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Abstract

Chloride penetration and calcium dissolution have been investigated for a saturated concrete after exposure to a 0.5 mol/L NaCl solution for a
period of up to 3150 days. Simultaneous ion transport model (SiTraM) that allows the transport of chloride and calcium ions to be simultaneously
simulated in a hydrated cement system has been used to verify the experimental results.

Self-compacting concrete (SCC) with a water to cement ratio of 0.3 resulted in a limited chloride penetration depth while the calcium
dissolution was also reduced within the near surface zone. Increased unit water content for normal concrete resulted in higher chloride penetration
depth and larger dissolution front of Ca(OH)2 regardless of having the same water to cement ratio.

It was revealed that the SiTraM can predict the profiles of chloride and calcium for self-compacting concrete. It was also found that the primary
factor to control chloride penetration front and the dissolution front of Ca(OH)2 was the pore structure characteristic of concrete.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Ion transport through a hydrated cement system often becomes
a primal factor to degrade concrete in an aggressive environment.
Especially saturated concrete structures in seawater or exposed to
ground water will be deteriorated to which degree is controlled by
ion diffusion through the pore structure of the concrete. Chloride
ion diffusion has become a center of attention for research on ion
transport in concrete [1]. This is because of the fact that corrosion
of steel bars embedded in concrete is caused by chloride ingress
resulting in the most detrimental effect on the degradation of
concrete structures.

In order to reduce the deterioration risk due to the corrosion of
reinforcement, high performance concrete will be used such as
self-compacting concrete (SCC) which is anticipated to resist
against chloride ingress under harsh environmental conditions for
a long period of time. In general, chloride penetration in saturated
concrete will couple with the dissolution of calcium from the
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hydrated cement system. However, the interactive effect of
chloride penetration and calcium dissolution in concrete has
remained unknown. This study will focus on the dissolution of
calcium in SCC as it is being used for a civil structure of
extremely long term service period.

It has been known that the water to cement ratio (W/C) plays
an important role on the resistance against chloride ingress in
concrete. However, the effect of increased unit cement content in
concrete on chloride penetration and calcium dissolution has been
barely clarified. It may be beneficial because the amount of
immobilized chloride ions is increased in the hydrated cement
system when the amount of unit cement content is appropriately
increased. In addition, it is thought that possibly the amount of
dissolved calcium from the hydrated cement system is increased.
However, since increased unit cement content is associated with
increased unit water content possible passage for the transport of
ions is increased in the concrete. In addition, from a practical
point of view the risk of defects due to the construction of the
concrete such as segregation may be increased.

In this present research self-compacting concrete (SCC) of a
W/C of 0.3 has been exposed to 0.5 mol/L NaCl solution for
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Fig. 1. Simultaneous ion transport model.
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3150 days under controlled laboratory conditions. Chloride
penetration profile and the profile of remaining calcium content
are compared with those of normal concrete of aW/C of 0.55. For
normal concrete, the effect of increased unit cement content and
hence an increased unit water content up to 207 kg/m3 is also
studied and compared with concrete of an equal W/C but the unit
water content of 178 kg/m3. Another series of chloride
penetration tests with a period of 420 days has been conducted
on normal concrete of a W/C of 0.45. For these concretes,
different unit water contents of 153, 163 and 173 kg/m3 are
employed, respectively. After the termination of the penetration
tests, cored concrete was taken and sliced with increased depth
from the exposure surface. The profile of total chloride ions in
concrete was determined by the nitric acid extraction method. The
remaining amount of Ca(OH)2 was identified and determined by
the X-ray diffraction (XRD) and the thermogravimetry/differen-
tial thermal analysis (TG/DTA), respectively.

In this paper, simultaneous ion transport model (SiTraM) has
been applied to simulate both profiles of chloride and calcium.
The concept of SiTraM has been already proposed by authors [2].
Therefore, this present study has been directed for the purpose of
practical preference to specify the comprehensive model using
three separate models so as to enhance the understanding of
respective phenomenon involved in ion transport mechanism in
concrete. In this sense, the time and spatial dependence of pore
structure in concrete are briefly explained. In addition, selective
ion diffusion phenomenon that has been reported but remained
unsolved is considered in a quantitative manner. The calculation
of decalcification from calcium silicate hydrate (C–S–H) is also
explained. In this way, the applicability of the SiTraM to concrete
subjected to chloride penetration is presented. Parameters
necessary for the execution of the numerical calculation in
accordance with mixture proportions and testing conditions
specified in this research are determined separately.

2. Simultaneous ion transport model

A unique feature of this present simultaneous ion transport
model, SiTraM is to allow both the calculations of chloride
penetration profile and the profile of calcium remaining in the
hydrated cement system in concrete which is exposed to chloride
laden solution. It is composed of three models as shown in Fig. 1,
namely Mutual ion diffusion coefficient model, Characterizing
pore structure model and ion-solid interactions model. Each
model is briefly discussed in the following section.

A governing equation in the SiTraM simulation is the Fick's
diffusion equation. Unidirectional diffusion is considered in
concrete as follows;

AC
At

¼ D
A
2C
Ax2

ð1Þ

Where C is the concentration of ions (mol/L), D is the
diffusion coefficient (cm2/s), t and x are the time and position,
respectively.

Details of the numerical description using a finite difference
method for Eq. (1) are provided later in Section 5. Mobile ions
diffuse through the pore solution of concrete according to Eq. (1).
Then depending on the resultant concentration in a given time
and position of the pore space chemical reaction takes place
instantaneously so as to follow local equilibrium between the
solid and solution in the pore. Mutual ion diffusion coefficient
model and Characterizing pore structure model are used so as to
control the transportation of ions while ion-solid interactions
model is to control the reaction parts.

2.1. Mutual ion diffusion coefficient model

2.1.1. Calculation of mutual ion diffusion coefficient
Mutual ion diffusion coefficient model allows the calculation

of diffusion coefficients of various ionic species on the basis of
electrochemical potential within the pore solution of concrete.
Influence of coexisting different ionic species in a multicompo-
nent solution like pore solution of concrete is quantitatively
evaluated by a resultant mutual diffusion coefficient (MDC) [4,5].
MDC has been applied to ionic species present in the pore
solution in a hydrated cement system [2,3]. In this paper the
methodology to calculate MDC is briefly explained.

Felmy and Weare have originally developed a general form of
the calculation method on MDCs of several ionic species present



Fig. 2. Calculated concentration dependent mutual diffusion coefficients of 1-1
type electrolytes.
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in the sea water [4,5]. The MDC, i.e. Dij, is the diffusion
coefficient of the ith ionic species that is influenced by the
concentration gradient of the jth species. This Dij can be
explained schematically by the diagram that is shown in the
Mutual diffusion coefficient model of Fig. 1. Assuming that there
are various ionic species coexisting in a solution, Dij represents
for each connection that binds one ionic species to another.
Driving force for the diffusion of an ionic species is originated
from thermodynamic force that can be considered as the gradient
of electrochemical potential. Chemical potential gradient and
electronic potential gradient compose of the electrochemical
potential. The flux of diffusion for a given ionic species can be
computed with a phenomenological transport coefficient matrix
using following equation [4,6];

Ji ¼
XnS
j¼1

li; j � Alj
Ax

� zjF
A/
Ax

� �
ð2Þ

Where Ji is the flux of the ith ionic species (mol/cm2/s), li,j is
the phenomenological transport coefficient matrix (mol2/cm/J/s),
ns is the number of ionic species in solution, ∂μj /∂x is the
chemical potential gradient of the jth species, ∂φ /∂x is the
electronic potential gradient, zj is the valence number of the jth
ionic species, F is the Faraday's constant.

