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ARTICLE INFO ABSTRACT

Keywords: This study established a new transport model by using the COMSOL-IPHREEQC interface to simulate the changes
COMSOL-IPHREEQC in the morphology of hydrated cement paste due to the diffusion of carbon dioxide and chloride ion. A series of
Carbonation

constitutive models such as the cement hydration model (to compute the dissolution rate of each clinker min-
eral), thermodynamic model (to perform the hydration reaction, reaction due to transport of ions, chemical and
physical adsorption of chloride ion during the chloride ion ingression and dissolution rate of calcium-silica-
hydrate (C-S-H) simultaneously with portlandite for the carbonation), porosity determination, and COMSOL
Multiphysics (for the calculation of transport problems) were integrated using MATLAB language to determine
the pore solution chemistry, hydrates assemblage, and porosity of the cement paste exposed to aggressive en-
vironments. During the diffusion of carbon dioxide gas, the decalcification of C-S-H was realistically considered
by assuming that the Ca/Si ratio of C-S-H decreased from 1.67 (Jennite type C-S-H) to 0.67 (Tobermorite
C-S-H), and then from 0.67 to O (silica gel). The proposed integrated platform was well verified with different
sets of reported and raw experimental results and existing models, indicating a realistic predictability for chloride
ion ingression and carbonation. The developed model discloses the effect of coupling the progression of hy-
dration with reaction due to the transport of ions by using the free chloride ion profile and phase assemblages
during the chloride ion ingression.

Chloride ion diffusion
Hydration products
Porosity

Cement paste

as air-bone chlorides in marine regions and deicing salts in cold regions
[3-5]. Under these environments, the processes occur concurrently as
chloride ion penetrates from the seawater or deicing salts, and the car-
bon dioxide diffuses from the atmosphere, thus leading to an increase in
the risk of reinforcement corrosion. The transport of these substances
further involves chemical reactions between hydration products and
pore solution, causing dissolution and precipitation in the hydrated
matrix.

Chloride may enter the hydrated matrix in various ways, through the

1. Introduction

With increasing interest in many fields of Civil Engineering,
numerous research studies have focused on the durability of cementi-
tious materials. Understanding and analysing multiple deterioration
mechanisms affecting both new and existing concrete structures remain
one of the most significant challenges, particularly while considering the

long-term behaviour of the structure. This is, in turn, dictated by the
capability of the concrete structures to a large extent to resist numerous
deterioration processes such as transportation of ions-gas (mainly car-
bon dioxide) -moisture, alkali-aggregate reactions, and frost damage [1,
2]. Worth to note that among the varying processes, chloride ingression
and carbonation are the most severe degradation processes in reinforced
concrete structures, specifically for those exposed to such environments
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mixing water at the initial mixing stage or from the service environment.
The external chloride ions can initiate corrosion when they reach the
embedded reinforcement bar and accumulate to a threshold value.
Subsequently, the formation of expansive corrosion products on the steel
bar surface leads to destructive expansion and cracks. However, during
the diffusion of chloride ions, a certain amount of ions tend to persist in
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List of symbols and acronyms

R Reaction rate of m clinker phase from the nucleation and
growth mechanism [—]

RT, Reaction rate of m clinker phase based on the diffusion
mechanism [—]

Ry Reaction rate of m clinker phase based on the formation of

hydrated shells around the unreacted material [—]

Hydration degree of m clinker phase for the time of ¢ [—]

NT, N3\, KT, K3', K5 and H" Equation constants related to the type of
clinker [—]

At Time interval [day]

v Water to cement ratio [—]

RH Relative humidity [—]

T Temperature [K]

To Reference temperature (293.15 K)

A Blaine surface area of the cement [mz/kg]

Ao Reference surface area of cement (considered value 385
m?/kg) [m?/kg]

E} Apparent activation energy of clinker mineral [J/mol]

acss Hydration degree of C3S [—]

ac,s Hydration degree of C,S [—]

ac,a Hydration degree of C3A [—]
Ac,AF Hydration degree of C4AF [—]
We,s Mass fraction of C»S [%]
We,a Mass fraction of C3A [%]

We,ar Mass fraction of C4AF [%]

af Total hydration degree of cement paste
We,s Mass fraction of C3S [%]

rate Dissolution rate of C-S-H [—]

Ry Reaction rate constant [—]

Yco2 Material constant [—]

Wearb csu Weight of carbonated C-S-H [g]
Wit csu Weight of total C-S-H [g]
Mcse Mol of C-S-H [mol]

Mcoz Mol of C02 [mol]

M, The ratio of the mass of LD C-S-H to the total mass of
C-S-H [-]

Ves Chemical shrinkage [g water]

m Chemical shrinkage coefficient for clinker phase m [g
water/g solid cement phase]

em reacted weight of clinker phase m [g]

Degp Volume fraction of capillary pore space [—]

Vi Initial volume of the cement paste [em®]

ve Unreacted clinker volume [cm®]

Vup Volume of hydration products [em®]

D, ;i Effective diffusion coefficient of i species ion in pore
solution [m?/s]

Deg,i Effective diffusion coefficient of i species ion in gas phase
[m?/s]

Dy, Diffusion coefficient of i species ion in free water [m?/s]

Dog; Diffusion coefficient of i species ion in gas phase [m?/s]

(0] Total active porosity (®cqy+ gel porosity of LD C-S-H) [—]
Tortuosity [—]

€ Constrictivity [—]
Saturation degree [—]

Jii Liquid phase ionic flux for species i in the pore solution
[mol/m?/s]

Jgi Gas phase ionic flux for species i in gas [mol/m?2/s]

J; Total ionic flux for species i [mol/m?/s]

Cri Concentration of i species in the liquid phases [mol/m®]

Cyi Concentration of i species in the gas phases [mol/m?]

Z; Electric charge number for species i [—]

17 Electrical potential [V]

F The Faraday constant [Coulombs/mol]

R The universal gas constant [J/K/mol]

Qi sink term of species i (mol/m3/s)

o, Volume fraction of the liquid phase [—]

0, Volume fraction of the gas phase [—]

ki Volatilisation factor [—]

the aqueous phase as mobile ions (interacting destructively with the
passive layer of the steel bars), while the remaining ions are retained by
the hydration products either by chemical binding or by physical
adsorption [6-9]. Chemical binding refers to the reaction of chloride ion
with AFm phases, which is shorthand for a family of alumi-
nate—ferrite-mono substituent phases. Generally, the reaction of gypsum
with aluminate (C3A) produces ettringite, and further reaction of CsA
with ettringite forms monosulfate, the commonly available AFm phase
in the OPC [10,11]. The sulfate ions in the monosulfate phase exchange
with chloride ions in their presence, and the formed phase is referred to
as Friedel’s salt [7,12]. The physical binding of chloride ions is well
known by the surface of the C-S-H, as it is the main hydration product in
OPC and has a high specific surface area [13-15]. Therefore, the eval-
uation mechanism of diffusion of chloride ion in terms of free chloride
ion, chemically bound chloride, and physically bound chloride is
genuinely significant for developing models for service life prediction of
reinforced concrete structures in the concern of reinforcement
corrosion.

