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Abstract
Pore structure characteristics of cementitious materials play a critical role in
the transport properties of concrete structures. This paper develops a novel
framework for modeling chloride penetration in concrete, considering the pore
structure-dependent model parameters. In the framework, a multi-scale trans-
port model was derived by linking the chloride diffusivities with pore size
distributions (PSDs). Based on the three-dimensional (3D) microstructure gen-
erated by “porous growth” and “hard core-soft shell” methods, two sub-models
were computationally developed for determining the multi-modal PSDs and
pore size-related chloride diffusivities. The predicted results by these series of
models were compared with corresponding experimental data. The results indi-
cated that by adopting pore size-related diffusivities, even if the total porosities
were the same, the proposed multi-scale chloride transport model could bet-
ter capture the effect of different PSDs on chloride penetration profiles, while
the model without pore structure-depended parameters would ignore the dif-
ferences. Compared with the reference transport models, which adopt averaged
chloride diffusivities, the chloride penetration depths predicted by the proposed
multi-scalemodel are in better agreement with experimental data, with 10%–25%
reduced prediction error. This multi-scale transport model is hoped to provide
a novel computational approach on 3D microstructure generation and better
reveal the underlyingmechanism of the chloride penetration process in concrete
from a microscopic perspective.
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1 INTRODUCTION

Chloride-induced corrosion is thought to be one of the
major deteriorations in reinforced concrete (RC) structures
served in different environments (Q.-F. Liu, 2022), such
as marine environments (Sakai, 2019), transport systems
(Shi et al., 2009), and infrastructure elements (Kliukas
et al., 2018). Once the chloride concentration around the
reinforcing steel reaches a threshold value, de-passivation
of the reinforcement will occur and lead to mechanical
strength loss (X. Li et al., 2024). Thus, the penetration of
chloride ions into concrete cover is generally regarded as
the initial stage of chloride-induced damage and remains a
hot topic related to structural durability (Meng et al., 2022;
Q.-F. Liu et al., 2023). Apparently, the chloride penetra-
tion in concrete is highly influenced by the microscopic
characteristics, such as total porosity and pore size dis-
tribution (PSD; Y. Guo et al., 2021; Provis et al., 2012).
These pore structure features are strongly associated with
many factors such as water-to-cement ratio (w/c), curing
conditions and curing times. As the hydration proceeds,
the pore structure of concrete will be denser, more tortu-
ous, and less connected with reduced porosity, which can
alleviate chloride penetration and thus enhance concrete
durability. Therefore, for cementitious materials, adequate
predictions of chloride penetration and assessment of
the durability of RC structures should take into account
the pore structure of cementitious materials of different
sizes, including both gel and capillary pores (Gan, Romero
Rodriguez, Zhang, et al., 2021).
At present, several experimental works have been pre-

sented to explore the mechanism of chloride-induced
corrosion in RC concrete from pore-scale viewpoints
(Gan, Romero Rodriguez, Schlangen, et al., 2021; Pro-
vis et al., 2012). Different practical techniques, such as
electrical conductivity experiments andmercury intrusion
porosimetry (MIP), were implemented to determine the
pore structure of concrete. Through fitting the tested data
of microscopic features (e.g., porosity) and ionic diffu-
sivities, which can generally be measured by the natural
immersionmethod and accelerated chloride diffusion tests
(Tong et al., 2021), several theoretical equations and some
types of empirical models have been proposed (Hu et al.,
2019; Xiong & Meftah, 2021). For instance, Y. Zhang and
Ye (2019) proposed an empirical equation to analyze the
relationship between the ionic diffusion coefficient at dif-
ferent saturation degrees and the peak pore radiuses of PSD
curves obtained from MIP. However, the experiments are
usually time-consuming and costly (Rafiei et al., 2017a);
the samples used to test the pore structure characteristics
may afford some damage during testing procedures (e.g.,
cracking may appear in MIP tests; Y. Zhang et al., 2020),
leading to unexpected errors in final results. Furthermore,