Since the electrical part is not readily measurable in electrolyte
solution this part can be eliminated fromEq. (2) by taking account
of the zero current constraint [4,6]. Furthermore by adopting a
simplified methodology to account for wide variations in
concentration gradients the phenomenological transport coeffi-
cient matrix is reduced and then Eq. (2) becomes as follows [6];
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Where R is the gas constant (J/(mol·K)), T is the absolute
temperature (K), Di

0 is the tracer diffusion coefficient of the ith
ionic species in dilute solution (cm2/s).

Chemical potential gradient is converted to concentration
gradient and then final set of the equation on the flux of diffusion
is expressed as follows [4,6];

Ji ¼ �
Xns
j¼1

Dij
ACj

Ax
ð4Þ

Where Dij is the mutual diffusion coefficient matrix.
The formulae of this Dij can be shown by the following

equation [6];
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where δij is designated for the Kronecker delta function which is
equal to 1 if i= j, but equal to 0 if i≠ j, and ai is the mean activity
coefficient of the ith species that is assumed to be calculated
according to the Debye–Huckel theory.

Fig. 2 shows the concentration dependent mutual diffusion
coefficient calculated for the 1-1 type of an electrolyte of NaCl
solution and KCl solution, respectively. Although available
experimental results are limited for the 1-1 type electrolytes [8],
calculated mutual diffusion coefficients agree well with the
experiments.

2.1.2. Application to the pore solution in concrete
Mutual diffusion coefficient can be calculated by providing

the values of concentration of ions present in a given calculation
domain, tracer diffusion coefficient, and ion size parameter of
each ionic species. Ion size parameters and tracer diffusion
coefficients can be found in chemistry Ref. [7,9]. Therefore, it is
necessary to provide the pore solution chemistry of concrete to
calculate the MDC. Accordingly, the concentration of various
ionic species present in the pore solution of concrete is
determined by an electrical extraction method which has been
developed by the authors for each type of cement [10,11].

It is noted that the mutual diffusion coefficient for concrete is
time dependent since the composition of the pore solution
chemistry changes with time. In addition, the mutual diffusion
coefficient in Eq. (5) is defined as an aqueous mutual diffusion
coefficient that is separately defined from an intrinsic mutual
diffusion coefficient [2,3]. The intrinsic mutual diffusion coef-
ficient is explained with relation to pore structure characteristic in
the next section.

2.2. Characterizing pore structure model

2.2.1. Significance of scale factor
In order to treat the transport of ions in concrete the aqueous

mutual diffusion coefficient shown in Eq. (5) is transformed to an
intrinsic mutual diffusion coefficient. This needs to be done to
reflect the physical nature of the pore structure in concrete. For
this transformation purpose a scale factor, K was introduced.
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Then the intrinsic mutual diffusion coefficient is given by the
following Eq. [2];

Dij; I x; tð Þ ¼ Dij x; tð Þ � Kx;t ð6Þ

Where K is a scale factor, subscripts x and t denote arbitrary
position and time, respectively. Note that the ion transport is
considered in an x-direction only.

2.2.2. Definition and determination of pore structure coefficient
Pore structure characteristic of concrete is quantitatively

evaluated by the steady-state chloride migration test [12]. The
concept of this model is shown as the Characterizing pore
structure model in Fig. 1. In this purpose, JSCE G571-2003 is
adopted for determining the effective diffusion coefficient of
chloride ions. The schematic diagram of this migration test is
shown in Fig. 3 [13].

From the experimental results of the migration test, the flux of
chloride ions at steady-state can be achieved on concrete under
investigation. Then the flux is related to the effective diffusion
coefficient, i.e. De by the following expression [14];

Ji ¼ ziF
RT

DeCi
DEe

DX
ð7Þ

Where Ji is the flux of the ith ionic species (mol/(cm
2 s)), F is

the Faraday's constant (C/mol), Ci is the concentration of the ith
ionic species (mol/L),ΔEe /ΔX is the electrical potential gradient
(V/cm).

In this way the pore structure characteristic of concrete under
investigation is quantified by the following equation [12];

e
s2

¼ De

Df
ð8Þ

Where ɛ and τ are the porosity and tortuosity of concrete
under investigation, respectively, Df is the diffusion coefficient in
a given aqueous solution (cm2/s) [12].
Fig. 3. Migration cell test for characterizing pore structure.
The parameter ɛ /τ2 that is given in Eq. (8) was designated as
the pore structure coefficient and used for the scale factor, K in
this present transport model.

2.2.3. Time and depth dependent pore structure coefficient
By considering continuous cement hydration or the degree of

hydration as well as the inhomogeneity of pore structure with
depth, the pore structure coefficient is then defined as follows;

Kx;t ¼ e
s2
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Where (ɛ /τ2)int. is the initial pore structure coefficient, De(x
0,

t′) /De
0 and De(x′,t

0) /De
0 are the normalized numbers for the

effective diffusion coefficient for a given time and depth
respectively, t′ and x′ are the normalized time (t/t0) and depth (x/
x0), respectively.

For example, when De
0 is determined for concrete at 28 days

and at a depth of 10 cm and used for calculating the initial pore
structure coefficient, then t0 is equal to 28 days and x0 is equal to
10 cm. Time and depth-dependent effective diffusion coefficients
need to be determined individually by steady-state migration
technique for the concrete under investigation.

2.3. Ion-solid interactions model

Ion-solid interactions in saturated concrete are primarily
accounted by considering the dissolution of calcium from solid
Ca(OH)2 and/or C–S–H, chloride binding and an effect of near
pore surface for a selective ionic species. The methodology to
calculate the dissolution of calcium from the hydrated cement
products is briefly explained. In addition, a unique characteristic
of near pore surface with regards to ion transport through the
hydrated cement system is also explained.

2.3.1. Dissolution of calcium from hydrated cement system
The general concept and calculation method of the dissolution

of calcium from hydrated cement system are similar to those
proposed by Berner and Buil [15,16]. Although the previous
research by the authors [2] has also followed their methodology
there was insufficient explanation on this particular matter.
Therefore the calculation of the decalcification of C–S–H is
explained in this paper.

In general, the transport of calcium ions is governed by dif-
fusion and reaction. However, local equilibrium assumption
implies that the diffusion rate is very slow compared to the
dissolution rate. Therefore, the rate of the system change should
be controlled by diffusion [17].

