental studies, we suggest replacing aL in
Eq. (25) by aL;c ¼ 0:12aL for the concrete after complete carbona-
tion. For simplicity, a linear dependency is assumed to incorporate
this influence in the binding capacity of concrete. Then, Eq. (25) is
modified as

Cbc ¼
aL 1� dacð Þ/we

Cfc

1þ bLMðCl�Þ/we
ðCfc=bÞ ð27Þ

where d is the reduction factor of chloride ion binding capacity due
to carbonation. d is given by

d ¼ 1� aL;c

aL
¼ 0:88 ð28Þ

Then, the change of the bound chloride content according to differ-
ent free chloride concentration and carbonation degrees can be
described as shown in Fig. 3.

The slope of the binding isotherm @Cbc=@Cfc which reflects the
residual binding capacity of the concrete in different degrees of
carbonation is given by

@Cbc

@Cfc
¼ aLð1� dacÞ/we

Cfc

1þ bLMðCl�Þ/we
ðCfc=bÞ

� �2 ð29Þ

And, the source term Irc in Eq. (24) can be calculated as

Irc ¼
daL/we

CfcðIch þ ICSHÞ
1þ 1

/we

@Cbc
@Cfc

� �
1þ bLMðCl�Þ/we

ðCfc=bÞ
� �½CCaO�0

ð30Þ
2.3.2. Influence of carbonation on the diffusion coefficient of chloride
ions

The change of the pore structure due to carbonation is consid-
ered in the diffusion coefficients of chloride ions and moisture
Dcar

fc and Dcar
h

Dcar
fc ¼ Dfc f pðX; dÞ ð31Þ

Dcar
h ¼ Dh f pðX; dÞ ð32Þ

where Dfc and Dh are the initial diffusion coefficients of the chloride
and the moisture before carbonation and their specific calculations
Fig. 3. Change of bound chloride content according to different free chloride
concentrations and carbonation degrees.



Table 1
Mix proportions and values of parameters used in the numerical model for
completely carbonated concrete test.

Specimen Mix proportions Values of parameters

w=b a=b FA Dfc (m2= sec) /0 D/c rp;0 rp;c

A-1 0.35 3.9 0 3:8� 10�12 10.86 2.04 0.94 0.88

A-2 0.35 5.3 0 4:3� 10�12 11.59 4.06 1.35 1.65

A-3 0.35 6.7 0 6:5� 10�12 16.72 6.52 1.50 1.68

B-1 0.45 5.3 10 4:7� 10�12 12.03 3.81 2.45 2.58

B-2 0.45 5.3 20 3:7� 10�12 11.55 4.60 1.02 7.49

B-3 0.45 5.3 30 3:1� 10�12 10.37 2.11 1.13 8.70
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are given in Appendices C and D according to the literature
[44,59–62], respectively. f pðX; dÞ is the influence of pore structure
change to the diffusion coefficients. This influence can be character-
ized by tortuosity X and constrictivity d of the pore structure, i.e.

f pðX; dÞ ¼ d
d0

X0

X
ð33Þ

where d0 and X0 are the concrete initial constrictivity and initial
tortuosity, respectively. The tortuosity is a measure of how tortuous
the pore channels are. This is typically given by a function of the
porosity. The constrictivity measures how narrow pore channels
for the transport of ions are. This can be defined by using the peak
radius size rp. The tortuosity and constrictivity may be given by the
following equations [13,45]

X ¼ �b1 tanh½b2ð/� b3Þ� þ b4 ð34Þ

d ¼ c1 tanh½c2ðlog rp þ c3Þ� þ c4 ð35Þ
where b1 to c4 are parameters to be determined and rp ¼ rp=rp;ref is a
dimensionless size of peak radius. rp;ref is introduced because of the
unit problem. According to the literature [13,29,43,45], we take
b1 ¼ 1:5, b2 ¼ 8:0, b3 ¼ 0:25, b4 ¼ 2:5, c1 ¼ 0:395, c2 ¼ 4:0,
c3 ¼ 5:95 and c4 ¼ 0:405.