Carbonation of cement-based material is another complex process,
altering the microstructural properties and performance of material
subjected to atmospheric conditions. The diffusion of CO3 gas through
the pore network, followed by the reaction of CO; gas with the hydrated
matrix, is commonly referred to as the carbonation process. Concrete
structures must tolerate a certain level of carbonation reaction during
their life owing to the existence of CO5 gas in the atmosphere. However,
this is a slow process, generally considered as a part of the prolonged

degradation of concrete under typical atmospheric conditions. Most of
the hydration products [mainly portlandite (CH) and calcium-silica-
hydrate (C-S-H)] are consumed by the carbonation process and trans-
formed to carbonate phases such as calcite, monocarboaluminate,
hemicarboaluminate, amorphous silica gel, amorphous alumina gel and
gypsum [16-18]. The reduction of internal alkalinity during the
carbonation is the utmost significant problem in the concrete, as the
dissolution of the thin oxide passive layer protecting the steel rein-
forcement is accelerated by low pH [19]. At the same time, the
carbonation also poses positive effects in cement-basted materials.
During the process, calcite deposition from the dissolution of portlandite
and C-S-H occurs in pores, benefitting matrix densification and
contributing to the development of mechanical properties and
decreasing the transportation of hazardous ions [19-21]. However,
when the porosity is sufficiently percolated for penetration of a signifi-
cant amount of CO3, gas, the process continues to consume Ca ions from
C-S-H, resulting in the transformation to silica gel. This leads to the
volumetric reduction or shrinkage and coarsening of the porosity [21].
During the combined ingression of chloride and carbonation, the phys-
ical and chemical chloride binding capacity in the hydrated matrix is
decreased due to the carbonation reaction of portlandite and C-S-H,
leading to more free chloride ions in the pore solution, which triggers
rapid corrosion of the reinforcement [20].

Diffusion of ions and gases in the hydrated cement matrix is mainly
influenced by its microstructure, defined by several factors such as the
chemical composition of clinker, admixtures, supplementary
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cementitious materials, water-to-cement ratio (W/C), curing method,
curing temperature, hydration period and exposure conditions [22,23].
The microstructure/morphology of the hydrated cement paste can be
mainly related to two spatial scales, namely nano-scale and micro-scale.
The primary hydration product, known as C-S-H, exists in the
nano-scale structure. The cement and concrete community is aware that
the C-S-H forms in two different configurations: (i) low-density C-S-H
(LD C-S-H) and (ii) high-density C-S-H (HD C-S-H) [24-26]. At the
initial stage of the reaction, the C-S-H matrix nucleates on the outer
surface of the clinker minerals, and with the progression of the hydra-
tion reaction, the formed C-S-H layer completely covers the cement
particles. Formation of new C-S-H matrix is induced within the space
confined by the previously formed C-S-H and unreacted clinker, as the
ions continuously diffuse through the existing C-S-H matrix. The
formed C-S-H at the initial stage as the outer product (hereinafter
referred to as LD C-S-H) has a lower density than the C-S-H formed
under the confinement as an inner product (hereinafter referred to as HD
C-S-H). The pore spaces in the C-S-H matrix is defined as gel porosity,
and the abovementioned two types of C-S-H have different size and
volume of gel pores. The gel pores in the HD C-S-H have smaller pores
than the LD C-S-H due to the limited space available for the formation
of HD C-S-H. The morphology of the hardened cement paste comprises
several mineral phases, including portlandite, monosulfate, ettringite,
hydrogarnet and hydrotalcite at the micro-scale. The hydrated matrix
also contains void spaces filled with air or water, called capillary
porosity. The diffusion process in the hydrated cement matrix occurs
through the capillary pores and partial gel pores of the C-S-H matrix.

Coupling the transportation processes and reactions between the
transport of substances and solid phases in the matrix to capture the
realistic changes of the porous matrix have gained a great deal of interest
among researchers [5,6,15,19,27-30]. Elakneswaran et al. [28] devel-
oped a multi-ionic transport model using the PHREEQC for trans-
portation and phase assemblage calculations by considering the phase
equilibrium, surface complexation, and multi-component diffusion
modules. Afterwards, the finite element software called COMSOL Mul-
tiphysics was combined with the geochemical program (PHREEQC or
GEMS) to compute the transport and reaction calculation using com-
puter languages such as Java and MATLAB [15,27]. Several researchers
modelled the transportation of carbon dioxide gas to understand the
solid phases and porosity changes in the hydrated matrix using the
simple numerical and empirical modelling approach [19,29,30]. For
another instance, the combined effect of carbon dioxide and chloride ion
transportation on the phase assemblage, porosity and content of free
chloride ion was analytically investigated by considering different as-
pects such as relative humidity, temperature and concentration of car-
bon dioxide gas [5,6]. These studies demonstrated that the
transportation of ions and/or gases relies on several parameters such as
the morphology of the porous matrix (pore solution chemistry, porosity
and mineral phases), ionic diffusion coefficients, and exposure condi-
tions. The phenomenological models are not sufficiently precise to
predict the wide range of applications and are only limited to the range
of fitted data. For modelling the transport properties of cement-based
materials, incorporating the hydration process, chemical reaction,
transportation process, and appropriate coupling among them is essen-
tial. However, due to the complexity of the coupling process, most of the
previously developed models did not consider the hydration reaction
simultaneously with the transportation process, and only considered the
main hydration products without considering all the possible hydrates
[5,6,15,19,29,30]. Therefore, addressing the limitations found in the
previous models, a new framework is herein developed to predict the (i)
chloride ion ingression and carbonation and (ii) phase assemblage due
to the transportation process.

This proposed modelling platform is envisioned to be utilised for
simulating the realistic behaviour of the hydrated matrix exposed to an
aggressive environment, i.e., concurrent hydration and deterioration
processes such as chloride ingression and carbonation. The platform
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developed in this study consists of several models, including the cement
hydration model, thermodynamic model, porosity determination and
transport calculation. The two types of C-S-H (low-density C-S-H and
high-density C-S-H), other possible hydration products, and detailed
calculation of chemical shrinkage are considered in the developed model
for the realistic prediction of porosity, which is the significant factor
determining mechanical and durability properties. The finite element
package, COMSOL Multiphysics, is integrated herein to solve the
transportation calculation effectively under the hydrated matrix’s
saturated and partially saturated conditions. The carbonation process is
assumed as follows: CO, gas from the external environment diffuses
through the gas phase of the hardened matrix, dissolves into the pore
solution, transforms in the form of HCO; and CO3~ and reacts with ions
in the pore solution. In the case of chloride ingression, initially, chloride
ions diffuse through the water-filled pore spaces and then react with ions
and solid phases in the hydrated matrix. The proposed model is vali-
dated with raw experimental data and experimental results reported in
the literature. The effect of coupled hydration reaction with reaction due
to ion transport is also discussed.

2. Model description

This study details the proposed framework combining multiple
constitutive models, including the cement hydration model, thermody-
namic model, porosity determination and transport model developed in
MATLAB language to predict the pore solution chemistry, hydration
products and porosity of the hydrated cement paste exposed to an
aggressive environment. The employed process and phenomena in the
coupled model are schematically presented in Fig. 1. The elementary
characteristics to determine the formation of hardened cement matrix
during the hydration period, such as chemical and physical properties of
cement, mixture recipe, and boundary conditions are the input param-
eters for the hydration model. Ionic concentration in the exposed envi-
ronment, initiation of transport reaction relative to hydration time
domain and duration of the transport reaction are the compulsory input
data for the transport model as described in Fig. 1. The ensuing sections
elaborate the adopted procedures of the developed model.