despite the simplicity of the proposed empirical equations,
certain conditions are desired when using these equations.
The underlying mechanisms of chloride penetration in
concrete with complex pore structures need further study
(Ahmadkhanlou & Adeli, 2005).
Except for experimental works, several numerical works

have also been carried out (Hafezolghorani et al., 2022;
Rafiei et al., 2016). The first type of pore structure-related
model is proposed based on mass conservation law, the
Nernst–Planck equation or Fick’s law (B. Guo et al., 2018).
To relate the ionic transport properties with the micro-
scopic properties of concrete, Dingshi Chen et al. (2021)
introduced empirical equations to consider the impact
of microscopic parameters on the electrostatic migration
and chloride binding. The first type of model is usually
computationally efficient. However, due to the limitation
of empirical equations that reflect complex pore struc-
tures with simple one or two parameters illustrated above,
these models ignore the effect of widely ranged pore sizes,
from nano-gel pores to micro-capillary pores, on the trans-
port properties of concrete. In contrast, McDonald et al.
(2010) and Huang et al. (2015) experimentally reported
that gel pores play a significant role in ionic diffusion and
should be carefully considered during transport model-
ing. To tackle the limitation of this kind of macro-model,
the second type of model, the pure pore-scale model,
was proposed to directly capture the pore structure fea-
tures on effective transport properties of concrete (Blunt
et al., 2013). In these studies, based on the two-dimensional
(2D) and three-dimensional (3D) generated microstruc-
ture of cementitious materials, the chloride diffusivity is
predicted by adopting analytical homogenizationmethods
(Tong et al., 2023; Xiong et al., 2023), finite elementmethod
(Q.-F. Liu et al., 2023) and lattice Boltzmann method
(Rafiei et al., 2017b). Through these, the pore structure’s
effect can be directly considered in chloride diffusivity pre-
dictions and thus seemmore accurate thanmacro-models,
which combine with empirical equations (Bernard et al.,
2003; Q.-F. Liu et al., 2022). But during the modeling,
the simulations of chloride transport by pure-scale mod-
eling are still time-consuming (Bishnoi & Scrivener, 2009;
Zheng et al., 2019). Nevertheless, pure pore-scale stud-
ies are always limited to small-size representative volume
elements (RVEs) rather than concrete (Adeli & Kim, 2001).
For large-size concrete structures, multi-scale models

were used to consider the features of concrete frommicro-
to macro-features (Tong et al., 2023). At the macro-scale,
concrete is generally viewed as a homogenous block (Cai
et al., 2022). At the meso-scale, concrete is treated as
the three-phase assemblage of cement paste, interface
transition zones (ITZs), and aggregates (Aldwaik & Adeli,
2016; Wan et al., 2024). At the micro-scale, the volume
fraction, location and orientation of different hydration
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products, pores, and anhydrous clinkers in cement paste
can be visually presented in RVEs. Although hetergeneous
features of different scales can be considered in the multi-
scale models, however, most existing multi-scale models
still adopted analytical or numerical homogenization
approaches to deliver parameters between different scales,
which may wear out the pore structure features of lower
scales (Meng, Liu, et al., 2024). Thus, it is vital to develop
a multi-scale model that is useful in predicting the ions
transport process at the concrete scale and able to capture
the “real” pore structure containing widely ranged pore
sizes and analyze their impact on chloride transport from
micro- to macro-scale thoroughly.
This work aims to propose a numerical framework to

investigate the chloride penetration in concrete accounting
for the thorough effects of ITZs, aggregates, gel, and small
and large capillary pores (LCPs). A multi-scale chloride
transport model will be derived considering multi-modal
PSDs �(�) and pore size-related diffusivity �(�). Consider-
ing different factors, including chemical composition, w/c
ratio, and hydration degree, the voxel-based microstruc-
tures of cement paste will be generated in the framework
using novelly proposed “porous growth” and “hard core-
soft” shell methods to better reveal the connectivity of pore
structure. Based on the generatedmicrostructure, �(�) and
�(�) will be obtained, respectively, from two sub-models,
that is, a PSD model that can extract the multi-modal
PSDs covering different ranges of pores and a lattice dif-
fusion model that can predict the chloride diffusivity at
the steady state. The predicted results of the sub-models
andmulti-scale transport models are comparedwith third-
party experimental data, and the results are predicted
by models that do not fully consider the widely ranged
pore sizes. The proposed modeling framework is going to
improve the prediction accuracy of chloride penetration
depth in concrete and better capture the effect of different
pore size groups on transport properties.