The sharp drop of Poltlandite solubility is reported for the base
solution of NaOH solution with increased concentration [18]. On
the other hand relatively comparable solubility ranging from
0.020 to 0.028 molal Ca(OH)2 is obtained in NaCl solution [18].
Furthermore chemical analysis using actual pore solution that was
extracted from OPC mortar specimen showed that the concen-
tration of calcium ions is approximately 0.02 mol/L [19]. In this
way it seems that the ionic concentration of calcium ions in pore
solution is uncertain and dependent on its pore solution chemistry.
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It is generally understood from the experiment carried out
by Berner that the concentration of calcium ions in the pore
solution of cement paste remains constant during the dissolution
of Ca(OH)2 [15, 20]. Therefore a constant value of 0.02 mol/L
for the concentration of calcium ions in pore solution can be
assumed so as not to underestimate its dissolution mechanism as
suggested by Saito et al. [21]. The effect of adopting this
specific concentration of calcium ions can be minimized in this
present model by the inclusion of pore surface effect which is
explained later in Section 2.3.5 in this paper.

Immediately after the reduction of the concentration of
calcium ions in pore solution, instantaneous dissolution will
supply calcium from the solid calcium (initially in Ca(OH)2) so as
to compensate for the amount of calcium ions that diffuses out.
Consequently, the concentration of calcium ions in the pore
solution will be again increased to its initial concentration, i.e.
0.02 mol/L. These repeatedly reversible reactions will always
be able to maintain the concentration of calcium ions unless the
Ca(OH)2 in the section considered is depleted.

2.3.2. Decalcification of C–S–H from hydrated cement system
After the depletion of solid Ca(OH)2, the decalcification of C–

S–H starts in the considered section. At this point the con-
centration of calcium ions in pore solution will not be maintained
at 0.02 mol/L. In contrast, the concentration of calcium in solid
structure as C–S–H can be in a chemical potential equilibrium
with that in the pore solution.

A schematic diagram for the calculation of C–S–H decalci-
fication that is adopted in this present model is shown in Fig. 4.
The y-axis in this figure is the concentration of calcium in the
solid phase where a constant silica content is assumed. The x-axis
is that of calcium ions in pore solution in the same unit of mol so
that the amount of calcium for reduction and compensation can be
easily understood.

The nonlinear relation of a liquid–solid equilibrium which is
shown in the curved portion B–C in Fig. 4 is defined by Buil et al.
[16].

At a particular time and position, after depletion of Ca(OH)2
(as designated by dotted line A–B), the concentration of calcium
Fig. 4. Method of the calculation
ions (C1) in pore solution is assumed to be in equilibrium with the
concentration of calcium in C–S–H (CSH1). Due to a con-
centration gradient which results in the reduction of its
concentration (−fdt, in Fig. 4), C1 is reduced to C2. At this
point which is designated by a star mark in the same figure, the
relation of calcium concentration in solid phase and that in pore
solution is on the equilibrium curve line. For this reason, the
chemical equilibrium system will adjust the disturbed equilibrium
by liberating some calcium from C–S–H. Assuming that the
released amount of calcium from the solid phase is equal to ΔX,
hence the amount of calcium ions in aqueous phase must also be
increased by this ΔX. Eventually, the remaining amount of
calcium ions in pore solution and that in solid phase is equal to C3

and CSH3, respectively.
If the concentration of calcium in solid phase is decreased until

point C of Fig. 4, the decalcification of C–S–H will be
instantaneous and similar to the dissolution of Ca(OH)2 as
shown by the sharp linear portion C–D in the figure. At this part,
the concentration of calcium ions in pore solution will be a
constant value of 0.0015 mol/L [15,20].

2.3.3. Chloride binding isotherm in concrete
Penetrating chloride ions into the pore solution of concrete is

bound by the C3A phase in the form of the Friedel's salt. In
addition, ion exchange and sorption onto the C–S–H phase are
considered as other immobilizing mechanisms for the diffusion of
chloride ions. However the binding phenomena for chloride ions
with hydrated cement system will be more complex and hardly
quantified to account for each mechanisms involved. Therefore
from relatively macroscopic points of view the amount of the
bound chloride is calculated as a function of the concentration of
free chloride ions as shown in Eq. (10) [22];

Cb ¼ e
aOH 1� OH½ �

OH½ �ini

� �
� e

Eb
R

1
T� 1

T0

� �
� Wgel � a

1000
Cb
ff ð10Þ

Where αOH is the constant for hydroxide-dependent effect,
[OH] is the concentration of OH− (mol/L), [OH]ini is the initial
concentration of OH− (mol/L), Eb is the activation energy for
of C–S–H decalcification.
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chloride binding (40,000 J/mol), T0 is the absolute temperature at
which the binding isotherm is obtained (293 K), Cff is the
concentration of free chloride ions (kg/m3-solution), Wgel is the
amount of hydration gel (kggel/m

3-material).
The empirical parameters for chloride binding isotherm shown

in Eq. (10), i.e. α and β were determined by the experimental
method proposed by Tang and Nilsson [23]. These parameters are
controlled by the type of cement.

2.3.4. Selective ion diffusion near pore surface
Ushiyama and Goto have reported the results of the diffusion

cell test that anions were more diffusible than cations through
hardened cement paste showing the order of the diffusion
coefficients for each ionic species as follows, Cl−NK+NNa+NLi+

[24]. In addition, Goto and Roy have reported higher activation
energy for sodium ions than that of chloride ions implying an effect
of the pore surface charge [25]. The authors of this paper have also
confirmed by both migration cell and diffusion cell tests that the
diffusion coefficients were in ordered as Cl−NK+NNa+ which was
the same as Ushiyama's findings [26]. In this way it is appropriate
to consider for a hydrated cement system to have a function of
selective ion diffusion. Since the mutual diffusion coefficient
model is responsible for an ion–ion interaction within the pore
solution, selective ion diffusion phenomenon should be considered
separately as a near pore surface effect in this present model.

Quantitative evaluation of the near pore surface effect still
cannot be performed precisely. However, the different diffusion
kinetics of sodium ions and potassium ions in a hydrated cement
system will be due to the resultant different concentrations in the
pore solution. Shigeru et al. has pointed out that the concentration
of chloride ions was higher than that of paired sodium ions in
cement paste specimen removed after the termination of the dif-
fusion cell test [27]. Thiswas explained by the different distribution
coefficient that was defined by the difference in the concentration
of ions in between the cement paste and the NaCl solution used for
the diffusion cell test. Distribution coefficient for a solute between
two dilute solutions is generally expressed as follows [28];

b⁎u
cII
cI

¼ exp � l⁎II � l⁎I
RT

� �
ð11Þ

Where β⁎ is the distribution coefficient, cI/cII is the ratio of
concentrations of solutes between solution I and solution II which
are in contact with each other, and μ is the idealized chemical
potential of the solute in each solution.

In order to apply Eq. (11) to the present ion-solid interactions
model, an apparent specific distribution coefficient for sodium
ions and potassium ions is defined so as to reflect their relative
diffusion kinetics to that of chloride ions.

Apparent specific distribution coefficient, γ is defined and
calculated by the following formula;

gi ¼ D⁎e;i
D⁎e;Cl

ð12Þ

Where γi is the apparent specific distribution coefficient as
dimensionless parameter for the ith ionic species, De,i⁎ is the
standardized effective diffusion coefficient of alkali ions (cm2/s),
De,Cl−⁎ is the standardized effective diffusion coefficient of
chloride ions (cm2/s).