2.1. Hydration model

When water comes into contact with cement mixture, a series of
simultaneous dissolution and precipitation processes are taken to form
the hardened skeleton. This concept is generally referred to as the hy-
dration of cementitious material, which is the fundamental process
governing the development of intrinsic properties of the structure. The
dissolution rate of clinker depends on several factors including W/C,
curing temperature, relative humidity and surface area of particles [31,
32]. However, each phase (C3S, CyS, C3A and C4AF) of the clinker dis-
solves with different dissolution rate. To simulate the hydration reaction
degree of clinker with curing period, the empirical expressions associ-
ated with the abovementioned factors proposed by Parrot and Killoh
[33] are adopted in this work. It must be noted that these empirical
expressions were widely used and verified with experimental results in
several previous studies [34-38]. In their approach, the reaction degree
of each clinker phase is realistically considered by three main control-
ling mechanisms: nucleation and growth of products (Eq (1)), diffusion
of ions through the layers of previously formed products (Eq (2)) and
formation of hydrates shell around the unreacted material (Eq (3)).
Among these three-reaction rates (R}, R}, R}, the minimum value is
selected as the actual controlling rate for calculating the hydration de-
gree (af') for the time of t by using Eq. (4).

Nucleation and growth rate (R]})

Ry = (=) (= (1)) o
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Input parameters for hydration model

Clinker compositions:- C;S, C,S, C;A, C,AF & Gypsum
Physical properties:-  Blaine and Density of cement
Mixing proportions:-  W/C ratio

Boundary conditions:- Temperature & relative humidity

Input parameters for transport model
lon concentration in the exposure conditions (mol/m?3)
Beginning of transport reaction (in days)
Duration for transport reaction (in days)

-

Thermodynamic
calculation

(Cement hydration model)

Initialization

« Hydration products
«lonic concentration
in pore solutions

Calculating

Solving the
thermodynamic

equilibrium

—

1
1
[ Dissolution rate of clinker minerals ] :
1
1

y
concentration

Transfer the ionic

concentration to
IPHREEQC “

Finished
time duration

« Establishing geometric model
1| « Setting boundary conditions

_>: + Meshing

in pore solution after
the transport

1
1
1
1
. OUTPUT
1
1

Ve
S SR S DU A o, S

AY U
N A} :
*._Hydration time step N _E:(Ecislj[e_t@_e_sfe_pj /,l"
— Loop for hydration reaction (Loop-1) — Loop for transport reaction (Loop-2) —— Common for Loop-1 and Loop-2

Fig. 1. Schematic diagram of the proposed coupled model.

Diffusion rate (R{})
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Ve c
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ARH = <W) (7)

In the above equations, T denotes the actual curing temperature in K, Ty
refers to a reference temperature (293.15 K), At is the time interval, ¥ is
water to cement ratio, RH is relative humidity, A is the Blaine surface
area of the cement (mz/kg), Ay is the reference surface area of cement
(385 m?/kg), E7 is the apparent activation energy of clinker mineral, K3,
Ny, K3, K3, N3, and H are equation constants related to the type of clinker
mineral. The constant values used for OPC are presented in Table 1.

Based on the estimated hydration degree of individual clinker phases
(ag,s, ac,s, ac,a and ac,ar), the total degree of hydration of cement paste
(ay) for a specific time step is calculated as described in Eq. (8).

Table 1
The constants used to calculate the hydration degree of OPC clinker phases [34,
35].

CsS CoS CsA C4AF
K; 1.5 0.5 1 0.37
N; 0.7 1 0.85 0.7
K, 0.05 0.006 0.04 0.015
K3 1.1 0.2 1 0.4
N3 3.3 5 3.2 3.7
H 1.8 1.35 1.6 1.45
E, (J/mol) 41,570 20,785 54,040 34,087

@ :aC3S'WC3S + ac,s-Weys + aca-Wesa + dear - Weyar )
! Weys + Weps + Wesa + Weaar

where, We,s, We,s, We,a and We,ar are mass fractions of each clinker
phase.

When cement is mixed with water, K, Na, and S ions are released into
the pore solution from the dissolution of the soluble alkali sulphates, and
the less soluble minerals (for instance, gypsum and calcite) partially
dissolve until equilibrium with the pore solutions is reached. It is
assumed here that the gradually dissolved clinker phases continuously
release Ca, Si, Al, Fe and hydroxide ions with respect to the reaction
degree of individual phases, whereas minor components in the hydrated
cement paste (such as Nag0, K20 and MgO let Na, K, Mg and O ions) get
into the pore solution as the function of the total degree of hydration (ay)
for a specific time.

2.2. Thermodynamic model

In this study, thermodynamic calculations are executed using free
geochemical software called PHREEQC, developed in C/C+ + by Par-
khurst and Appelo, and which has been widely used for academic and
industrial applications [15,39-41]. The default PHREEQC database,
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along with cemdatals8, is linked with the PHREEQC package as it re-
quires a reliable thermodynamic database to perform the geochemical
reaction for numerically predicting the interactions among water, gases,
minerals, solid solutions, ion exchangers and surface complexation [39,
42]. Phase equilibrium module, reaction module, surface complexation
module and kinetic model for dissolution of C-S-H (for carbonation
reaction only) are mainly entailed in the proposed model. The computed
dissolved clinker phases from the cement hydration model (please refer
to Section 2.1) are inputted in the reaction module for every hydration
time step. The phase-equilibrium calculations are performed to define
the stable hydration products that reversibly react with the pore solution
to attain equilibrium, solving the law of mass action equation [43].
Portlandite, C-S-H, ettringite, gypsum, monosulfate, calcite, mono-
carbonate, hemicarbonate, hydrotalcite, stralingite, brucite,
Fe-Al-silicieous hydrogarnet, Fe-silicieous hydrogarnet, Friedel’s salt,
amorphous silica and amorphous alumina gel are considered as equi-
librium phases in the developed framework.

The physical binding of ions from the pore solution onto the surface
of C-S-H has been investigated by several researchers [15,28,44,45].
Therefore, in the integrated model, the surface complexation module in
PHREEQC is used to determine the ions’ adsorption by the C-S-H sur-
face by implementing the law of mass action relationships, charge po-
tential relations for the surface and mole balance equations for surface
sites. Based on the previous studies, it is assumed that the silanol site of
C-S-H (= SiOH) only reacts with ions in the pore solution, and the re-
action with both calcium (— CaOH) and silandiol = Si(OH), sites are
ignored in this work [15,28,44]. The C-S-H produced from the hydra-
tion reaction of OPC is generally considered as Jennite type C-S-H with
Ca/Si of 1.67. Thus, the specific surface area of jennite C-S-H used
herein for the surface complexation calculation is 200 m?/g [46], and
the C-S-H site density is calculated based on the structural model pro-
posed by Viallis-Terrisse et al. [47]. The adopted site reactions of C-S-H
and the equilibrium constants are shown in Table 2.

From the thermodynamic perspective, all portlandite should be
carbonated before the carbonation of C-S-H [48,49]. However, the
experimental results for the carbonation of cementitious materials
reveal that portlandite and C-S-H are carbonated simultaneously [50,
51]. Therefore, a kinetic model for the dissolution rate of C-S-H (rate) is
incorporated herein to simulate the actual condition and detailed in Eq.
(9) [52]. This relationship is developed based on two assumptions: (i)
the dissolution rate is proportional to the amount of C-S-H and CO» gas,
and (ii) carbonate products from C-S-H dissolution are inversely pro-
portional to the dissolution rate.

rate :Rl~exp(yC02~RW)~MCSH-MC02 (9)
where,
Wcarb CSH
Ry =—7—717" (10)
v er CSH

Wearb csi> Wiot csi, Mcsh, and Moo are weight of carbonated C-S-H,
weight of initial C-S-H, mol of C-S-H and mol of CO; respectively. R;
and yqo, are reaction rate and material constant, and these values are
defined by validation with experimental results.