2 MULTI-SCALE CHLORIDE
TRANSPORTMODEL

The present study is going to propose a multi-scale model
to directly capture the intrinsic effects of different pore
sizes on the macro-scale chloride penetration process.
Thus, concrete in a saturated isothermal state is consid-
ered, in which chloride penetration is generally driven by
the concentration gradient and electrostatic potential. To
model the transport process, it can be described as (Meng,
Zhang, et al., 2024; Qiu & Dai, 2021):

��
��

= �c �2� + �c
F	
R
� (���) (1)

where C and �c is the concentration (mol/m3) and dif-
fusion coefficient (m2/s) of chloride ions in concrete,
respectively; Z is the ionic charge number, which is val-
ued at �1 for chloride; R (8.314 J/mol/K) is the ideal gas
constant; T (298.15K) is the absolute temperature; F is the
Faraday constant (9.648 ×104C/mol), and � presents the
electrostatic potential (V).
At the meso-scale, the chloride diffusion coefficient in

the saturated isothermal state could also be influenced
by the chloride binding, the presence of aggregates, and
ITZs (De Chen et al., 2024; Patel et al., 2021). Consider-
ing these influences, the chloride diffusion coefficient �c
in Equation (1) should be:

�c = 
B � 
A � 
ITZ � � (2)

in which D (m2/s) presents the chloride diffusion coef-
ficient of the cement paste; parameters 
B, 
A, 
ITZ
indicates the effect of chloride binding, presence
of aggregates, and ITZs and can be determined as
follows:

(1) Influence of chloride binding: 
B. To determine
the concentration of bound and free chloride ions,
three kinds of binding isotherms are generally
adopted: linear, Langmuir, and Freundlich isotherms
(Luping & Nilsson, 1993a). Several studies have
certified that the linear isotherm is oversimpli-
fied and could misestimate the bound chloride’s
concentration (Martıń-Pérez et al., 2000). There-
fore, the Langmuir and Freundlich isotherms are
adopted in the present study. According to Ding-
shi Chen et al. (2021), the impact factor 
B can be
determined as


B =
1

1 + � , � =

�
�
�
�
�

�

(1+��)2
� � 50mol�m3

��������1 � > 50mol�m3
(3)

where � is the value for the assessment of the chlo-
ride binding capacity, �, �, ��, and �� are the adsorption
isotherm parameters according to Martıń-Pérez et al.
(2000).

(2) Influence of aggregates:
A. The presence of aggregates
can elongate the lengths traveled by chloride ions (Jin
et al., 2023). Based on the effect of sands or aggregates,
the predicted chloride diffusion coefficient has to be
multiplied by a reduction factor considering the tor-
tuosity effect of sand and aggregate. To determine the
reduction, several relationships have been proposed in
the literature. In this study, the equation proposed by
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F IGURE 1 Representative volume elements (RVEs) of
concrete and cement paste.

Chidiac and Shafikhani (2019) is used as Equation (4).


A =
3(1 � ��)

2

3 � ��
(4)

where �� is the aggregates’ volume fraction.