2.3.3. Change of threshold chloride content due to carbonation
The reduction of the threshold concentration due to carbona-

tion causes the depassivation of the steel surface to be accelerated.
According to the literature [4,63], the ratio of the concentration of
the chloride ions to the concentration of hydroxide ions is constant
at the critical state of the initiation of corrosion. Therefore, the
threshold value for different degree of carbonation is given by

Ccar
th ¼ Cch;d

½Cch;d�0
Cth ð36Þ

where, ½Cch;d�0 is the initial molar concentration of the dissolved cal-
cium hydroxide before carbonation, Cth is the threshold chloride
content of non-carbonated concrete. Note that the concentration
of the dissolved calcium hydroxide Cch;d is a function of carbonation
as shown in Eq. (3).

2.4. Transfer of heat and moisture

Because temperature and humidity take important roles in the
foregoing analysis, the transport of heat and moisture must be con-
sidered in another form of conservation equations.

qcq
@T
@t

� k$2T ¼ Ih ð37Þ

@/we

@h
@h
@t

þ $ � Jh ¼ Iwe ð38Þ

where T is the absolute temperature (K), q is the mass density of
concrete (kg/m3), cq is the specific heat (W/Kkg), k is the thermal
conductivity (J/mK), Ih is the internal source of heat (W/m3),
@we=@h is the moisture isotherm. Jh ¼ �Dcar

h $h is the flux of mois-
ture. Iwe is the generation of water by the carbonation reaction of
the dissolved calcium hydroxide with carbonic acid, which is given
by

Iwe ¼
jIchMðH2OÞ

qw
ð39Þ

where j is the correction factor for vapor phase water generated by
carbonation, simply taken as 1.0 in this study. The reaction of CSH
with carbon dioxide does not generate free water.
3. Boundary condition and model solving

The fluxes of the chloride ions, humidity and heat transport on
the boundary are given by Eqs. (40)–(42) [44,59,64,65]:

J fc;b ¼ BcðCfc;b � Cfc;envÞ þ Cfc;env Jh;b ð40Þ

Jh;b ¼ Bhðhb � henvÞ ð41Þ

qb ¼ BTðTb � TenvÞ ð42Þ
where J fc;b is the chloride flux to the concrete’s surface (mol/m2 s),
Bc is the surface chloride transfer coefficient (m/s), Cfc;b is the chlo-
ride concentration at the concrete surface (mol/m3 of solution),
Cfc;env is the chloride concentration of the surrounding environment
(mol/m3 of solution), Jh;b is the flux of humidity through the con-
crete surface (m/s). Bh is the surface humidity transfer coefficient
(m/s), hb is the relative humidity in pores on the concrete surface,
henv is the relative humidity of the surrounding environment, qb is
the concrete heat flux (W/m2), BT is the heat transfer coefficient
of concrete (W/m2 K), Tb is the temperature at the concrete surface
(K), Tenv is the temperature of the surrounding environment (K).

In the actual project, carbon dioxide is generally in contact with
concretes in the gaseous phase. Therefore, the concentration of car-
bon dioxide in the environment can be considered as the boundary
condition for concrete carbonation. It can be obtained from the vol-
ume fraction of the carbon dioxide in the environment PCO2 , i.e.

CCO2 ;b ¼
PCO2qCO2

MðCO2Þ ð43Þ

where qCO2
¼ 1:977 kg/m3 is the gas density of carbon dioxide.

The foregoing governing equations were incorporated into a
commercial finite element program, COMSOL. Using the function
of Physics Builder provided by this software, a user-supplied sub-
module is developed for this model. Then, the spatial and temporal
discretization can be completed by this software and the numerical
model can be solved by its solver.