Table 2

C-S-H surface site reactions and equilibrium constants.
Site reactions LogK,
= SiOH + OH™ < = Si0O™ + H,0 —-12.7
= SiOH + Ca** < = SiOCa* + H* -9.4
= SiOH + Ca*? + CI” & = SiOCaCl+ H* —8.9
= SiOH + Nat < = SiONa + H" —13.64
=SiOH + K" < = SiOK+ H* —13.64
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2.3. Porosity determination

A detailed porosity calculation is performed with the hydration
period by considering all the possible hydration products and chemical
shrinkage since porosity is one of the significant transportation factors.
As mentioned earlier, the main hydration product, C-S-H, exists in two
different characteristics (LD C-S-H and HD C-S-H) due to the available
space for the hydration reaction. The formation of two types of C-S-H is
incorporated in the proposed model based on the relationship detailed in
Eq. (11) by distinguishing the total predicted weight of C-S-H from the
thermodynamic calculation [10]. The average densities of LD and HD
C-S-H are taken as 1700 kg/m® and 2000 kg/m?, respectively [26].

M= 3.017.g.qf—1.347,a,+o.538 an

where M;, ¥ and « are ratio of the mass of LD C-S-H to the total mass of
C-S-H, water-to-cement ratio and hydration degree, respectively. The
hydrated cement’s total amount of gel porosity depends on the C-S-H
matrix’s volume. Thus, reliable gel porosity values for HD C-S-H and LD
C-S-H obtained from the literature are 26 % and 36 %, respectively
[26].

The chemical shrinkage, defined as the reduction of the total volume
of the hydrated matrix due to the molar volume difference between the
cement clinker and the hydration products (i.e., initial volume of the
mixture — volume of the hydrated matrix including water after the hy-
dration reaction), is considered in the integrated framework by multi-
plying reacted clinker phases with the shrinkage coefficient of cement
phases (refer Eq. (12)).

Ves=Y" x ¢ 12)

where, V¢s, Y™, and (™ are volume of chemical shrinkage (g water),
chemical shrinkage coefficient for clinker phase m (can be obtained from
Table 3) and reacted weight of clinker phase m.

The volume of two types of C-S-H is computed using their relevant
densities, and other hydrates’ volume is calculated based on their molar
volume. The volume gap between the initial matrix and final matrix of
hydrates, unreacted clinker and chemical shrinkage is considered as
capillary porosity of the system, as given in Eq. (13).

Vi — (Vue + Ve + Ves)

ey = -

(13)

where, @¢,, is the volume fraction of capillary pore space, Vs is
chemical shrinkage, V; is the initial volume of the matrix, Vy¢ is the
unreacted clinker volume, and Vyp is the volume of hydration products.

2.4. Transport model

The COMSOL Multiphysics is used herein to solve the transport
calculation of ions and gas between the porous and exposure conditions.
The calculated ionic concentration (C;) from the thermodynamic model,
porosity (@ is the summation of capillary porosity and gel porosity of LD
C-S-H) and effective diffusion coefficient (D.;) of the hydrated matrix

Table 3
Chemical shrinkage coefficients [53].

Cement phase Coefficient (Y™)/(g water/g solid

cement phase)

CsS 0.0704

CaS 0.0724

C3A (Convert all C3A to ettringite) 0.171

C3A (Convert all C3A to 0.115
Monosulfoaluminate)

C4AF (Convert all C4AF to ettringite) 0.117

C4AF (Convert all C4AF to 0.086

Monosulfoaluminate)
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are the initial conditions for the transport calculation, and they are
transferred to the COMSOL package via LiveLink for MATLAB offered in
the COMSOL Multiphysics. The ion concentration profile of each ion in
the pore solution and exposure solution is computed based on the
defined boundary conditions and the time step. The critical expressions
used in this research work to compute the transport problem are briefly
described here. The effective diffusion coefficient of ions in pore solution
(D.;i) and gases in the gaseous phase of the porosity (Dg;) can be
determined as a function of porosity, pore network parameters such as
tortuosity (5), constrictivity (¢), and saturation degree (S) as described in
Eq. (14) and Eq. (15) [2,19,54,55].

D.y;=Dy,;.5.€.9° 14)

Degi=Dogi-(1—8)".e.®® (15)
where, Dy;; and Dog; are the diffusion coefficient of ions in free water
(m?/s) and the diffusion coefficient of the gas in air (m?%/ s), respectively.
The considered values for the calculations are tabulated in Table 4.
The Nernst-Plank equation generally describes the ionic flux in the
pore solution’s liquid phase (J;;), as detailed in Eq. (16).
Z;F

i= =D1;.VCij — DeyiCrir— 1
Ji, 1i-VC, e RT Vo (16)

The flux in the gas phase (J,;) is illustrated in Eq. (17)
Jyi= —Deygi.VCy; 17)

The total flux (J;) (mol/m?/s) in the porous media can be defined by
Eq. (18)

Ji=Ji+Jgi (18)

Where Cj, Cg, Z, F, R, T and ¢ are the concentration of species in the
liquid phases (mol/m?%), the concentration of species in the gas phase
(mol/m3), the electric charge number, the Faraday constant, the uni-
versal gas constant, the absolute temperature, and the electrical poten-
tial (V), respectively. During the ion diffusion process in liquid, the
electrical current is zero, which therefore implies [15],

F» Ziji=0 (19)

The governing equation used in COMSOL Multiphysics for variably
saturated flow is described in equations from Eq. (20) to Eq. (24).

20C1) |, 9(0.C)
—— 4+ ——24V.J,=0; 20
ot a Q (20
0=0.8 (2D
0,=®(1-S5) (22)
Cei=ki.C; (23)
9(6,Cy;) a(C) a(6,)
——— =0 .ki—— + kC;.——= 24
ot Wi T ot @4
Table 4
Diffusion Coefficient of ions in free water at 20 °C.

Ton Diffusion coefficient x 10~ (m?/s)

Nat 1.33

Cl™ 2.03

K" 1.96

ca*? 0.793

mgt? 0.705

$04~2 1.07

OH™ 5.27

CO(g)" 16,000

2 Diffusion coefficient of CO, gas in air.
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C, Q, 6, 6, and k are the total concentration (mol/m®), the sink term
(mol/m®/s), the volume fraction of the liquid phase, the volume fraction
of the gas phase and volatilisation factors correspondingly. The sink
term is computed based on the dissolution and precipitation of phases
during the thermodynamic equilibrium process using PHREEQC. The
relationship between the relative humidity (RH) and the saturation de-
gree (S) adopted in the developed model is given by the inversion of the
desorption isotherm expression, as shown in Eq. (25) [30].

S=uRH*+pRH*+wRH+T1 (25)

where, = 6.427, f= — 15.46, o= 12.52, 7= — 2.52.
In this study, the concentration profile of each ion/gas in the pore
system was computed by combining Eq. (18) — Eq. (20).