(3) Influence of ITZs: 
ITZ. ITZs are around the aggregate
particles, which have higher porosity and diffusivity
than the bulk cement paste (Dridi, 2012). The derived
equation by Shafikhani and Chidiac (2020) is adopted
here to present the effect of ITZs on ionic diffusivity:


ITZ =
12 + 18�ITZ
12 � 9�ITZ

(5)

where �ITZ is the ITZs’ volume fraction and can be deter-
mined based on the particle size distribution of mixed
aggregates. The calculation procedure can be found in the
author’s previous study (Tong et al., 2023).
At the pore-scale (micro-scale), compared with cement

paste, which contains pore networks, aggregates and
sands can be treated as impermeable composites during
chloride transport. Thus, an idealized small volume of
cement paste in concrete is selected as RVE to analyze the
microstructural features and transport channels. As the
2D schematic displayed in Figure 1, cement paste can be
modeled as an assemblage of micro-size crystal hydrates
and calcium silicate hydrate (C-S-H), which are generated
at the surface of anhydrous cement particles and LCPs
(100 nm < � < 1000 ��; Achour et al., 2020; Bernard
et al., 2003). More precisely, due to different densities, two
layers of C-S-H gels can be classified as: an outer layer
consisting of low-density C-S-H (LDC-S-H) and small cap-
illary pores (SCPs, 10 nm < � < 100 nm); an inner layer
composed of high-density C-S-H (HD C-S-H) and nano-
crystals. Besides, the LD and HD C-S-H can be regarded
as a mixture of gel pores (� < 10 nm) and solid C-S-H
particles (Achour et al., 2020; Tennis & Jennings, 2000).

0
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0.15

0.2

0.25

0.3

0.1 10 1000 100,000
Pore radius (nm)

pore group 1
pore group 2
pore group 3
overall pores

d
gold

F IGURE 2 Schematic description of individual and overall
multi-modal pore size distributions (PSDs).

Based on the pores’ location and their sizes illustrated
above, the PSD for typical hardened cement paste, which
owns an extensive range of pore sizes, fromnano- tomicro-
scales, could be divided into three groups as highlighted in
Figure 1: pores in inner layer (pore group 1), pores in outer
layer (pore group 2), and LCPs (pore group 3). If defining
the PSD function as �(�), three components of pore groups
in cement paste should be considered together here in �(�)
and be expressed as a multi-modal PSD:

� (�) =
3�

�=1
���� (�) with

�max

�
�min

� (�) �� = 1 and

�max

�
�min

�� (�) �� = 1

(6)

where i can be group 1, 2, and 3; �i =
��
�
are porosity propor-

tions of different pore groups, � means total porosity, and
�� present porosity of each pore group; �min and �max are
considered pore size lower and upper limits, respectively;
in the present study, the pore size range [�min, �max] is set
as [0.1, 10,000 nm] (Huang et al., 2015). It was reported
that the pore size obeys a statistical behavior and can be
described by the probabilistic models such as Rayleigh–
Ritz (R-R) distribution (Maekawa et al., 2003), normal
distribution (Lu et al., 2002), and lognormal distribution
(Xiong et al., 2024).
In the present study, each pore group is assumed to fol-

low the R-R model. Thus, the cumulative PSD function
�(�) and PSD �(�) are a sum of three pore groups and can
be expressed by a multiple R-R model:

� (�) =
3�

�=1
���� (�) =

3�

�=1
��

�
1 � exp

�
� �
��

��
(7)

� (�) =
d� (�)
dlog (�)

=
3�

�=1
�
��
��
exp

�
� �
��

�
dlog (�) (8)

where �� are the peak pore radius for groups 1, 2, and
3 (nm), which correspond to the peak on a logarithmic
scale; With different �� , different pore groups can have dif-
ferent pore size proportions through the pore size range
[�min, �max] as illustrated in Figure 2.
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TONG et al. 5

F IGURE 3 Outline of the present study. (a) Development of multi-scale chloride transport model, (b) microstructure generation, (c)
description of Sub-models I and II, (d) comparison of modeled and experimental results, and (e) results and discussion.