In order to calculate the apparent specific distribution
coefficient used in Eq. (12) another series of the steady-state
chloride migration tests were conducted. Standardized effective
diffusion coefficients are then determined for alkali ions as well as
chloride ions. Unique feature in calculating standardized effective
diffusion coefficients is to use the concentration of each ionic
species that is present within concrete specimen after the
termination of the steady-state migration test. Relative concentra-
tion difference in alkali and chloride ions within the concrete
specimen is reflected to standardized effective diffusion coeffi-
cients. Details and migration test results are given in Section 5.1.4.

Since it is assumed that the pore surface effect rarely has an
influence on the transport of anions, this γ is equal to 1.0 for all
anions in the present model.

2.3.5. Pore surface effect on the diffusion of calcium ion
Chatterji and Kawamura have reported on the presence of the

Gouy–Chapman layer, in which its estimated positive ion
concentration, especially that of calcium ions is much higher
than that of the bulk pore solution [29]. This higher concentration
of calcium ions near the pore surface seems to be a contrast to the
fact on common knowledge on the concentration of calcium ions
in the pore solution of hydrated cement system i.e. 0.02 mol/L.
Nevertheless this evidence supports experimental results that
normally exhibit larger amounts of calcium ions being diffused
into a leachant as compared with those of sodium ions and
potassium ions in a leaching test. This fact is hardly explained by
the concentration gradient of calcium ions as the driving force that
is much less than those of the alkali ions [30]. Therefore, in this
present ion-solid interactions model, the related pore surface
effect on the diffusion of calcium ions was represented by the
apparent specific distribution coefficient, γi. In other words, it is
assumed that the effective chemical potential for calcium ions to
diffuse through the pore structure is apparently larger than that
induced by the concentration of a constant 0.02 mol/L. Ac-
cordingly the diffusion of calcium ions can be treated in a similar
manner to the diffusion of sodium ions and potassium ions.

2.4. Alteration of pore structure characteristic due to ion-solid
interactions

Besides the time and position dependence of pore structure
characteristic due to cement hydration and inhomogeneity, it will
be also altered by dissolution and/or precipitation phenomenon as
a result of ion-solid interactions. At this present, there is no
certainty about the change of the tortuosity due to the dissolution
and precipitation. Therefore it is assumed that the porosity is
either increased by dissolution or decreased by precipitation in the
present model. Then the change of porosity is expressed by the
following equation;

ex;t ¼ eIni þ DeDslx;t � DePcpx;t ð13Þ

Where ɛIni is the initial porosity, Δɛx,t
Dsl is the increased

porosity due to the dissolution of solid calcium, Δɛx,t
Pcp is the



Table 1
Physical properties and chemical compositions of cement binder

Physical properties/chemical composition Type of cement binder

OPC LHC

Physical properties Specific gravity 3.16 3.22
Specific surface (cm2/g) 3310 3430

Chemical composition CaO (%) 64.3 63.1
SiO2 (%) 20.9 26.2
Al2O3 (%) 5.24 2.62
Fe2O3 (%) 2.88 2.51
SO3 (%) 2.05 2.25
Na2O (%) 0.27 0.20
K2O (%) 0.40 0.36
MgO (%) 1.33 1.81
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decreased porosity due to the precipitation of the Friedel's salt,
subscripts x, and t denote arbitrary position and time,
respectively.

The change of porosity due to the dissolution and precip-
itation needs to be reflected in Eq. (9) by multiplying the variable,
ɛx,t /ɛ

Ini.

2.4.1. Effect of solid calcium leaching on the pore structure
Depending on the amount of dissolved calcium from the

hydrated cement system pore space can be increased. The
expression for this increase is shown in Eq. (14) [16];

DeDslx;t ¼ qc �
MWCH

dCH
� SCIni � SCx;t

� � ð14Þ

qc ¼ 1� 1
dC W=Cð Þ þ 1

ð15Þ

Where ρc is the volume density of the cement paste, dC is the
density of cement (g/cm3), W/C is the water to cement ratio,
MWCH is the molecular weight of Ca(OH)2 (g/mol), dCH is the
density of Ca(OH)2 (g/l), SCini is the initial solid calcium
concentration (mol/L-solid), and SCx,t is the solid calcium
concentration at a particular position and time (mol/L-solid),
subscripts x and t denote the position x at time t, respectively.

According to Eq. (14), it is assumed that the dissolution of
Ca(OH)2 has the same consequence on the transport properties
of the hydrated cement system as the decalcification of C–S–H.
Therefore, the increased porosity is calculated by the reduction
of total calcium which is the summation of that in Ca(OH)2 and
C–S–H.
Table 2
Physical properties of fine/coarse aggregate

Properties Series-1

Fine aggregate (River sand) Coarse ag

Specific gravity (dry) 2.61 2.65
Water absorption (%) 2.45 1.24
Fineness modulus 2.50 6.53
a Maximum size was 20 mm.
2.4.2. Effect of chloride binding on the pore structure
It is assumed that the amount of bound chloride which is

calculated by Eq. (10) can be used as the solid volume increase
in pore structure. By knowing the density and molecular weight
of the Friedel's salt (density=1.892 g/cm3, molar volume=
296.66 cm3/mol [31], one can convert an amount of bound
chloride into a solid volume. As a result, the reduction of porosity
is calculated by the following equation;

DePcpx;t ¼ Cb
x;t � MVFS

1000 � MWFS
ð16Þ

WhereΔɛx,t
Pcp is the decreased porosity due to the precipitation

of the Friedel's salt at a particular time and position, MVFS is the
molar volume of the Friedel's salt (296.66 cm3/mol), MWFS is the
molar weight of the Friedel's salt (561 g/mol).

3. Experimental works

3.1. Material properties and mix proportions of concrete

The types of cement used in this research were ordinary
Portland cement (OPC) and low heat Portland cement (LHC).
The physical properties and chemical compositions are shown in
Table 1. River sand was used as the fine aggregate while the
crushed stone was used as the coarse aggregate. The specific
gravity, water absorption and the fineness modulus of fine and
coarse aggregates are shown in Table 2.

Mix proportions and compressive strength of concrete tested
in Series 1 and Series 2 are shown in Table 3. SCC specimen
which is referred as a self-compacting concrete was mixed with
LHC binder with a water to cement ratio of 0.3. Polycarboxylate-
type superplasticizer was used for the SCC specimen. Specimens
of S5, S18, and S18T are referred as normal concrete that were
mixed with OPC with a constant W/C of 0.55. The number of
either “5" or “18" that was shown in the designation of each mix
proportion is expressed for the target slump values. For these
normal concretes it was intended that the effect of increased unit
cement content and hence increased unit water content on the
chloride penetration and calcium dissolution was investigated.
Since no chemical admixtures were used for the normal concrete
the unit water content of S18 and S18T specimens was increased
by 29 kg/m3 larger than that of S5 specimen.