4. Verification of the model

4.1. Transport of chloride ions in completely carbonated concrete

A number of test data can be found for the transport of chloride
ions after complete carbonation.However,most of themdidnotpro-
vide the information on the pore structure of concrete after carbon-
ation. Yuan et al. carried out a series of experiments and provided
enough information on the change of pore structure due to carbon-
ation [29,43,66]. They used three different mix proportions of con-
crete for their experiment. They also reported the effect of fly ash.
These concrete specimens were immersed in 5% NaCl solution at
35 �C for two months. The concentration of the chloride ions was
measured with respect to the depth of specimens before and after



Fig. 4. Concentration of free chloride ions of different specimens before and after carbonation with respect to the depth of specimen; (a) ordinary Portland concretes A-1, A-2
and A-3 and (b) fly ash concretes B-1, B-2 and B-3 [29,43].
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the carbonation. They alsomeasured the change of porosity and the
size of thepeak radius by themercury injection test. Themixpropor-
tions and the parameters used in the numerical model are given in
Table 1. The chloride diffusion coefficients of non-carbonated con-
cretes Dfc were calculated based the experimental data.

The concentration of the free chloride ions is plotted with
respect to the depth of specimens in Fig. 4. It is found that the
change of the microstructure due to carbonation is well captured
in our numerical model. Fig. 4b shows that fly ash indeed reduces
the diffusion coefficient of chloride ions. However, it also shows
that carbonation accelerates the migration of chloride ions in the
concrete with fly ash in the states of no carbonation. The effect
of the fly ash replacement is also captured in the numerical model.

4.2. Alternating test of carbonation and chloride ion transport

In the alternating test, specimens are subjected to carbonation
for a certain period of time, and then to penetration by chloride



Table 2
Mix proportions and parameters used in the alternating numerical model.

Specimen Mix proportions Values of parameters

w=b a=b FA Dfc (m2=sec) ½CCaO�0 (mol=m3 of
concrete)

PCSH (%)

H5FA20 0.38 3.6 20 5:5� 10�12 3072 37.5

N5FA00 0.42 4.2 0 3:9� 10�11 3252 35.4

D-1 0.45 4.8 0 3:9� 10�12 3300 34.9

D-2 0.50 5.3 0 4:6� 10�12 2970 38.8

D-3 0.55 5.4 0 5:4� 10�12 2698 42.7
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ions. These two tests are carried out alternately. Lee et al. tested
four types of concrete, including high-strength and normal
strength concretes, with different proportions of fly ash in the
alternating test condition for more than fifty weeks [24]. The con-
crete specimens were immersed in 5% NaCl solution at 25 �C for
one week, and then placed in a carbonation chamber with 10% of
CO2, 40 �C temperature and 60% of relative humidity for the
Fig. 5. Concentrations of (a) free and (b) total chloride ions with respect to the depth of s
[24].

Fig. 6. Concentrations of (a) free and (b) total chloride ions with respect to the depth
following week. The mix proportions and the parameters used in
the numerical model are given in Table 2. The values of other
parameters can be determined by the equations given in this
paper. The values of ½CCaO�0 and PCSH are estimated based on the
empirical formulae given in the literature [42,46].

The numerical simulations of this combined action are shown in
Figs. 5 and 6. The depths of the carbonation for fly ash and ordinary
Portland normal concrete were 13.8 and 10.6 mm, respectively.
Except these two specimens, the depth of carbonation was too
small to investigate the combined action for other specimens in
their test. It was found from their test that the carbonation process
accelerated the transport of chloride ions significantly, and that the
concentration of chloride ions is high near the front of the carbon-
ation. These phenomena are captured well by the numerical model.

The chloride ions bound in the form of Friedel’s salt are released
to the pore solution in the process of carbonation, according to Eq.
(1). The carbonation also reduces the binding capacity significantly,
as modeled in Eq. (27). I.e., the release of chloride ions with less
binding capacity increases the concentration of chloride ions near
the front of the carbonation as shown in Figs. 5 and 6.
pecimen (H5FA20) made of a high strength concrete with 20% of fly ash replacement

of specimen (N5FA00) made of a normal strength concrete without fly ash [24].