In Equation (1), the diffusion coefficient (D) was
adopted to homogenize the whole pore structure, which
treats cementitious materials as a homogeneous block,
disregarding different pore groups of concrete. However,
cement paste is a heterogeneous component at the micro-
scale. Therefore, using D to predict the transport process
may underestimate the chloride transport within large
pore channels, leading to a smaller penetration depth.
Similarly, it may overestimate the chloride transport in
small pore channels, resulting in a larger penetration
depth. Therefore, to improve the prediction accuracy of
chloride penetration depth, the commonly used chloride
diffusion coefficient D should be transformed to a pore
size-related �(�). Combing the multi-modal PSDs �(�)
and chloride diffusivity D, the pore size-related diffusivity
�(�) can be expressed as Equation (9) to thoroughly
investigate the effect of widely ranged pore structure on
chloride penetration:

� =

�max

�
�min

� (�) � (�) �� =
3�

�=1
��

�max

�
�min

� (�) �� (�) �� (9)

So, considering ITZs, aggregates, and different pore
sizes, a multi-scale chloride transport model can be pro-
posed. Bringing Equations (2) and (9) into Equation (1), the
governing equation for the chloride penetration process
can be described as follows:

��
��

=

�max

�
�min

	

B � 
A � 
ITZ � � (�)�2�

+ 
B � 
A � 
ITZ � � (�)
F	
R
� (���)



� (�) �� (10)

The outline of the present study is described in Figure 3.
In this study, Section 2 develops a multi-scale chloride

transport model to explore the influence of microscopic
characteristics on chloride penetration in concrete as
shown in Figure 3a. Through this novel governing equa-
tion, the effect of PSD on the chloride penetration process
can be directly captured. Therefore, in the present study,
obtaining pore size-related chloride diffusivity �(�) and
the distribution function �(�) is vital for solving the gov-
erning equation. Considering that both PSD and chloride
diffusivity are closely related to the geometrical mor-
phologies of cement paste, multi-scale microstructures
will first be generated through the “porous growth” and
“hard core-soft shell” method in Section 3 as shown in
Figure 3b. Based on the generated microstructure, the first
sub-model: the PSD model for extraction of multi-modal
PSDs, and the second sub-model: lattice diffusion model
for the chloride diffusivity prediction in concrete, will be
described in detail in Sections 4 and 5, respectively, as
listed in Figure 3c. Subsequently, Section 6 will compare
the modeled results of Sub-models I, II, and the multi-
scale chloride transport model with experimental data, see
Figure 3d. Then, a detailed analysis of the influence of dif-
ferent pore groups on the penetration process will be given
in Section 7 as shown in Figure 3e. Finally, a conclusion of
the text will be provided.

3 GENERATION OF VOXEL-BASED
MICROSTRUCTURE

Various computer-aided technologies have been proposed
in the past decades to simulate the 3D microstructure
of cement paste. Among them, several helpful software
are widely used, for example, CEMHYD3D (Bentz, 1997),
HYMOSTRUC3D (Ye et al., 2003), and µic (Bishnoi
& Scrivener, 2009). In the present study, Section 2 has
illustrated that a whole range of pore sizes is needed for the
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6 TONG et al.

proposed multi-scale transport model. However, limited
by the resolution of a single-scale digitized microstruc-
ture obtained by the existing software (generally 0.1�1
µm/voxel), a range of length scale of pores, including parts
of capillary pores and nano-sized gel pores, cannot be fully
covered (M. Zhang et al., 2012). Considering that hetero-
geneous pore structure in cement paste owns an extensive
range of pore sizes, from nano- to micro-scales, RVEs will
be generated by a voxel-based method at multi-scales in
the present section.
Herein, considering cement chemical composition, w/c

ratio, curing temperatures, and curing ages, the cement
hydration process will be analytically analyzed. The cal-
culation procedures for each composite’s volume frac-
tion will be illustrated in Section 3.1. Based on the
calculated volume fraction, the multi-scale microstruc-
tures of cement paste, which will be used in the sub-
sequent two sub-models, will be generated using the
“porous growth” and “hard core-soft shell” methods in
Section 3.2.