The compressive strength at 28 days of SCC specimen is
higher than those of normal concretes tested in Series 1. It is
obvious that the bleeding of SCC hardly occurred. In addition
Series-2

gregate a Fine aggregate (River sand) Coarse aggregate a

2.63 2.86
1.50 0.73
2.49 6.48



Table 3
Mix proportions of concretes

Specimens W/C Slump (cm) s/a Air (%) Unit weight of material (kg/m3) σ a(N/mm2) Bleeding amount
(cm3/cm2)

W C S G

SCCb 30 64.0 c 52 2.0 175 582 851 790 71.0 0
S5 55 5 44 2±0.5 178 324 803 1035 49.2 0.05
S18 18 207 376 751 968 43.6 0.17
S18T
CW153 45 8 48 5.5 153 340 873 1044 61.4
CW163 47 4.3 163 362 834 1038 59.8
CW173 43 5.0 173 384 744 1088 56.9
a 28 days compressive strength.
b Low heat Portland cement is used as cement binder, Polycarboxylate-type superplasticizer is used by 1.58% to cement content.
c Slump flow, V-funnel test: 12.7 s.
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increased unit water content for normal concrete resulted in larger
amount of bleeding for S18 and S18T while S5 also exhibited
some bleeding as shown in Table 3. It was considered that the
bleeding would have some effects on chloride penetration and
calcium dissolution. For S18T specimen, tamping operation was
carried out on the top surface placed by the fresh concrete after the
termination of the bleeding. Tamping is normally implemented to
avoid subsidence cracks for a reinforced concrete member.

For CW153, CW163 and CW173 in Series 2 the water to
cement ratio was constant at 0.45 while the unit water content
ranged from 153 to 173 kg/m3. Accordingly, the effect of the
increased unit water content and hence the amount of cement paste
on chloride penetration and calcium dissolution was also studied in
Series 2 as well. OPC was used for every concrete in Series 2.

3.2. Chloride penetration test for concrete

Concretes were cast in the 15×15×20 cm3 and 10×40×
10 cm3 rectangular steel moulds for Series 1 and Series 2,
respectively. After 24 hours of the placement, concretes were
demoulded and cured in a saturated Ca(OH)2 solution for
3 months in a temperature-humidity controlled room (23±2 °C,
60±5% RH.).

After curing, concretes were permitted to be dried in a
laboratory room for a few days. Then an epoxy adhesive was
carefully coated on all surfaces except the top surface which was
placed by fresh concrete.

Schematic diagrams of chloride penetration test of both
concretes tested in Series 1 and Series 2 are shown in Fig. 5. The
top surface of each concrete specimen was exposed to NaCl
solution for a period of 3150 days for Series 1 and 420 days for
Series 2, respectively.

The volume ofNaCl solutionwith a concentration of 0.5mol/L
was approximately 1.5 L over the surface area of 225 cm2 and
400 cm2 for Series 1 and Series 2, respectively. The NaCl solution
was periodically renewed and the penetration test was continued
in a temperature-humidity controlled room(23±2 °C, 60±5%
RH.).

After the completion of the chloride penetration tests, a
∅10 cm×20 cm core was taken out from each rectangular
specimen tested in Series 1 as shown in Fig. 5. Two cores of
∅5 cm×10 cmwere taken from each rectangular specimen tested
in Series 2. Then, the slices of 0.7 to 1.0 cm in thickness were cut
from the top layer to the inner portion by diamond saw.

3.3. Preparation of the powdered material for chemical
analysis (nitric acid extraction, XRD and TG/DTA methods)

The nitric acid extraction method was employed for the
determination of total chloride content in concrete (JCI-SC4). In
addition, the X-ray diffraction (XRD) and the thermogravimetry/
differential thermal analysis (TG/DTA) were carried out primarily
for the identification of calcium hydroxide and the Friedel's salt.

Sliced thin disks with a thickness of 0.7 to 1.0 cm were
powdered using ceramic mortar and pestle. After all powder were
able to pass through the 90 μm of the sieve, these samples were
kept in vacuumed desiccators for 24 hours. Then, the powder
(mass=2 g) was centrifuged within a heavy liquid which was the
composite solution of the bromoform and the ethanol (ratio 85 ml:
10ml, the target specific gravity=2.325). The centrifugation speed
was set to 3500 rpm for 10 min, and it was performed repeatedly
until therewas a clear separation in the solution of the floatable and
sinkable substances. These substances were extracted from the
solution and left to dry in vacuumed desiccator for 24 hours. Then,
the XRD and TG/DTA analysis were conducted to identify and
estimate the amount of Ca(OH)2 in the powdered sample.

4. Experimental results for chloride penetration and
calcium dissolution

4.1. Identification of calcium hydroxide and Friedel's salt by
XRD

Results of the XRD pattern are shown in Fig. 6(a) to Fig. 6(d)
for each position in concrete specimens of SCC, S5, S18, and
S18T, respectively. These XRD patterns confirm the depth at
which the calcium hydroxide crystal and a complex salt as a result
of chloride binding, e.g. the Friedel's salt are present in each
sliced concrete. The number shown in the right indicates the
depth from the exposure surface that is represented as the middle
of each slice cut from the core.

The XRD patterns for every slice of SCC specimen in Fig. 6(a)
exhibit that there are remaining Ca(OH)2 in every slice, even in
the first slice of this specimen after 3150 days' exposure to



Fig. 5. Schematic diagram of chloride penetration test and coring for chemical analysis of concrete.
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chloride solution. In addition, it is clearly shown by this figure
that the existence of the Friedel's salt can be confirmed only in the
first and the second slice. Therefore, significantly lower chloride
penetration depth is apparent for the SCC specimen.

From Fig. 6(c), the existence of the Ca(OH)2 crystal is
confirmed for the depth equal to or larger than 2.54 cm from the
exposure surface on concrete specimen of S18.

On the other hand, no Ca(OH)2 can be confirmed in the first
and second slices. Therefore it can be said that the dissolution
front of Ca(OH)2 would reach at 1.45–2.54 cm from the surface
of this specimen. This XRD pattern also exhibits the existence of
Friedel's salt from the first slice until the fifth slice (5.66 cm). The
formation of the Friedel's salt in this XRD pattern is closely
related to the depth of penetrating chloride ions from the exposure
solution.

Table 4 summarizes the depth of the depletion of the Ca(OH)2
crystal and the presence of the Friedel's salt for each concrete
specimen. SCC exhibits no depletion of Ca(OH)2. S5 shows
lower depth for the depletion and the presence of the Friedel's salt
as compared to those of S18 and S18T specimens despite the
same water to cement ratio.

4.2. Confirmation of calcium hydroxide and the Friedel's salt
by DTA

DTA curves are shown in Fig. 7(a) to Fig. 7(d) for each slice
cut from cored concrete of SCC, S5, S18, and S18T, respectively.
This analytical method allows for the amount of Ca(OH)2 to be
estimated. The estimation of the amount of Ca(OH)2 with a DTA
curve was followed by Suzuki's method [32]. For this purpose the
appearance of the downward curve at temperature range of 420–
450 °C from DTA curves are used. Moreover, the existence of the
Friedel's salt can also be confirmed by these DTA curves at a
temperature nearby 350 °C. However since it is difficult to



Fig. 6. Results of XRD patterns for concrete specimens tested in Series 1.
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calculate the amount of this compound, only the amount of
Ca(OH)2 was determined from DTA curves.