2.5. Coupling procedure

This proposed model is developed in MATLAB language, and the
required input parameters can be updated through an Excel file which is
convenient for the user. The following steps are involved in the coupling
process.

Step 1: After entering all the required parameters, the model starts
the calculation by reading the input parameters from the specific
Excel file and calculating the dissolution rate of each clinker phase
and minor phase using the cement hydration model (refer to Section
2.1).

Step 2: The calculated dissolved minerals are transferred to the
thermodynamic calculation to compute the amount of hydration
products and ion concentration in the pore solution using PHREEQC
(see Section 2.2).

Step 3: The capillary pore space of the hardened cement paste is
computed based on the two types of C-S-H, other hydration prod-
ucts, unreacted clinker, and chemical shrinkage of the reacted
clinker (Section 2.3). These three steps repeat until the beginning of
the exposure condition, which can be defined by the user (see input
parameters for transport calculation in Fig. 1).

Step 4: The calculated ions concentration in pore solution and
porosity at the beginning of the exposure are used as the initial
conditions for the transport calculation, and they are transferred to
COMSOL Multiphysics via LiveLink™ for MATLAB® feature avail-
able in COMSOL. Based on the defined exposure condition and time
step, the ionic concentration profiles are predicted using the rela-
tionship explained in Section 2.4 in COMSOL.

Step 5: Afterwards, the predicted ionic concentration with exposure
distance is updated to the thermodynamic calculation to compute the
amount of products and ion concentration using phase equilibrium,
surface complexation and kinetic model for C-S-H, in order to
maintain the thermodynamic equilibrium as the existing thermody-
namic equilibrium between the pore solution and hydrates was
broken due to the ion/gas transportation process.

Step 6: As the next step of this model, the outcomes of the thermo-
dynamic calculation due to the transport of ions are used to react
with dissolved clinker minerals for continuing the hydration reaction
using the PHREEQC package.

Step 7: The predicted products are then converted to volume frac-
tions for calculating the capillary porosity at that time step (similar
to Step 3).

Step 8: The ion concentration after the hydration reaction (outcome
of Step 6) is input to COMSOL Multiphysics as the initial parameters
for the next time step (similar to Step 4).

These whole procedures are repeated until they reach the final time
step, which the user defines. In this research work, Nat, K+, Ca*?,
H,Si04 2 SOy 2 Cl” and OH™ in pore solution and CO5(g) in the gas
phase are mainly considered ions and gas in the porosity of the system
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for participating in the transportation process. The mixture of clinker,
gypsum and water filled capillary pores at the mixing time can be
defined as cement paste, at the same time the mixture consists of
unreacted clinker, hydration products, gel and capillary porosity, and
chemical shrinkage can be defined as hydrated cement paste/hydrated
matrix after the mixing stage.

Here, it should be noted that the formation of hydration products,
capillary porosity and chemical shrinkage during the hydration reaction
has already been validated with different sets of experimental results in
our previous works [11,38].

3. Experimental programme for carbonation

OPC with the Blaine of 339 m%/kg and density of 3.16 g/cm® was
used to prepare cement paste samples with W/C of 0.3, 0.4 and 0.5, and
the mineral composition of clinker obtained from X-ray diffraction
measurements is shown in Table 5.

Initially, the cement mixture was mixed for approximately 3 min and
then cast into the cylindrical moulds with 50 mm diameter and 100 mm
height. After 24 h of casting, de-moulded samples were kept under
sealed curing at 20 + 2 °C for 28 days. Resin coating was then applied to
all two faces except the top circle face of the cylinder. Samples were then
kept for four months in the CO, chamber having a CO5 concentration of
5 %, relative humidity of 60 % and 20 °C temperature, as shown in
Fig. 2. After the carbonation, samples were cut into 2 mm thick discs
from the exposed surface to identify the newly formed phases during the
carbonation by using thermogravimetric (TG) analysis. Samples were
ground with less than 75 pm particles for TG analysis, which was con-
ducted using HITACHI TG/DTA 7220 under an N flow environment
with a 200 mL/min flow rate. The temperature was increased at a rate of
10 °C/min from 20 to 950 °C and maintained for 60 min, then decreased
at a rate of 10 °C/min. Around 15 mg of the sample was weighed and
used for measurements.

4. Results and discussion
4.1. Carbonation

4.1.1. Experimental results

The TG analysis performed on the hydrated samples with different
W/C exposed in 5 % of CO, for four months and at different core depths
(0-2 mm and 8-10 mm are shown as examples) are presented in Fig. 3.
For all the samples (W/C 0.3-0.5 and depth 0-2 mm and 8-10 mm),
three quite similar principal peaks are resolved between the temperature
20 °C to 860 °C with different weight loss percentages. Mass loss before
120 °Cis detected in all samples due to dehydration of ettringite and loss
of physically bound water inside the C-S-H [49,51,56]. Due to the
carbonation of these phases, mainly C-S-H, the intensity of the endo-
thermic peak between this range increases with core depth as the
near-surface slice (0-2 mm) is more carbonated than the slice sawn at
8-10 mm depth. Owing to the progression of carbonation, similar to the
C-S-H phases, the decomposition of portlandite observed at approxi-
mately between 400 and 450 °C (refer to the DTG curve) decreases with
the slice cut from the core (8-10 mm) to the exposed surface (0-2 mm)
[24,56]. The considerable weight loss between the temperature
450-750 °C can be seen in the DTG curve, which is mainly attributed to

Table 5
Mineral composition of clinker.

Mineral composition Wt. (%)

CsS 60
CoS 16
CsA 07
C4AF 12

Gypsum 04
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the release of CO, related to the decomposition of calcite [56,57]. In the
TG analysis, various peaks related to the decomposition of different
polymorphs of calcium carbonate are not significantly observed.
Because the decomposition temperature of calcium carbonate is in the
range between 450 °C - 750 °C. Due to the reaction between CO, gas and
calcium-bearing phases in the hydrated matrix, calcite precipitation
adjacent to the exposure surface is considerably higher than far from the
surface, as shown in Fig. 3.

4.1.2. Developed framework verification with the experimental results

In order to prove the accuracy of the developed integrated model, the
simulated results for the hydrated cement paste with W/C of 0.3-0.5 are
compared with raw experimental results (refer to Section 3 for the
experimental conditions), as detailed in Fig. 4. It can be observed that
the predicted results reasonably fit with the calcite and portlandite
weight percentage measurement, as elaborated in Fig. 4. However, a
slight deviation can be seen between experimental and numerical results
in some grid points. During the experimental programme, samples were
not maintained at 60 % relative humidity prior to the carbonation, as the
cement paste specimens were immediately placed in the CO, chamber
after 28 days of hydration. Consequently, the cement paste samples with
different W/C contain different internal relative humidity due to the
inconsistency of the available water for the hydration reaction. The in-
ternal relative humidity for the 0.3 W/C paste is considerably lower than
the high W/C paste, as the loosely bound water in the low W/C paste is
consumed for the hydration reaction due to the water deficiency for the
reaction [11]. Thus, the internal relative humidity during the initial
carbonation period may not be constant for all the samples. However, in
the developed model, the relative humidity of all samples is assumed to
be constant at 60 % during carbonation. This leads to a slight discrep-
ancy between the experimental and numerical results.