3.1 Modeling of cement hydration

Hydration products’ volume fraction and reactants are
related to temperature and hydration time. For ordinary
Portland cement (OPC), the hydration reactions occur
between the anhydrous clinker phaseX (X can be C3S, C2S,
C3A, C4AF) andwater as described below (Jennings, 2000;
S. Yang et al., 2021):

2C3S + 6H � C3S2H3 + 3CH (11)

2C2S + 4H � C3S2H3 + CH (12)

C3A + C�SH2 + 10H � C4A�SH12 (13)

C4AF + 2CH + 2C�SH2 + 18H � C8A�SH24 (14)

According to the nucleation and growth kinetic laws,
the reaction rate of a sole clinker phase d� 

d�
can be linked

with the driving force as follows:

! 
d� 
d�

= "# (� ) (15)

where � is the hydration degree of specific clinker
phase X, "#(� ) is a normalized affinity, and ! (h)
is the characteristic time related to the temperature
T (K).

TABLE 1 Parameters used in the reaction kinetic model
(Bernard et al., 2003; Venkovic et al., 2013).

Avrami model
Diffusion
mode

Activation
energy

Clinker w/c
$%(&’)
[*] -[.]

/%,’
[.]

7%×
10�10 / :% ?@%�D[E]

C3S 0.3 13.5 1.86 0.02 0.42 0.60 4500
0.4 12.7 1.79 1.05
0.5 11.9 1.72 2.64
0.6 11.2 1.69 6.42
0.7 10.5 1.66 15.6

C2S 0.3 71.2 1.10 0.00 6.64 0.60 2500
0.4 66.1 1.03 6.64
0.5 60.9 0.96 6.64
0.6 59.8 0.90 6.64
0.7 58.6 0.84 6.64

C3A 0.3 57.7 1.14 0.04 2.64 0.60 5500
0.4 53.5 1.07 2.64
0.5 49.2 1.00 2.64
0.6 42.6 0.93 2.64
0.7 35.9 0.86 2.64

C4AF 0.3 27.0 2.44 0.04 0.42 0.60 4200
0.4 24.2 2.37 1.05
0.5 21.4 2.30 2.64
0.6 17.9 2.23 6.42
0.7 14.3 2.16 15.6

For cement hydration, the influence of temperature on
!X can be expressed as (Bernard et al., 2003):

! (
) = ! (
0) exp
�
G� 
�

�
1

0
� 1



�

(16)

The activation energy is presented by G� (J/mol) in
each chemical reaction of clinker phase X, 
0 presents the
constant reference temperature (293K).
The normalized affinity "#(� ) in Equation (15) relies

on the reaction processes. There are at least three pro-
cesses for cement hydration: dissolution process, growth
and nucleation process, and diffusion process.

(1) The dissolution process occurs during the induction
period and lasts for a relatively short time. The nor-
malized affinity "#(� ) can be regarded as a constant
number 1, thus, ! = ! (
0) =

� ,0
� ,0

, inwhich � ,0 is the

induction period duration and � ,0 is the threshold of
hydration degree for phase X at the end of the induc-
tion period. The values adopted in this study (Bernard
et al., 2003; Venkovic et al., 2013) are summarized in
Table 1.

(2) Nucleation and growth process follows the dissolution
process once � ,0 is achieved. The normalized affinity
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TONG et al. 7

can be described as

"# (� ) =
1 � ��� � � ,0��

	
� ln



1 � ��� � � ,0��

��(1�J)�1 (17)

The characteristic time at temperature 
0 can be
described as

! (
0) =
1

J K 
(18)

where J is the reaction order, and K is the rate constant
(see Table 1)

(3) Diffusion process occurs when the hydration degree
is beyond the value of �: . During this period, the
hydration reaction kinetics are restricted by the diffu-
sion of ions, which are dissolved from the hydrated
layers around the clinkers. During this process, the
normalized affinity can be:

"# (� ) =
(1 � � )

2�3



1 � �: 

�1�3
� (1 � � )

