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Abstract. The prediction of chloride ingression in cement-based material has
gained a great deal of interest among researchers as it causes long-term struc-
tural damage in buildings by chloride-induced reinforcement corrosion. The Cl−
diffusion in mortar is influenced by internal factors including pore-structure and
hydrates which are determined by clinker properties, mixture recipe, and curing
conditions and exposure conditions. The Cl− penetration in mortar leads to the
modification of the microstructure and pore-solution due to the disequilibrium of
the hydrates-pore solution system. Considering the complexity of the process by
incorporating all aforementioned factors and interaction of Cl− with hydrates,
a new model is herein proposed for predicting the microstructure of the mortar
during the Cl− diffusion. In this work, the microstructure of mortar is consid-
ered as a three-phase material: aggregates, interfacial transition zone (ITZ) and
bulk paste, and ITZ is realistically considered as high W/C paste compared to
the initial W/C. The developed COMSOL-IPHREEQC model involves hydration
model for calculating the dissolution of clinker in bulk paste and ITZ, thermo-
dynamic model including the surface complexation model to predict the hydrates
and the Cl− adsorption by hydrates, homogenization approach to compute the
average hydrates, porosity, pore solution composition and diffusion parameters of
the mortar and COMSOL Multiphysics to perform the transportation calculation.
The predicted results are validated with experimental results available in the lit-
eratures to verify the reliability of the proposed model. The effect of ITZ on the
penetration of Cl− is also assessed in this work.
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A. Jędrzejewska et al. (Eds.): SynerCrete 2023, RILEM Bookseries 43, pp. 686–696, 2023.
https://doi.org/10.1007/978-3-031-33211-1_62

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33211-1_62&domain=pdf
http://orcid.org/0000-0003-3591-3486
http://orcid.org/0000-0001-5496-5551
http://orcid.org/0000-0003-2107-5485
http://orcid.org/0000-0001-6001-3688
https://doi.org/10.1007/978-3-031-33211-1_62


Numerical Simulation of Chloride Ion Ingression in Mortar Incorporating 687

1 Introduction

The ability of concrete to withstand the chemical attack, weathering action or any other
degradation process to maintain its original characteristics in connection with form,
quality and serviceability while exposing to its envisioned service environment is com-
monly considered as the durability of the structure. The concrete degradation can be
classified as chemical, mechanical and physical processes, in which the major durability
issue associated with reinforcement corrosion is mainly caused by chemical deterio-
ration such as chloride ion diffusion and carbonation [1]. It is pertinent to note that
the chloride diffusion is the utmost serious deterioration process in the steel concrete
structure among the varying chemical degradation processes, specifically the structures
subjected to environments such as de-icing salts in cold regions and air-bone chlorides
in marine regions [2, 3]. During the chloride ion ingression, the protective passive film
covered on the reinforcement bars is destroyed by the diffused chloride ion in the pore
solution after exceeding its threshold level, and finally, this leads to the initiation of
reinforcement corrosion in the concrete structures [4].

The ionic transportation processes in the cement-based material not only depend on
the exposure conditions but also on the morphology of the hydrated matrix i.e., porosity
and pore network. The morphology of the hydrated cement matrix is mainly determined
by several factors such as chemical and physical properties of cement, water-to-cement
ratio (W/C), curing conditions, curing period, admixtures, exposure period and etc.
[1]. The presence of aggregates in the cement mixture has modified the microstructure
and diffusion properties of the matrix by a newly formed weakest region between the
aggregate and bulk past referred as interfacial transition zone (ITZ). The general reason
behind the formation of ITZ is the wall-effect originated by the aggregate surface that
disturbs the general packing of clinker grains, i.e., small cement particles pack more
easily adjacent to the aggregate surface compared to large particles [5]. As a result, the
excess amount of porosity exists in the ITZ layer compared to that of bulk paste. It is
believed that this weakest zone region in the mortar/ concrete has a major influence on
the transport properties owing to its excess porosity and larger occupation in the total
mortar or concrete.