The formation of calcite shows an increasing tendency with W/C and
decreasing behaviour with the distance from the exposure surface, as
depicted in Fig. 4. On the other hand, the portlandite content in the
hydrated matrix decreases with W/C for the same grid point, and after
approximately 11 mm from the exposed surface, it remains unchanged.
This is because the calcium-bearing phases, mainly portlandite and
C-S-H, dissolve due to the reduction in the pore solution’s pH near the
exposure surface as the penetrated CO, gas dissolves and forms as CO3~
and HCO; and subsequently precipitates as carbonate products (such as
calcite). The diffusion of CO5 gas mainly depends on the porosity of the
hydrated matrix, which increases with W/C owing to the more available
space for the hydration reaction. Therefore, the diffusion of the gas in-
creases with W/C. As a result, calcite formation and portlandite disso-
lution are high in the cement paste with a W/C of 0.5.

The numerical results for the changes in the phase assemblages are
depicted in Fig. 5 for the variation of the volume fraction of the hydrated
matrix with distance from the exposure due to the progression of
carbonation. The cement paste sample of W/C 0.6 (with the clinker
composition of C3S 60 %, CoS 16 %, C3A 07 %, C4AF 12 % and gypsum 4
%) after 28 days of hydration exposed to 10 % (v/v) of CO, for 5 years is
considered for the simulation. The existence of portlandite, Jennite type
C-S-H, ettringite, and monosulfate, along with minor quantities of
siliceous hydrogarnet and hydrotalcite, are predicted as the hydrates of
the non-carbonated matrix shown after approximately 70 mm from the
exposure surface in Fig. 5. In the developed model, the carbonation of
portlandite and C-S-H are simultaneously considered for the realistic
prediction by using the kinetic model for the dissolution of C-S-H. It is
worthwhile to note that the decalcification of C-S-H is herein assumed
as follows: (i) Tobermorite C-S-H (Ca/Si of 0.67) is formed by the
removal of Ca from the Jennite C-S-H (Ca/Si 1.67), and (ii) Tobermorite
C-S-H is carbonated as silica gel due to the complete removal of Ca ion
from the Tobemorite C-S-H. Therefore, during the initial stage of the
carbonation process, secondary ettringite, hemicarbonate, mono-
carbonate and Tobermorite C-S-H form due to the reaction between
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Fig. 2. Sample preparation and experimental condition for carbonation.
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Fig. 3. TG analysis of the hydrated sample with W/C of 0.3-0.5 exposed in 5 % of CO; for four months: (a) weight % and (b) DTG.

COg, portlandite, monosulfate and Jennite C-S-H at the carbonation
front (between 55 mm and 70 mm). As the carbonation continues, the
remaining portlandite, monocarbonate and siliceous hydrogarnet (Fe,
Al) are converted to stratlingite, Fe-siliceous hydrogarnet and calcite.
Low Ca/Si C-S-H (Tobermorite) is further decalcified to silica gel after
the depletion of monocarbonate and siliceous hydrogarnet (Fe, Al).

Finally, ettringite is also destabilised to calcite, amorphous alumina and
gypsum at low pH (approximately less than 10). Based on the predicted
results, it can be seen that the total porosity (summation of capillary
porosity and gel porosity) decreases from the non-carbonated matrix
(right side) to the carbonation front (approximately 30 mm) and then
increases towards the left side due to the complete carbonation of C-S-H
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Fig. 4. (a) Calcite and (b) portlandite evolution profiles for W/C of 0.3, 0.4 and 0.5 samples after four months of accelerated carbonation.
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Fig. 5. Phase assemblage of cement paste with W/C of 0.6 exposed in 10 % of CO, for 5 years (AFt, solid CSH_Jen and solid CSH_Tob stand for ettringite, solid
Jennite type C-S-H and solid Tobermorite type C-S-H, respectively).
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and ettringite. However, the total porosity near to the exposure surface
still remains lower compared to the non carbonated matrix. For
instance, the total porosity at 80 mm from the exposure surface is
approximately 40 %, whereas it is only 32 % at 40 mm from the contact
side and around 35 % adjacent to the exposure side.

4.2. Model validation of chloride ion ingression

Model validation with the previously developed model.

Figs. 6 and 7 depict the validation of the proposed transport model
with the transport model developed in PHREEQC [28]. The Ordinary
Portland cement (clinker composition: C3S 62.2 %, C5S 18.3 %, C3A 5.6
%, C4AF 9.8 % and Gypsum 3 %, density: 3.16 g/cm®, Blaine: 311
m?/kg) with W/C of 0.4 and curing temperature of 20 °C were used as
the initial condition for the hydration model. The hydrated matrix was
exposed to 500 mol/m® of NaCl solution for 30 days after 28 days of
hydration (input parameter for transport model). The assumptions
considered for this simulation are as follows: i) chloride ion can dissolve
in the liquid state of water, ii) the exposure surface is completely sub-
merged, and iii) the total pores system is fully saturated. As shown in
Figs. 6 and 7, the predicted results from the proposed model exhibit an
excellent agreement with the results from the existing PHREEQC model.
However, the ion concentration profile for Ca*? ion shows slight devi-
ation only up to 2.5 mm from the exposed surface, and further increase
coincides with the results from the PHREEQC model. The reason could
possibly be that the concentration of exposure solution is not constant
during the transportation process due to the leaching and diffusion of
ions. However, in the proposed model, the specified exposure solution
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Fig. 6. Ion concentration profiles in the pore solution simulated from the
proposed model and PHREEQC model [28].
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Fig. 7. Comparison of hydrated phases in the hydrated cement paste predicted
from the proposed model and PHREEQC model [28] (CH, AFt, AFm and F-S
stand for portlandite, ettringite, monosulfate and Friedel’s salt, respectively).

by the user is updated for every time step to simulate the actual condi-
tions, like seawater exposure. Therefore, the concentration of leaching
ions, including Ca*?, does not accumulate in the exposure solution,
while Ca™ concentration accumulates in the previous PHREEQC model.

The concentration of Na* and Cl~ are approximately 500 mol/m® at
the exposed surface due to the high concentration of exposure solution
(500 mol/m? of NacCl), and then the concentrations of both ions grad-
ually decrease with the distance from the exposed surface as shown in
Fig. 6(a). However, after 30 mm from the exposed surface, the Cl™
concentration becomes 0. This could be attributed to the fact that the
OPC does not contain Cl~, and Na™ concentration is approximately 180
mol/m3, which is the initial concentration of Na™ from the 28 days of
hydration reaction before the diffusion process. The concentration
profile of K™ shows an increasing tendency with distance up to 30 mm,
followed by a constant value of 225 mol/m?, which is the same as before
the transport reaction from the hydration. The K™ ions are not available
in the exposure solution. Therefore, the K* leaches from the pore solu-
tion to the exposure solution through diffusion due to the concentration
gradient between the exposure solution and pore solution (in the hy-
drated matrix). A similar tendency in the experimental results was also
reported by Elakneswaran et al. [28].

Moreover, the pH of the exposure solution and pore solution are
about 7.0 and 13.5, respectively. Similar to the leaching of K™, the OH™
ion also leaches to the exposure solution due to the concentration
gradient. Therefore, the pH near the exposed surface is lower than that
away from the exposed surface (refer to Fig. 6(b)). Furthermore, the
Ca*? concentration profile increases to 5.5 mol/m? till 2.5 mm (due to
the leaching of Ca™2), decreases to 1.5 mol/m® and then unchanged. The
peak of the Ca*? profile is due to the dissolution of portlandite (CH),
which gives more Ca™? ions in the pore solution, as shown in Figs. 6(b)
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and Fig. 7(b). It can be noticed that the portlandite mainly dissolves near
the exposed surface due to the leaching of Ca*?2 in the pore solution and
low pH.