1�3
(19)

with

! (
0) =
�2

3� 
(20)

where � is the diffusivity (cm2�h), and � = 5 × 10�4cm
(Bernard et al., 2003) is anhydrous cement particles’ mean
radius at the beginning.
The relationship between overall hydration degree �(�)

of cement paste and clinker hydration degree � can be
calculated as

� (�) =
�
 � � (�)
�
 � 

(21)

where � is the X clinker phases’ mass fraction in the
cement.
During the hydration process, the cement paste consists

of crystals, anhydrous clinkers, C-S-H, and pores. Func-
tions of time and hydration degree can be used to calculate
the volumes of the main clinkers (� ) and the hydrated
products (��) as

� (�) =
� �
 � 

(1 � � (�)) �0c (22)

�� (�) =
L�
L 

� 
��
� M � � (�) �

0
c (23)

the index i indicates the hydration products � (C-S-H or
crystals);M � is themoles of products hydrated by onemole
of clinker phase X after hydration and can be obtained
through stoichiometric analysis as Equations (11)–(14);L 

andL� are mole mass of clinkers and hydration products,
while � and �� are the density of clinkers X and hydra-
tion products �; �0c is the cement’s initial volume. Under
the certain w/c, the total volume �tot is given as �0c ×
(1 + �c

�w
× (N�O)) without the consideration of shrinkage,

and 
 =
� 
�tot

or 
� =
��
�tot

presents the volume fractions of
anhydrous clinker phases and hydration products. Pore’s
volume fraction can be calculated as 
p = 1 �

�
 
 ��

� 
� . The relevant parameters adopted for calculating
volume fractions are given in Table 2.
During the hydration process, it is reported that C-S-

H precipitated during the diffusion process has a higher
density than those related to dissolution and nucleation
stages (Achour et al., 2020; Constantinides & Ulm, 2007).
Therefore, HD and LDC-S-H can be distinguished through
different hydration stages. The crystals are also divided
into micro- and nano-sized ones related to the HD and LD
C-S-H portions. Moreover, the pore structure is clarified as
three groups within different scales. Section 2 illustrates
that LCPs are the pore space between different hydrated
cement clinkers. Small capillary pores are the pore space
within LD C-S-H gels at the outer layer. The gel pores
are interspace between C-S-H particles at different lay-
ers. Thus, the subdivision of crystals and pores can be
calculated by the following equations:
Crystals:


mc = P
Cy (24)


nc = (1 � P)
Cy (25)

P =

ldcsh


ldcsh + 
hdcsh
(26)

Pores:

�ldcsh =

gel poreldcsh

ldcsh

= 0Q3U (27)

�hdcsh =

gel porehdcsh

hdcsh

= 0Q24 (28)


scp =
�ol

1 � �ol
(
mc + 
ldcsh) (29)


lcp = 
p � 
scp � 
gel pore (30)

where 
mc and 
nc represent the micro- and nano-sized
crystals’ volume fractions, respectively; P is the volume
fraction of micro-crystals in total crystals’ volume, 
Cy ;

ldcsh and
hdcsh are the volume fraction of LDandHDC-S-
H, respectively; 
p, 
lcp, 
scp, and 
gel pore are the volume
fraction of total pores, LCPs, SCPs, and gel pores, respec-
tively; �ldcsh, �hdcsh, and �ol are porosities of LD C-S-H,
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8 TONG et al.

TABLE 2 The relevant parameters for determining the volume fraction (Bernard et al., 2003).

Reactants Products
Symbol [unit] C3S C2S C3A C4AF w c C-S-H Crystals
�
[g�cm3]

�c
�C3S

�
 � 

�c
�C2S

�
 � 

�c
�C3A

�
 � 

�c
�C4AF
�
 � 

1 3.15 2.04 2.24

V[g�mol] 228.32 172.24 270.20 430.12 18
�
 � L 227.2 74

M 
C�S�H[1] 1.0 1.0 – –

M 
Cy[1] 5.3 4.3 10.0 10.75

0.2 0.4 0.6 0.8

0.2

0.4

0.6

0.8

1.0

noitcarf
e

mulo
V

Hydration degree

C3S
C2S
C3A
C4AF
LD-CSH bricks
HD-CSH bricks
micro crystals
nano crystals
LD-CSH gel pores
HD-CSH gel pores
small capillary pores
large capillary pores