DTA curves for SCC specimen show remarkable peak at the
temperature range of 420–450 °C for every slice. It implies that
the Ca(OH)2 still remains in every slice of SCC. In contrast, the
first slice of S5, and the first and second slices of S18 and S18T
specimens show no peak at this temperature range indicating the
Table 4
Position of indication by XRD patterns for the depletion of Ca(OH)2 and the
presence of Friedel's salt from chloride penetration test

Specimens Depletion of Ca(OH)2 Presence of Friedel's salt

Slice no. a Position (cm) b Slice no. c Position (cm)b

SCC – – 1~3 0~2.79
S5 1 0∼0.40 1~4 0~3.79
S18 1, 2 0∼1.45 1~5 0~4.61
S18T 1, 2 0∼1.51 1~5 0~4.78
a Shows for the slice that cannot be indicated.
b Measured from the exposure surface to the center of the last slice.
c Shows for the slices that can be indicated.
depletion of Ca(OH)2 in these slices. This agrees with the
corresponding XRD pattern that Ca(OH)2 crystal is hardly
identified at the same depth for these specimens.

In this way the depletion of the Ca(OH)2 and the presence of
the Friedel's salt which were identified by XRD pattern can be
shown consistent with the results by the TG/DTA analysis.

5. Comparison with simultaneous ion transport model

5.1. Determination of input parameters

Input parameters to characterize each concrete and testing
conditions employed in this research have to be specified to
execute the numerical calculation.

5.1.1. Initial concentration of ions present in pore solution
Mutual diffusion coefficients were calculated for calcium,

sodium, potassium, sulfate, chloride and hydroxide ions. Initial
concentrations of sodium and potassium ions were determined
using an electrochemical removal method for the binders of OPC
and LHC [11]. The concentration of sulfate ions was calculated
with the Taylor model [33]. By appointing the calcium ions



Fig. 7. Results of DTA curves for concrete specimens tested in Series 1.
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concentration equal to 0.02 mol/L the electroneutrality constraint
permitted for the concentration of hydroxide ions to be calculated.

Initial concentration of each ionic species present in concrete
tested in Series 1 is provided in Table 5. It was assumed that the
initial concentration of each ionic species present in the pore
solution was equivalent as long as the same cement type was used
in this research. In Table 6 calculated mutual diffusion coefficients
Table 5
Input parameters for calculation by the simultaneous ion transport model (Series 1)

Initial pore solution concentration [Ca2+] (mol/L)
[Na+] (mol/L)
[K+] (mol/L)
[SO4

2−] (mol/L)
[OH−] (mol/L)

Pore structure characteristic Initial porosity (εini)
Initial pore structure coefficient ε/τ2

Ions-solid interactions Solid calcium Initi
Initi

Chloride binding isotherm Wgel

α
β

Apparent specific distribution coefficient γK

γNa

γCa
for each ionic species initially present in the pore solution of
concrete are given.

5.1.2. Effect of the degree of hydration on pore structure
coefficient

The changes in the effective diffusion coefficient of
chloride ions by the steady-state migration test was empirically
SCC S5 S18 S18T

0.02 0.02
0.130 0.135
0.087 0.104
0.003 0.003
0.252 0.273
0.12 0.16 0.16 0.16
1.60×10−3 4.50×10−3 6.34×10−3 6.34×10−3

al Ca(OH)2 (×10
3 mol/m3) 0.517 0.226 0.535 0.530

al C–S–H (×103 mol/m3) 2.136 1.204 1.393 1.393
(kg/m3–concrete) 737 423 494 494

2.53 3.15
0.61 0.54
0.75 0.77
0.34 0.37
4.8 7.1



Fig. 9. Results of the steady-state migration tests of concretes in Series 1.

Table 6
Mutual diffusion coefficients for initial concentration of OPC-based specimens
(x10−5 cm2/s)

j

i Ca2+ Na+ K+ SO4
2− OH−

[Dij] Ca2+ 0.751 −0.021 −0.031 0.036 0.078
Na+ −0.147 1.146 −0.177 0.202 0.444
K+ −0.167 −0.136 1.668 0.229 0.504
SO4

2− 0.005 0.004 0.006 1.508 −0.016
OH− 1.176 0.959 1.416 −1.614 1.136
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expressed as a function of time using following equation
[34];

De ¼ k � tn ð17Þ

Where t is the elapse time (day), k and n=empirical constants.
With a constant temperature the degree of hydration reflects

the time dependent change of the pore structure coefficient for
each concrete.

Empirical constants in Eq. (17) were determined with effective
diffusion coefficients which were obtained using standard
cylinder specimens of similar mix proportions at different curing
periods. Fig. 8 shows the time dependent change of the
normalized number of the effective diffusion coefficients for
each concrete in Series 1. T0 was equal to the curing period of
28 days and then De

0 was the effective diffusion coefficient
obtained at the 28 days. Migration test results to determine De

0

for each mix proportion are given in Fig. 9 in which cumulative
chloride ion content measured at the anode compartment is
plotted with elapsed time. In this way, the relationship on the T/T0

and De/De
0 which is given in Fig. 8 is obtained and used as the

related input data.

5.1.3. Inhomogeneity of pore structure in depth
Since the direction of chloride penetration was parallel to the

direction of the placing concrete then the depth-dependent effect
on the pore structure coefficient was expected to emerge.
Fig. 8. Normalized time-dependent effective diffusion coefficients of concretes
in Series 1.
For the purpose of investigating the depth-dependent effect,
two effective diffusion coefficients at two different locations of
the upper and lower portions of a single cylinder specimen were
obtained for this study. Then it was assumed to be given by the
following linear relationship;

De ¼ m � xþ c ð18Þ

Where x is the position in one dimensional direction of
concrete (cm), m and c are the empirical constants.

It was found that the effective diffusion coefficient of chloride
ions tends to be higher for the upper portion than that of lower
portion for S18, S18T and S5. On the contrary, SCC exhibited
constant effective diffusion coefficient along the depth. There-
fore, the SCCwas considered to avoid the depth dependent effect.
Fig. 10 shows the depth dependent change of the normalized
effective diffusion coefficient for each concrete in Series 1. X0 is
equal to 10 cm from the top and thenDe

0 is the effective diffusion
coefficient obtained from this corresponding location. The
relationship on the X/X0 and De/De

0 given in Fig. 10 is used as
the related input data.
Fig. 10. Normalized position-dependent effective diffusion coefficients of
concretes in Series 1.