The penetrated Cl™ ion is possible to substitute the sulfate ions in
AFm-type products like monosulfate (C3A.CaS04.12H,0) to form
chloride-containing phases like Friedel’s salt (C3A.CaCl;.10H,0) as
described in Eq. (26). In addition, SO‘;2 released from the dissolution of
monosulfate to form Friedel’s salt (refer Eq. (26)) reacts with existing
monosulfate to form the secondary ettringite close to the exposed sur-
face (see Eq. (27)). As a result, Friedel’s salt and considerably high
amount of ettringite can be found near to the exposed surface, where
monosulfate does not appear in the presence of Cl™ ion. As illustrated in
Fig. 7(a), the formation of Friedel’s salt and a slightly higher amount of
ettringite could be seen up to only 15 mm, and afterwards, monosulfate
exists. Similar observations were also reported in several previous
studies [8,14,15,28].

C3A.CaS0,.12H,0 + CI” - C3A.CaCly. 10H,0 + SO, * (26)

C3A.CaS04.12H,0 + Ca**+50,>—C3A.3CaS04.32H,0 27)

As depicted in Fig. 7(b), at the exposed surface, the porosity is very
higher (approximately 27 %) compared to that away from the exposure
surface due to the high dissolution of portlandite up to the point where
portlandite dissolves. Afterwards, the porosity remains slightly lower
due to the formation of secondary ettringite up to 15 mm, where a high
amount of ettringite exists. The porosity value of 19.4 % is in the hy-
drated matrix away from the degraded area. The amount of C-S-H, Fe-
siliceous hydrogarnet and hydrotalcite do not show either dissolution or
precipitation during the 30 days of transport of ion reactions, revealing
constant values as 0.24 mol, 0.023 mol and 0.008 mol for the whole
length of specimens, respectively.

4.2.1. Model validation with experimental results

To verify the predictability of the proposed model, the predicted
results of the total amount of chloride ion profile are compared with
measured values for W/C ranging from 0.3 to 0.5, which have been
taken from the study of Mori et al. [58]. The chemical compositions of
the clinker used herein are C3S 65 %, C2S 11 %, C3A 9 %, C4AF 9 % and
Gypsum 4 % (density: 3.16 g/cm?>, Blaine: 323 m?/kg and temperature

30

Total CI- Weight %
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20 °C). The cement paste samples (W/C of 0.3, 0.4 and 0.5) were mixed
using a mortar mixer, cast in the plastic containers with the dimension of
40 x 60 x 100 mm and sealed. After one day, the specimens were
demolded and cured in a moist condition for 28 days. The immersion test
was carried out according to JSCE-G572-2003. After taking the samples
from the curing tank, five surfaces of rectangular elements were coated
with epoxy resin and the samples were exposed to a chloride solution.
The exposure condition was 3 % NaCl solution at 20 °C for 91 days.
Following the exposure to the NaCl solution, electron probe micro-
analysis (EPMA) was used to evaluate the total chloride content in the
cement paste. It should be noted that EPMA is the analysis method that
allows the quantitative area analysis of elemental concentrations with a
high spatial resolution and sensitivity on a solid surface. A specimen of
40 x 40 x 10 mm was sliced as a sample for EPMA measurement. The
sliced specimen was strengthened by intrusion with epoxy resin not
containing chlorine. The ground specimen for obtaining a smooth sur-
face was dried under a vacuum and coated with carbon for EPMA
analysis. Similar to the experimental condition that after the 28 days of
hydration samples were kept in 3 % NaCl solution for 91 days, which
was used in the proposed model to predict the chloride ion diffusion in
the hydrated matrix. As detailed in Fig. 8, the comparison indicates that
the predicted results from the developed model exhibit an excellent
agreement for w/c of 0.3, 0.4 and 0.5. A slight variation, however, was
witnessed near the exposure surface for W/C of 0.3 paste, as shown in
Fig. 8(c). For instance, the experimental results for the total chloride
weight percentage of W/C 0.3 paste at 1.5 mm from the exposure surface
are approximately 1 %, and similar results were obtained for W/C 0.4
paste at the same location. However, due to the lower total porosity of
W/C 0.3 paste than 0.4 paste, the total chloride weight percentage
should be lower than that of 0.4 W/C paste. Thus, experimental results
adjacent to the exposure surface (up to 3.5 mm) of W/C 0.3 paste might
be an experimental error.

The penetration of chloride ions in the hydrated matrix increases
with W/C, as shown in Fig. 8. Similar behaviour was also reported in the
numerous studies for different W/C of concrete and cement paste [22,
58,59]. For instance, the penetration depth for W/C 0.3 is approximately
10 mm, while it is about 30 mm for W/C 0.5. Porosity is crucial in
studying the effect of W/C on the chloride ion transport for the same
exposure conditions and clinker. The porosity directly relates to the
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chloride ion’s effective diffusion coefficient in the matrix. The porosity
of the hydrated matrix increases with W/C owing to the high amount of
space employed by water [11,24]. Moreover, due to the 91 days of
exposure to NaCl solution, the capillary porosity increases for all the
W/C ratio pastes. A similar tendency is also observed in the effective
diffusion coefficient with distance from the exposed area, which could
be attributed to the changes in capillary porosity.

In this study, two binding mechanisms such as chemical substitution
and physical binding, along with the free chloride ion in the pore so-
lution, are herein considered as the types of chloride ion in the hydrated
matrix. The numerical results are presented in Fig. 9. The experimental
conditions used for Fig. 8 are inputted as initial parameters for this
simulation. The simulated results suggest that the above three types of
chloride ion concentration profile increase with W/C. The variation of
Friedel’s salt formed as intruding the chloride ion into the AFm phase
and chloride ion adsorption by C-S-H surface with distance from the
exposed surface for different W/C paste are shown in Fig. 9(a) and (b).
The formation of Friedel’s salt is considerably higher in 0.5 W/C paste
compared to that in 0.4 W/C paste. There is no formation of Friedel’s salt
in 0.3 paste. Similarly, physical binding by the C-S-H surface increases
with W/C, as depicted in Fig. 9(b). The above-described tendency for
both binding mechanisms is because of the reaction rate of clinker
phases and the available chloride ion for the chemical and physical re-
action. The well-known fact is that the hydration reaction degree in-
creases with W/C as the available water for the hydration also increases,
and it upsurges the reaction of clinker phases, including CsS, CaS, C3A
and C4AF. Thus, the hydration products that bind chlorides, such as
C-S-H and AFm phases like monosulfate, are highly formed in W/C of
0.5 paste. Moreover, the penetrated chloride also increases with W/C
due to the increasing porosity trend. As the combined results, the
chemical binding of chloride ion by AFm phases and physically bound
chloride by C-S-H also increases with W/C. The weight % of chloride
ions in the liquid phase is depicted in Fig. 9(c), and as expected, it shows
an increasing trend with the W/C ratio. This could be due to high pore
volume (porosity) in high W/C paste.