Fig. 7. Concentration of total and free chloride ions for different water-to-binder
ratio under the combined action of carbonation and the transport of chloride ions.
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Yoon also carried out a similar test for three water-to-binder
ratios [25]. He placed the specimens in a carbonation chamber
with 5% of CO2 and at 20 �C and with 65% of relative humidity
for three days, and then immersed them in 0.5 M NaCl solution
for the next three days. These two procedures were repeated until
the test was finished. The mix proportions and the parameters
used in the numerical model are also given in Table 2. The test data
was compared with the numerical calculation in Fig. 7. A similar
trend as in Lee et al.’s test was obtained. It is interesting to see a
noticeable local increase of the total chloride ions. The location
where the concentration of the total chloride ions is high is just
beyond the front of the carbonation. Note that the binding capacity
beyond the front of the carbonation is still high and this region is
neighbored with the carbonated concrete in which the concentra-
tion of the chloride ions is high because of the ion release
explained in Eq. (1).

5. Parametric study using the numerical model

5.1. Problem description

A part of fly ash concrete beam is taken to establish a two dimen-
sionalmodel for a parametric study. The cross section of the beam is
400 mm � 750 mm. The cover thickness is taken as 35 mm. The
bottom surface is set as the boundary of temperature, humidity,
carbon dioxide and chloride ions ingress. The top surface and both
sides are set as the insulation border. The material properties of the
concrete are as follows: aggregate-to-binder ratio a=b ¼ 6, water-
to-binder ratiow=b ¼ 0:4, fly ash replacement ratio FA = 30%, molar
proportion of calcium oxide in the forms of CSH in concrete p = 50%,
reduction factor of chloride ion binding capacity due to carbonation
d = 0.88, heat transfer coefficient BT ¼ 7:75W/(m2 K), surface chlo-
ride transfer coefficient Bc ¼ 1 m/s, surface humidity transfer coef-
ficient Bh ¼ 3� 10�7 m=sec, moisture reference diffusion
coefficient Dh;ref ¼ 3� 10�10 m2=sec, chloride reference diffusion

coefficient Dfc;ref ¼ 5� 10�12 m2=sec and equivalent diffusion coef-

ficient of dissolved calcium hydroxide Dch;d ¼ 1� 10�13 m2=sec.
We use two trigonometric functions to express the variation of

temperature and humidity. The maximum and minimum ambient
temperatures are taken as 30 �C and �10 �C, respectively. The
ambient humidity is taken as being between 0.7 and 0.8. The chlo-
ride concentration of the surrounding environment is taken as
25 kg/m3 in solution. The beam is assumed to be under a normal
atmospheric environment, that is, the volume fraction of carbon
dioxide in air PCO2 is equal to 0.03%.

5.2. Effect of fly ash content on chloride transport

In order to show the influence of carbonation on free chloride
concentration clearly, we ignore the change of the reference diffu-
sion coefficients of concretes with different fly ash contents in this
parametric study. Although the water-to-binder ratio and the
aggregate-to-binder ratio are also important, these effects are not
considered in this paper because they have already been discussed
in many literatures [36,41,60,64]. Fig. 8 shows the influence of car-
bonation on chloride ingress in concretes with different fly ash
contents. We can find that a higher fly ash content has a more pro-
nounced effect on the acceleration of chloride ions ingress.

5.3. Effect of carbon dioxide concentration on the penetration of
chloride ions

Fig. 9 shows the influence of different carbon dioxide concen-
trations on the concrete surface. We can observe the influence of
different carbonation depths on the distribution of the chloride
ion concentration in concrete. In this case study, only the concen-
tration of carbon dioxide on the boundary are adjusted to 0, 0.01%,
0.02%, 0.03% and 0.05%, respectively. All other parameters and
boundary conditions are kept same. With the increase of the vol-
ume fraction of carbon dioxide, the concentration of the free chlo-
ride ions also increases significantly. The front of carbonation looks
like a new boundary of chloride transport and the carbonation may
be separated from this combined action.

5.4. Effect of carbonation on the initiation time of corrosion

Fig. 10 shows the influence of carbonation on the initiation
time of corrosion in this case study. The chloride concentration
and the corrosion threshold calculated in the placement of the



Fig. 8. Effect of fly ash replacement on free chloride content distribution according
to different depths.