After entering the diffused chloride, the free chloride ion in the pore solution
decreases due to different binding mechanism such as physical binding (chloride ion
adsorption by hydrates surfaces) and chemical binding (chemical reaction between chlo-
ride ion and AFm phases in the cement matrix). The commonly available AFm phase
in the ordinary Portland cement (OPC) is monosulfate, and it form as the result of the
reaction between the aluminate (C3A) and gypsum. In the presence of chloride ion, the
sulfate ions in the monosulfate phase exchange with chloride ions and form as chloride
containing AFm phases such as Friedel’s salt. Besides the chemical binding of chloride,
other chloride can be physically adsorbed on the C-S-H surface. Because C-S-H is the
major hydration products in OPC and having high specific surface area. However, the
physically and chemically bound chloride has no effect on the corrosion of steel bars.
On the other hand, the free chloride moves through the pore solution and causes the
reinforcement corrosion in the concrete structure.
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Moreover, utilization of supplementary cementitious materials (SCMs) such as
ground-granulated blast furnace slag, fly ash, metakaolin, silica fumes in concrete has
been increased in recent decades to minimize the use of clinker and to improve the dura-
bility of the structures. The high alumina and silica content in SCMs helps to form more
Friedel’s salt by consuming chlorides, which delays the risk of corrosion [6]. And also,
the use of SCMs limits the transport of ions, gas and moisture, as the permeability of
the harden matrix is reduced by refining the microstructure. Therefore, understanding
the chloride ion transport and binding mechanism are truly essential for the prediction
of service life of a new building or existing concrete structure.

The aim of this research work is to propose a new modelling platform to predict the
hydration products and porosity of mortar during the chloride ion diffusion. To capture
the realistic behaviour, the ITZ is assumed as a third phase of the mortar matrix by
considering the high W/C paste compared to the bulk paste. Moreover, all the possible
hydration products including formation of two types of C-S-H and the physical and
chemical binding mechanism of chloride ion with hydrates are also incorporated in this
work.

2 Model Description

A new transport model developed to predict the hydration products, pore solution chem-
istry and porosity of the mortar exposed to an aggressive environment is presented in
this study. The mortar matrix is considered herein as three phase material consisting of
unreacted aggregates, interfacial transition zone (ITZ) and bulk paste. Figure 1 details
the adopted procedures and phenomena of the developed transport model. The proposed
framework is coupled with multiple constitutive models including several analytical
models for the calculation of volume fraction of ITZ and bulk paste and computation of
clinker content andW/C ratio in ITZ and bulk paste, cement hydrationmodel, thermody-
namicmodel, homogenization technique and transport model. The necessary parameters
for the hydration calculation are chemical and physical properties of clinker, mixing pro-
portions, boundary conditions and properties of aggregates, while ionic concentration
in the exposure solution, beginning of transport reaction with respect to the hydration
time domain and duration for transport calculations are the required parameters for the
transport process. The details of cement paste model, calculation of volume fraction of
ITZ and bulk paste and computation of clinker content and W/C in ITZ and bulk paste
can be found in our previousworks [7, 8]. The remaining thermodynamicmodel, homog-
enization method and transport model are comprehensively described in the following
sub sections.
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Fig. 1. Schematic diagram of the developed transport model for mortar

2.1 Thermodynamic Model

Thermodynamic model is used to predict the hydration products, concentration of ions
in the pore solution and ions adsorption by hydrates of the mortar matrix. The thermody-
namic calculations are performed using geochemical software called PHREEQC linked
with precise thermodynamic database of Cemdata18 [9] and the default thermodynamic
database of PHREEQC [10]. The reaction module, phase-equilibrium module and sur-
face complexation module are used to define the hydrates and pore solution chemistry.
The computed dissolved clinker phases from the cement hydration model (please refer
for more details of the cement hydration model in our previous work [7]) are inputted
in the reaction module for every time step. The phase-equilibrium calculations are per-
formed to define the hydration products which react reversibly with pore solution to
achieve equilibrium condition. C-S-H, portlandite, gypsum, ettringite, monosulfate, cal-
cite, hemicarbonate, monocarbonate, hydrotalcite, brucite, stralingite, Fe-Al-silicieous
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hydrogarnet, Friedel’s salt, amorphous silica and amorphous alumina gel are considered
as equilibrium phases in the proposed model.

Numerous previous studies have been proved that the surface of C-S-H can adsorb
the ions from the aqueous solution [11, 12]. Thus, the surface complexation module in
PHREEQC is helped to determine the ions adsorption by the surface of C-S-H. Among
the two types of surface sites in C-S-H such as silanol site (≡ SiOH ) and silandiol
(= Si(OH )2), silanol site is considered to be reacted with ions in the pore solution as
per the previous studies [11, 12]. Table 1 shows the used site reactions of C-S-H silanol
site and the equilibrium constants for this proposed frame work.