The comparison between experimental and predicted results for the
average effective diffusion coefficient of cement paste with W/C ranging
from 0.3 to 0.5 exposed in 3 % NaCl solution for 91 days is depicted in
Fig. 10. The experimental results were obtained from the study of Mori
et al. [58]. The experimental results of the total chloride profiles (see
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Fig. 10. Comparison of simulated and experimental [58] effective diffusion
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Fig. 8) were used to calculate the average effective diffusion coefficient
experimentally by Fick’s 2nd law. The concentration of the chloride ion
at the surface was reasonably computed by the extrapolation of the
profile for the estimation of the effective diffusion coefficient. The
average effective diffusion coefficient after 91 days of exposure was then
determined by fitting Fick’s second law to the concentration profile with
the calculated surface concentration. However, this estimation did not
consider porosity variation with distance from the exposure surface and
chloride binding mechanism (physical and chemical binding) [28,60,
61]. The developed model, coupled with thermodynamic calculation,
deals with chloride ions’ physical and chemical binding. Furthermore, in
every meshing point, the thermodynamic and porosity calculations were
performed and updated as input parameters into the COMSOL package.
Thus, the limitations in Fick’s 2nd law were addressed in the proposed
model. There is still a slight discrepancy between the predicted and
experimental results for the average effective diffusion coefficient of
chloride ions, as shown in Fig. 10.

It is known that the development of C-S-H structure and the for-
mation of gel porosity inside the C-S-H are more complicated and very
hard to simulate to the actual scenario. The gel pores of the C-S-H
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progress mainly at an early age (i.e. when the free water in the capillary
pores remains significant). After a specific degree of hydration, the gel
porosity does not increase due to the transition between the formation of
LD and HD C-S-H. However, considering the difficulties in simulating
the actual condition, throughout the process, the gel porosity of LD
C-S-H and HD C-S-H are considered to be 36 % and 26 %, respectively.
These values were adopted from the literature [26]. It should be noted
that almost all the previous research works incorporated a constant gel
porosity for C-S-H matrix, demonstrating the accurate predictions for
the hydration, mechanical and transport behaviour of the hydrated
cement paste [19,34,37,52].

In this study, the total active porosity for the transportation process is
considered as the summation of capillary porosity and gel porosity of LD
C-SH. Because the porosity accessible by mercury intrusion porosimetry
is up to 3 nm in diameter, which includes capillary porosity and a partial
amount of gel porosity. Worth noting that the LD C-S-H has larger pores
than HD C-S-H [24,62,63]. The capillary porosity increases with W/C
because of the high water content in the matrix. The formation of LD
C-S-H tends to increase with W/C due to the high available space for
precipitation of LD C-S-H. Thus, the effective diffusion coefficient of 0.5
paste has a higher value than lower W/C paste, as the total active
porosity able to transport the ions and gases increases with the amount
of water in the cement mixture (Fig. 10).

4.2.2. Significance of the proposed model

The importance of the integrated hydration model with COMSOL
Multiphysics for predicting the microstructure of hydrated cement paste
during the transportation process is demonstrated in Fig. 11. The cement
paste with W/C of 0.35 exposed to 500 mol/m® of NaCl solution for 4
years was considered for this simulation. The considered clinker
composition consist of C3S 66.4 %, C2S 11.8 %, C3A 8.2 %, C4AF 9.7 %
and gypsum 2.7 %. The phase assemblage of hydrates before the expo-
sure condition is illustrated in Fig. 11(a). Phase assemblage of the hy-
drated matrix after 4 years of exposure is shown in Fig. 11(b) and (c).
The volume fraction of the hydrated cement paste shown in Fig. 11(b) is
for considering only the transportation process without considering the
progression of the hydration reaction during the transportation. Here,
the hydration reaction was stopped before initiating the transport re-
action. The progression of the hydration and transport reactions is
simultaneously considered for numerical results depicted in Fig. 11(c).

Due to the progression of the hydration reaction during the trans-
portation process, the increased amount of hydration products,
including C-S-H (LD and HD C-S-H), portlandite and monosulfate, are
observed in the coupled model simulation compared the without
considering the progression of hydration reaction. As a result, a reduced
amount of capillary porosity can be seen in Fig. 11(c) compared to
Fig. 11(b) for the same exposure condition as the formation of products
due to the hydration reaction trend to fill the available pore space during
the 4 years of the transportation process. Thus, the physically bound
chloride by the C-S-H and the chemical substitution of chloride ions in
monosulfate are considerably high when considering the combined re-
action. Owing to the high chloride ion binding capacity by physical and
chemical adsorption and low pore space, the free chloride ion, which is a
prime factor for initiation of reinforcement corrosion, is significantly
low in the actual scenario when considering both hydration and trans-
port reaction simultaneously as presented in Fig. 12. For instance, the
predicted concentration of free chloride ion from the case of without
progression of hydration model (without hydration) becomes approxi-
mately 120 mol/m?® at 41 mm, whereas a similar concentration is ob-
tained at 26 mm from the coupled reaction model (with hydration).
Thus, the depth of chloride ion diffusion is reduced by 15 mm during the
4 years of exposure when considering both hydration and transportation
reactions simultaneously.
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5. Conclusions

This paper presented an integrated model describing the diffusion of
chloride ions and carbon dioxide gas in the hydrated matrix. The
developed model written in MATLAB language coupled with COMSOL
Multiphysics considered all the possible mechanisms related to the hy-
dration of cement paste and diffusion of substances in the porous media,
including dissolution rate of clinker minerals, chemical reaction during
the hydration and transportation process, formation of possible hydrates
including two types of C-S-H, physical and chemical binding of chloride
ion, the dissolution rate of C-S-H simultaneously with portlandite
during the carbonation and variation of porosity during the hydration



S. Krishnya et al.

600
£ 500
(o]
E
= 400
2
® 300
E
S 200
<
[e]
O 100
o

0

0 10
Distance from Exposed surface (mm)

50

Fig. 12. Comparison of free chloride ion concentration in the pore solution for
the cases of with and without progression of hydration reaction.

reaction and transport reaction. The obtained numerical and experi-
mental results lead to the following key conclusions:

In the sight of obtained TGA results for the carbonation of hydrated
cement paste, the dissolution rate of portlandite and precipitation of
calcite increase with W/C due to high porosity. The predicted results
from the coupled model show good agreement with experimental results
of the weight percentage of portlandite and calcite for W/C ranging from
0.3 to 0.5 b y considering the simultaneous carbonation of C-S-H with
portlandite. The proposed transport model developed in MATLAB lan-
guage coupled with COMSOL Multiphysics for chloride ingression has
been validated with previously developed model using the PHREEQC
package in terms of ionic concentration in the pore solution and phase
assemblage of hydrates. The numerical results of the total chloride
profile of cement paste excellently capture the realistic value for W/C
ranging from 0.3 to 0.5. The phase assemblage of hydrates in terms of
volume fraction of the hydrated cement matrix could be predicted,
which comprehensively expresses the variation of phases, including the
decalcification of C-S-H (from Jennite C-S-H to Tobemorite C-S-H and
finally calcite) during the carbonation with distance from the exposure
surface for chloride ion ingression and carbonation. The significance of
the simultaneous progression of the hydration reaction with the reaction
due to the transport of ions was clearly demonstrated by comparing the
results obtained from coupled model (considering the hydration reac-
tion and transport reaction concurrently) with the uncoupled model
(only considering the transport reaction) results for phase assemblage of
hydrates and free chloride ion profile. The simulation shows that
ignoring the hydration reaction of the matrix reveals an increased
degradation for chloride ion diffusion.
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