Fig. 9. Influence of carbon dioxide concentration on the surface to the distribution
of chloride ion concentration in concrete after 50 years.

Fig. 10. Initiation time of corrosion.
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reinforcement are shown in Fig. 10. By the definition, if the chlo-
ride concentration, Cfc , becomes equal to the threshold value,
Ccar
th , the corrosion of the reinforcement would be initiated. Due

to the carbonation-induced change of pore structure and the bind-
ing capacity of chloride ions, the apparent diffusion coefficient of
chloride ions in the carbonated zone increases by Eqs. (29) and
(31). Meanwhile, the bound chloride ions are released to the pore
solution during the process of carbonation, according to Eq. (1).
These effects increase the concentration of free chloride ions. The
process of carbonation consumes the dissolved calcium hydroxide,
which reduces the threshold value as given in Eq. (36). In this illus-
trative example, this reinforced concrete section designed for
50 years service life would have the durability problem only less
than 30 years later.

6. Conclusions

1. A comprehensive numerical model for the combined carbona-
tion and chloride ingress is developed. The transport of carbon
dioxide, chloride ions, heat and moisture are coupled in this
model.

2. We propose a new method to calculate the degree of carbona-
tion and pH value based on the chemical mechanism of carbon-
ation. The reaction of carbon dioxide with calcium hydroxide
and other hydration products, such as CSH, is considered in this
method.

3. A set of empirical formulae for the change of peak radius size
and porosity is proposed to consider the influence of carbona-
tion on the change of pore structure.

4. The reduction of the chloride binding capacity of concrete is
included in the numerical model. The Langmuir isotherm is
modified to consider the effect of carbonation to the binding
capacity.

5. Several sets of experimental data are compared with the predic-
tion by the numerical model for its verification. The results sup-
port the validity of this model.

6. The numerical results show that, the initiation time of rein-
forcement corrosion is reduced significantly by this combined
mechanism. In the example considered in this study, the initia-
tion time of the reinforcement corrosion is reduced about 40%.
And, a higher fly ash content causes a more pronounced effect
on the carbonation-induced acceleration of chloride ion ingress.
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Appendix A. Mass exchange rate in the carbonation of concrete

According to the literature [36], the right hand sides of Eqs. (2)–
(5) are given by

Ich ¼ /f wrcCCO2HðCch;dÞ ðA:1Þ

ICSH ¼ 3rCSH ðA:2Þ

rCSH ¼ ackCSHVCSHCCO2CCSH ðA:3Þ

Id ¼ 0:5/f wVchkchacðCeq
OH� � COH� ÞCch;s ðA:4Þ
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where f w is the volume fraction of the water film on the wall of
pores, rc is the dependence of the reaction on the temperature,
Hð�Þ is the Heaviside step function, ac is the surface area of pores
per unit of concrete volume, kCSH ’ 1� 10�9 m/s is the rate constant
for the reaction of CSH with CO2, VCSH ¼ 150� 10�6 m3/mol is the
molar volume of CSH. Vch ¼ 3:37� 10�5 m3/mol is the molar vol-
ume of solid CaðOHÞ2, kch ¼ 5� 10�5 m/s is the mass transfer coef-
ficient for the dissolution of solid CaðOHÞ2, Ceq

OH� ¼ 43:2 mol/m3 is
the molar concentration of OH� per unit volume of pore water at
equilibrium, COH� ¼ 2� Cch;d is the molar concentration of OH�.

Here, the temperature dependence of rc is converted to an
Arrhenius type equation, i.e.,

rc ¼ Ac exp
Ec

RT

� 	
ðA:5Þ

where Ac ’ 359 sec�1 is a scaling factor of the reaction,
Ec ’ 442 J/mol is the activation energy of the reaction [37],
R ¼ 8:314 J/(mol � K) is the universal gas constant and T is the
absolute temperature.