Fig. 11. Results of the extraction technique for Cl− and K+ of OPC and LHC based specimens.
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5.1.4. Determination of apparent specific distribution
coefficient, γ

Concentrations of sodium, potassium and chloride ions within
concrete taken after migration tests were determined by an
electrical extraction technique [10,11]. Ordinary steady-state
migration test was at first conducted using the migration cell
shown in Fig. 3 with the same molar concentration (0.3 mol/L) in
either NaCl–KOH solutions or KCl–NaOH solutions as the
cathode-anode solution combination, respectively. Next, the
extraction technique with a Ca(OH)2−Ca(OH)2 solution combi-
nation was employed on the same concrete tested under the
ordinary steady-state migration tests. Fig. 11 provides the results
of the extraction technique for 3 specimens for each type of
cement, showing higher concentration of chloride ions extracted
as compared with that of potassium ions with elapsed time.
Chloride ions concentration was measured at the anode
compartment while potassium ions concentration was measured
Fig. 12. Leaching amount of Ca2+ from the diffusion leaching t
at the cathode. Higher concentration of chloride ions means that
the concentration of chloride ions present in the concrete was
higher than that of potassium ions after the first ordinary
migration test with the NaCl–KOH solution combination of the
same molar concentration. Similarly, chloride ions concentration
was higher than that of sodium ions after the ordinary migration
test with the KCl–NaOH solution combination. On the basis of
these results, real concentration of each ionic species present
within the concrete under investigation was determined.
Subsequently, standardized effective diffusion coefficients were
calculated for sodium, potassium and chloride ions. Apparent
specific distribution coefficients as defined in Eq. (12) for sodium
and potassium ions are provided in Table 5.

For the purpose of the determination of an apparent specific
distribution coefficient for calcium ions, its diffusion kinetics was
evaluated by a diffusion leaching experiment. From the leaching
test, the amount of the leaching calcium ions was measured in the
est and the calculation on OPC and LHC based specimens.
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Fig. 13. Comparison of calculated and experimental results of profile of total chloride ions for concretes in Series 1.
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external solution or the leachant. Then the apparent specific
distribution coefficient for calcium ions was assumed to be
equivalent to the following relationship;

gCa ¼ QEsp

QCal
ð19Þ

Where QExp is the cumulative leaching amounts of calcium
ions from diffusion leaching test (mg), QCal is the calculated
cumulative leaching amount of calcium ions (mg).

Fig. 12 provides different leaching amounts of calcium ions
obtained from the diffusion leaching test and the calculation. For
calculatingQCal in Eq. (19), the concentration gradient of calcium
ions was maintained in Fick's law in which its concentration was
constant at 0.02 mol/L. It was obvious that the amount of calcium
leaching obtained from the experiments was higher than the
calculation. Accordingly it was thought that the chemical
potential gradient for the driving force for the calcium ions to
diffuse is not expressed with the constant concentration of
calcium ions in the calculation. Then the calculation results were
justified using the apparent specific distribution coefficient of
calcium ions as given in Eq. (19). The apparent specific
distribution coefficient for calcium ions is provided in Table 5.
5.2. Initial and boundary conditions

Initial conditions are adopted for the concentration of ionic
species present in the pore solution, the Ca(OH)2 and C–S–H
contents and the porosity which are set to be constant along with
the depth (XN0). These values are provided in Table 5. External
solution that keeps in contact with the surface of concrete under
test contains only Na+ and Cl− with a concentration of 0.5 mol/L
irrespective of time. The concentration of other ionic species in
the external solution is assumed to be always zero (tN0).

At each particular concentration in a spatial-time discretiza-
tion, the matrix of diffusion coefficients (Dij) can be determined
by Eq. (5). One can apply the explicit finite difference analysis to
a partial differential equation as shown in Eq. (20). Hence the
concentration profile of ions penetration into and/or the leaching
of ions from a porous media can be achieved [35].

Ci
x;tþ1 ¼ Ci

x;t þ Kx;t �Xns
j¼1

gi � Dij;x;t � dt

dxð Þ2
" #

� Ci � 2Ci þ Ci
h i

8>>>>><
>>>>>:

9>>>>>=
>>>>>;

ð20Þ



Fig. 15. Assumption of initial profile of the calcium contents of concretes in
Series 1.

Fig. 14. Comparison of calculated and experimental results of profile of remaining calcium for concretes in Series 1.
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where Cx,t
i is the concentration of ionic species i in pore solution

at nodal position x (cm) and nodal time t (mol/L), dt is the time
discretization (s), dx is the spatial discretization (cm).

To avoid the truncating error from the approximation of the
partial differential equation in Eq. (20) by using the finite
difference analysis one should keep in mind that the dimension-
less term in Eq. (21) should always obey the following inequality
[35];

Kx;t � gi � Dij; x;t � dt

dxð Þ2
" #

V 0:5 ð21Þ

5.3. Verification of simultaneous ion transport model

5.3.1. Concrete in 3150 days exposure (Series 1)
Results of the numerical calculation by simultaneous ion

transport model are compared with experimental results in
Figs. 13 and 14 with regard to the total chloride ion profile and the
profile of remaining of solid calcium in the Ca(OH)2 (or CH in the
figure) and C–S–H, respectively. In Fig. 14 the calcium that
remained without being dissolved in the concrete is expressed by
the remaining solid calcium in Ca(OH)2 and C–S–H in a unit
of a percentage of its initial amount. The ratio of solid calcium in
Ca(OH)2 and in C–S–H is based on each initial value. Since the
reduction of C–S–H content was not measured experimentally,
these plots of C–S–H content at the corresponding depths
intentionally force to place at the initial values (blank markers) in
Fig. 14.

It can be said that the results from the calculation exhibit a
good agreement with the experimental results for SCC. In
Fig. 13(a) of SCC specimen, the penetration depth of chloride



Fig. 17. Comparison of calculated and experimental results of profile of
remaining calcium for concretes in Series 2.

Fig. 16. Comparison of calculated and experimental results of profile of total
chloride ions for concretes in Series 2.
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ions is limited to 2.79 cm from the exposure surface. The lowest
pore structure coefficient is largely attributed to this limited
chloride penetration although low heat Portland cement used in
the SCC specimen exhibited the lowest empirical chloride
binding capacity. Relatively higher content of total chloride in
the vicinity of its exposure surface can be noticed from the
experiments and numerical calculation. Such high contents of
total chloride ion near surface zone probably resulted from the
highest content of the hydrated gel so as to bind relatively larger
amounts of penetrating chloride ions in the SCC specimen.

It is found that the dissolution of calcium from SCC is limited
to the depth less than 0.46 cm from the surface as shown in
Fig. 14(a). Not only the initial amount of the hydrated cement
product is relatively larger but also calcium diffusion is restricted
due to the reduced pore structure coefficient. Therefore the
control of the diffusion kinetics of calcium ions becomes a key
factor to reduce the dissolution of calcium from the hydrated
cement system.

For S5, S18 and S18T shown in Fig. 13(b) to Fig. 13(d) the
calculation results tends to overestimate the depth of the chloride
penetration front. In addition, the calculated total chloride
contents resulted in lower than those obtained from the
experiments near surface zone, especially for S18 and S18T.
Linear assumption of the change in the pore structure coefficient
appears to be unsuitable for these higher slump concretes. The
calculation result shows that the chloride penetration is slightly
reduced for S5 as compared with those for S18 and S18T.