Table 1. C-S-H surface site reactions and equilibrium constants

Site reactions LogKp

≡ SiOH + OH− ↔≡ SiO− + H2O −12.7

≡ SiOH + Ca+2 ↔≡ SiOCa+ + H+ −9.4

≡ SiOH + Ca+2 + Cl− ↔≡ SiOCaCl + H+ −8.9

≡ SiOH + Na+ ↔≡ SiONa + H+ −13.64

≡ SiOH + K+ ↔≡ SiOK + H+ −13.64

2.2 Homogenization Method

To predict the effective diffusion coefficient of mortar, the generalized self-consistent
theory was adopted in this study. The generalized self-consistent theory has been widely
used to predict the effective properties of mortar and concrete in terms of elasticity,
elastoplasticity and thermal behaviour [8, 13, 14]. In this research work, aggregate is
assumed to be an inert material, thus the diffusion coefficient of aggregate (Dagg) is
considered as zero.

Dagg = 0 (1)

The diffusion coefficient of ITZ (DITZ ) and bulk paste (Dbp) can be expressed in
terms of diffusion coefficient of ions in free water (D0), porosity of the matrix (FITZ/bp)
and parameters of pore network such as tortuosity (δ) and constrictivity ( 1) based on
the Archi’s law (Eq. 2) [4]. The considered diffusion coefficient of ions in free water are
listed in Table 2.

DITZ/bp = D0.εITZ/bp.φ
δITZ/bp

ITZ/bp (2)

The porosity calculation of ITZ and bulk paste can be seen in our previous works [7,
8]. In the generalized self-consistent theory, aggregates and ITZ are initially considered
to compute the effective coefficient of the aggregate-ITZ matrix as shown in Eq. (3).

Deff _1 = DITZ +
DITZ .

Vagg
Vagg+VITZ

DITZ
Dagg−DITZ

+ 1
3. VITZ

Vagg+VITZ

(3)
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Table 2. Diffusion Coefficient of ions in free water at 20 °C

Ion Diffusion coefficient × 10–9

(m2/s)

Ca+2 0.793

Mg+2 0.705

SO4
–2 1.07

OH− 5.27

Na+ 1.33

Cl− 2.03

K+ 1.96

where, Vagg and VITZ are volume fraction of aggregate and ITZ in the mortar matrix
respectively. The effective diffusion coefficient of mortar (Dmor) i.e., aggregates-ITZ
matrix as inclusions embedded into the matrix of bulk paste can be computed based on
Eq. (4).

Dmor = Dbp + Dbp.(Vagg + VITZ )

Dbp
Deff _1−Dbp

+ 1
3.(1−Vagg−VITZ )

(4)

The average hydrates, porosity and pore solution concentrations are calculated based
on the volume fraction of the aggregates, ITZ and bulk paste.

2.3 Transport Model

The COMSOL Multiphysics adopted the finite element method is used herein to solve
the transport calculation of ions between the pore solution and exposure solution. The
calculated average ionic concentration, porosity and effective diffusion coefficient of
the mortar matrix are the initial conditions for the transport calculation and they are
transferred to 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 are 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 Nernst-Plank equation is used to describe the ionic flux (Ji)
in the pore solution as detailed in Eq. (5).

Ji = −De,i · ∇Ci − De,iCi · ZiF
RT

.∇φ (5)

where, C, De, Z, F, R, T and F are respectively concentration of ion (mol/m3), effective
diffusion coefficient in liquid (m2/s), electric charge number, the Faraday constant, the
universal gas constant, absolute temperature and electrical potential (V). The governing
equation for the transport problem of the porous matrix can be expressed in terms of
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ionic flux (Ji), porosity of the matrix (F), concentration of ion (Ci) and sink term (Si)
(Eq. 6). The sink term is computed based on the dissolution and precipitation of phases
during the thermodynamic equilibrium process by using PHREEQC.

∂(θCi)

∂t
+ ∇.Ji = Si (6)

The electrical current in the mortar matrix is zero during the ionic diffusion process.
Hence,

∑
i
Ziji = 0 (7)

In this study, the concentration profile of each ion in the pore system was computed
by combining Eq. (4)–Eq. (7).

3 Results and Discussion

As the initial stage of the developed model, the chloride ion transportation in cement
paste was verified with the experimental results reported byMori et al. [15], for theW/C
of 0.5 paste exposed in 3% NaCl solution for 91 days and the comparison between the
predicted results and experimental results is depicted in Fig. 2. It should be noted that
hydration products and porosity of the cement paste during the hydration reaction have
been verified in our previous work [7]. The comparison between the predicted results of
total chloride weight percentage and experimental results is illustrated for the mortar in
Fig. 3. The experimental results reported in the previous study for W/C of 0.53, the fine
aggregate to cement of 1.5, exposure solution of 5% NaCl and 100 days of exposure
duration is compared with the predicted results of mortar [16]. As shown in Fig. 2 and
Fig. 3, the predicted total Cl− weight % results from the proposed model shows an
excellent agreement with the experimental results for both cement paste and mortar.
The weight percentage of total chloride is apparently high near to the exposed surface
for all the cement-based matrix due to the high porosity and high concentration of the
exposure solution. Large amount of total porosity close to the exposure side is due to the
dissolution of hydrates, and which is induced by the leaching of ions in the pore solution.
The effective diffusion coefficient increases with porosity. The diffusion of external ions
depends on the concentration of the exposure solution. Because, the transport of ions in
the porous matrix occurs due to the concentration gradient. Therefore, the diffusion rate
and amount of chloride ion are observed high near to the exposure surface. The similar
tendency is observed in both the experimental results.