Appendix B. Relation between /we
and h

The relation between /we
and h can be estimated as:

/we
¼ CkmVmh

ð1� kmhÞ½1þ ðC � 1Þ�kmh ðB:1Þ

where, C; km and Vm are parameters. For te P 5 days and
0:3 6 W=c 6 0:7, they can be determined as [67]

C ¼ expð855=TÞ ðB:2Þ

km ¼ Cð1� 1=nwÞ � 1
C � 1

ðB:3Þ

nw ¼ ð2:5þ 15=teÞð0:33þ 2:2w=bÞ ðB:4Þ

Vm ¼ ð0:068� 0:22=teÞð0:85þ 0:45w=bÞ ðB:5Þ
where te is the age of concrete hydration in days. The unit of tem-
perature is K.

Appendix C. Chloride diffusion coefficient of non-carbonized
concrete

The chloride diffusion coefficient of non-carbonated concrete
Dfc can be given as

Dfc ¼ Dfc;ref h1ðhÞh2ðTÞh3ðteÞ ðC:1Þ
where Dfc;ref is the chloride reference diffusion coefficient (m2/s) and
h1ðhÞ;h2ðTÞ and h3ðteÞ are the influence functions of pore relative
humidity, temperature and age, respectively. They are given as

h1ðhÞ ¼ 1þ ð1� hÞ4
ð1� hcÞ4

" #
ðC:2Þ

h2ðTÞ ¼ exp
Uc

RTc;ref
� Uc

RT

� 	
ðC:3Þ

h3ðteÞ ¼ tref
te

� 	m

ðC:4Þ

where Uc is the activation energy of the chloride diffusion process,
its value is between 32 and 44.6 kJ/(mol � K) for different w=b [60],
Tc;ref and tref are the reference temperature and time at which the
reference chloride diffusivity Dfc;ref has been evaluated, m is the
age reduction factor dependent on the concrete mix proportions.
According to Thomas’ experiment [6], we employ

m ¼ 0:2þ 0:4½FA=0:5� ðC:5Þ
The value of Dfc;ref depends on the water to binder ratio w=b and

the amount of fly ash FA of concrete. According to Petcherdchoo’s
[68], it can be given by

Dfc;ref ¼ 10½1:776þ1:364ðw=bÞ� þ ½581� 1869ðw=bÞ�½FA�
3:1536� 1013 ðC:6Þ
Appendix D. Moisture diffusion coefficient of non-carbonized
concrete

The moisture diffusion coefficient of non-carbonized concrete
Dh can also be calculated in terms of reference moisture diffusion
coefficient Dh;ref as follows

Dh ¼ Dh;ref f 1ðhÞf 2ðTÞf 3ðteÞ ðD:1Þ
where f 1ðhÞ; f 2ðTÞ and f 3ðteÞ are the influence functions of pore rel-
ative humidity, temperature and concrete aging respectively on
moisture diffusion coefficient. They are given as

f 1ðhÞ ¼ a0 þ 1� a0

1þ ð1� hÞ=ð1� hcÞ½ �n ðD:2Þ

f 2ðTÞ ¼ exp
Um

RTh;ref
� Um

RT

� 	
ðD:3Þ

f 3ðteÞ ¼ 0:3þ
ffiffiffiffiffiffi
13
te

s
ðD:4Þ

where the value of a0 is between 0.025 and 0.1, representing the
ratio of min Dh;car and max Dh;car . Here we take a0 ¼ 0:05.
hc ¼ 0:75 is the relative humidity at Dh;car and drops halfway
between the maximum and minimum values. The value of the
exponent n is between 6 and 16, characterizing the spread of the
drop in Dh;car . Here we take n = 11. Um � 20.3 kJ/mol is the activation
energy for hydration. Th;ref ¼ 296 K is the reference temperature.
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[19] J. Ožbolt, F. Orsanic, G. Balabanic, M. Kuster, Modeling damage in concrete
caused by corrosion of reinforcement: coupled 3D FE model, Int. J. Fract. 178
(1–2) (2012) 233–244.
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