Table 7
Input parameters for calculation by the simultaneous ion transport model (Series 2)

CW153 CW163 CW173

Initial pore solution concentration [Ca2+] (mol/L) 0.02
[Na+] (mol/L) 0.135
[K+] (mol/L) 0.104
[SO4

2−] (mol/L) 0.003
[OH−] (mol/L) 0.273

Pore structure characteristic Initial porosity (εini) 0.12 0.12 0.12
Initial pore structure coefficient ε/τ2 2.49×10−3 2.66×10−3 2.95×10−3

Ions-solid interactions Solid calcium Initial Ca(OH)2 (×10
3 mol/m3) 0.325 0.317 0.376

Initial C–S–H (×103 mol/m3) 1.206 1.300 1.369
Chloride binding isotherm Wgel (kg/m

3–concrete) 407 435 460
α 3.15
β 0.54

Apparent specific distribution coefficient γK 0.77
γNa 0.37
γCa 7.1

Fig. 18. Normalized position-dependent effective diffusion coefficients of
concretes in Series 2.
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Total chloride content experimentally obtained near the
surface zone for S18T is lower than that of S18. Tamping
would alter the physical characteristics near its surface zone.
However, the penetration depth of chloride ion for S18T is similar
to that for S18. Therefore, the beneficial effect by tamping is
limited to only the near surface zone in terms of chloride
penetration.

The dotted lines as shown in Fig. 14(b) to Fig. 14(d) are the
calculation results obtained by varying initial contents of calcium
with depth. Those varied calcium contents were changed from the
constant calcium contents. This was because of the gradual
increments of calcium at the depth ranging from 1.52 to 3.79 cm
for S5, 2.54 to 5.66 cm for S18 and 2.58 to 4.78 cm for S18T,
respectively, which were hardly explained by the dissolution
phenomena predicted with the given solid–liquid equilibrium.
Initial profiles on the calcium contents at those depths were
assumed from resultant calcium profiles from TG/DTA results
and are given in Fig. 15. It appears that the variation of the initial
profile is larger for high slump concretes (S18 and S18T) than that
of S5. Bleeding may have an influence on the varied profile of
calcium in these concretes.

The calculated dissolution fronts where the content of
Ca(OH)2 becomes zero agree well with those obtained from the
experiments. In this way, the initial profile of calcium content in
concrete can be influential to simulate the dissolution front as
well as the profile of the remaining calcium in the concrete. The
primary reason why the dissolution front of Ca(OH)2 for S18
and S18T is larger than that for S5 is because of the increased
pore structure coefficient for S18 and S18T. In addition, as
shown in Fig. 13 the calculated chloride penetration front for
S18 and S18T is slightly deeper than that for S5 although the
amount of bound chloride ion is less for S5. It is noted that the
varied initial content of calcium resulted in insignificant effect
on the chloride penetration behavior. It seems that chloride
penetration is more influenced by the pore structure coefficient
than by the amount of Ca(OH)2.

5.3.2. Concrete in 420 days’ exposure (Series 2)
Results of the numerical modeling by simultaneous ion

transport model are compared with experimental results in
Figs. 16 and 17 with regard to the total chloride ion profile and the
profile of calcium remaining in the Ca(OH)2 and C–S–H,
respectively. Two plots of the value are drawn at each position in
concrete since the chemical analysis was carried out by 2 adjacent
cores for each concrete as shown in Fig. 5. Initial pore solution
chemistry, the time dependent pore structure coefficients,
constants α and β for the chloride binding isotherm and apparent
specific distribution coefficients for concrete in Series 2 are the
same as those for S18 specimen made of ordinary Portland
cement. Input data for the numerical modeling is shown in
Table 7. The depth-dependent effect on the pore structure
coefficient is given in Fig. 18.

From Fig. 16, the numerical calculation results in similar
penetration depth to those obtained from the experiments, namely
1.90 cm, 2.15 cm and 2.70 cm for CW153, CW163 and CW173,
respectively. Larger penetration depth for CW173 is due to the
larger pore structure coefficient although the chloride binding
capacity is relatively larger than those for CW153 and CW163.
Results of the migration tests to calculate the pore structure
coefficients by Eq. (8) are shown in Fig. 19. It is clear that the flux
of migrating chloride ion (the slope in Fig. 19) is larger for



Fig. 19. Results of the steady-state migration tests of concretes in Series 2.
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CW173. Calculated total chloride contents are underestimated for
a depth of 1.45 cm for CW173. Uncertainty to measure the total
chloride content for this concrete with larger unit water content
may be involved.

From Fig. 17, the presence of Ca(OH)2 crystal was experi-
mentally identified at the nearest depth less than 0.5 cm from the
exposure surface for every concrete. In other words, the disso-
lution front which was related to the depletion of Ca(OH)2 was
hardly recognized from the experiments since the interval of slice
sawing from the cored concrete was 0.7 to 1.0 cm in thickness.
Nevertheless to support this result the profile of the remaining
solid calcium in Ca(OH)2 and C–S–H is well simulated by the
numerical calculation. The dissolution front of Ca(OH)2 turns out
to be equal to 0.15 cm, 0.20 cm and 0.25 cm for CW153, CW163
and CW173, respectively. Large dissolution front for CW173 is
due to the large pore structure coefficients although the initial
amount of calcium is relatively larger for CW173 than those for
other concretes.

6. Conclusions

Experimental investigation and numerical modeling using
simultaneous ion transport model (SiTraM) have been conducted
with regard to chloride penetration and calcium dissolution on
self-compacting concrete (SCC) and normal concretes. Based on
this present research the following conclusions are drawn:

1. Chloride penetration test of 3150 days in continuous contact
with a 0.5mol/LNaCl solution revealed that the SCC exhibited
a limited chloride penetration depth of 2.79 cm from the
exposure surface. In addition, the dissolution front of Ca(OH)2
was hardly recognized even at the nearest depth of 0.46 cm
from the exposure surface.

2. Normal concretes with a W/C of 0.55 resulted in a chloride
penetration depth of 4.61 cm and a dissolution front of
Ca(OH)2 of 1.45 cm for high slump concrete without tamping.
These values were larger than those for low slump concrete of
the sameW/C. The effect of tamping for high slump concrete
was limited within the near surface zone.
3. It has been proved that the Simultaneous Ion Transport Model
(SiTraM) can be used for self-compacting concrete to simulate
the profile of total chloride ion as well as the profile of
remaining solid calcium in Ca(OH)2 and C–S–H. This is
partially because there is no bleeding water and hence possible
defects associated with the fresh state are avoided.

4. For normal concrete with a W/C of 0.55, the depth-dependent
pore structure coefficient and the varied initial content of
calcium with the depth needed to be attentively evaluated to
simulate both chloride and calcium profiles. The numerical
modeling clarified that the increased pore structure coefficient
had the most influential factor on both profiles as compared
with the effect of the initial contents of calcium.

5. Chloride penetration test of a exposure period of 420 days
confirmed that the increased unit water contents resulted in
larger chloride penetration depth and larger dissolution front of
Ca(OH)2. The numerical calculation by the SiTraM was in
general consistent with the experimental results with regards to
the depth of the chloride penetration front and the profile of the
remaining solid calcium in Ca(OH)2 and C–S–H.
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