The numerical results for the volume fraction of the 28 days hydrated mortar without
aggregate (volume fraction of aggregate is approximately 0.41) exposed in 5% NaCl
solution for 1 year is detailed in Fig. 4. In the proposed model, the formation of two
types of C-S-H such as low-density C-S-H (LDCSH) and high-density C-S-H (HDCSH)
is realistically considered to simulate the actual hydration behaviour of the hydrated
matrix. The used characteristics of the two types of C-S-H are detailed in our previous
work [7]. Due to the pH difference between the exposure solution (pH = 7) and the
pore solution (pH ≈ 13.4), ions leach near to the exposure surface and it may be the
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Fig. 2. Comparison of predicted total Cl− profile with experimental results for cement paste

Fig. 3. Verification of total Cl− weight % with distance from exposure for mortar

reason for dissolution of portlandite, ettringite and C-S-H. Consequently, the porosity
of the system increases with the approach towards the exposure surface. Moreover, the
diffused chloride ion reacts with monosulfate to form as Friedel’s salt and small amount
of ettringite as shown in Eq. 8 and Eq. 9 [17]. As a result, there is no monosulfate in the
presence of Friedel’s salt as depicted in Fig. 4. For instance, the precipitation of Friedel’s
salt is observed from 3 mm to 38 mm from the exposure surface while the formation
of monosulfate occurs from 38 mm. The Friedel’s salt formed upto 3mm is destabilized
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due to the leaching process. The dissolution of C-S-H and Friedel’s salt leads to the
formation of strälingite near to the exposure surface.

C3A.CaSO4.12H2O + Cl− → C3A.CaCl2.10H2O + SO−2
4 (8)

C3A.CaSO4.12H2O + Ca+2 + SO−2
4 → C3A.3CaSO4.32H2O (9)
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Fig. 4. Phase assemblage of mortar (without aggregate) exposed in 5% NaCl solution for 1 year

The effect of ITZon the transport properties ofmortar is depicted inFig. 5. Themortar
matrix withW/C of 0.6, fine aggregate to cement ratio of 4 exposed to 900 mol/m3 NaCl
solution for 1 year was considered for this simulation. As depicted in Fig. 5(a), due to
the ignorance of ITZ in the mortar matrix, the without ITZ case shows considerably
low chloride ion diffusion compared to the three-phase material i.e., with ITZ case.
For instance, free chloride ion concentration at approximately 30 mm from the adjacent
surface is 347mol/m3 and 260mol/m3 for the cases ofwith andwithout ITZ respectively.
Based on this analysis, it can be found thatmaximumof about 25%deviation is observed,
if the mortar is considered as two-phase material. Moreover, the effective diffusion
coefficient of the two-phasematrix by neglecting the ITZ is reduced by 2 times compared
to the three-phase material (refer Fig. 5(b)). As reported in the numerous studies, the
ITZ is the weakest zone in mortar or concrete due to very high amount of porosity near
to aggregate surface. Therefore, by ignoring the weakest zone in the matrix leads to
reduction in the effective diffusion coefficient as it mainly depends on the porosity of
the system.
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mortar for the cases of with ITZ and without ITZ

4 Conclusion

A new integrated framework developed in MATLAB language is presented in this study
to predict the microstructural changes of mortar due to the chloride ion diffusion. The
mortar matrix herein is reliably assumed as three phase material consist of aggregates,
ITZ and bulk paste. The developed model is coupled with cement hydration model,
analytical relationship to compute the properties of ITZ and bulk paste, homogenization
technique to compute the effective transport properties of mortar, thermodynamic model
and transport model. The numerical prediction is verified with experimental results to
demonstrate the predictability of the developed model. An excellent agreement between
experimental results and predicted results were found comparing the total chloride ion
profile with distance from the exposure. Furthermore, the effect of ITZ on transport
properties were emphasized in this study. The predicted results via mortar as two-phase
matrix reveals considerably lower chloride ion diffusion compared to that both predicted
results from the three-phase model and the experimental results. However, the proposed
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framework needs further validations with different sets of experimental results including
different W/C, aggregate content and exposure conditions to generalize the model.
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