(a)

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

eerged
noitardy

H

Time (h)

T = 303 K
T = 298 K
T = 293 K
T = 283 K

(b)

0 50 100 150 200 250 300
0.00

0.03

0.06

0.09

0.12

0.15

0.18slatsyrc
detardyhfo

noitcarf
e

mulo
V Time (h)

T=303 K
T=293 K
T=298 K
T=283 K

(c)

F IGURE 4 Changes in (a) volume fraction of different phases
at different hydration degrees T = 293 K, (b) hydration degree, and
(c) volume fraction of crystals at different temperatures over time.

HD C-S-H, and outer layer, respectively (Constantinides &
Ulm, 2007).
According to the cement database provided by cement

producers (Constantinides & Ulm, 2004), Figure 4a dis-
plays the calculated volume fraction of different com-
ponents for type I OPC as an illustrative example,
where w/c = 0.5, T = 293K, �C4AF = 0Q0U3, �C3A =
0Q0U6, �C2S = 0Q18U, �C3S = 0Q543. It is clear to find
from the suspension area diagram that with the cement

clinkers consuming, more and more pore spaces are occu-
pied with the increased volume of hydrated products. The
total porosity, which concludes the gel pores, SCPs, and
LCPs, is approximately 33.03%, near the data measured by
Constantinides and Ulm (2004) as 39.7% under the same
conditions. Figure 4b shows the relationship between time
and hydration degree under different temperatures T. It
indicates that the hydration degree goes up quickly at
the beginning of hydration and then approaches relatively
steady. The terminal hydration degree is predicted as 0.90,
consistent with the experimental data given by Ma et al.
(2014) with 0.89. As shown in Figure 4c, it can be found
that increasing the temperaturewill promote the hydration
process, and the volume fraction of the hydration product
will change quickly at early ages.

3.2 Microstructure generation

Based on the calculated volume fractions of different
phases under specific reaction conditions (including w/c,
temperature and time), two procedures, “porous growth”
and “hard core-soft shell” method, are proposed in this
section to generate 3D microstructure at different scales,
including Scale 1 (cement paste), Scale 2-1 (outer layer),
and Scale 2-2 (inner layer). The flowchart and schematics
of the generation procedures of 3D voxel-basedmicrostruc-
tures at different scales are shown in Figure 5.
For Scale 1, M. Zhang et al. (2012) reported that a mini-

mum size of 1003W�3 is required to analyze the diffusivity
of cement paste. Based on this, the RVE size for Scale 1
is selected as 1003W�3. Furthermore, given that 100 nm
is typically used to distinguish between small capillary
pores at Scale 2-1 and LCPs at Scale 1, as discussed in Sec-
tion 2, a resolution of 100 nm/voxel is adopted for Scale
1. As shown in Figure 5a-1, the initial unhydrated cement
paste will be modeled using randomly distributed spheres
representing cement particles within the RVE and apply-
ing periodic boundary conditions. The cement particle
size distribution is assumed to follow the Rosin–Rammler
distribution (Huang et al., 2015; Maekawa, 2008). Then,
the initial RVE, including the cement particles, is digi-
tized into a voxel-based system comprising 10003 voxels.
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TONG et al. 9

F IGURE 5 Flowchart and schematics of the algorithm generation of voxel-based microstructure at different scales. Flowchart of (a-1)
RVE initialization, (a-2) Scale 1 generation, and (a-3) Scale 2 generation; schematic analysis of (b-1) dense growth, (b-2) porous growth and
(b-3) backscattered electron (BSE) test at Scale 1; schematic analysis of (c-1) hardcore-softshell growth and (c-2) scanning electron microscope
test at Scale 2.

During hydration modeling, the volume fraction of dif-
ferent hydration products can be calculated as illustrated
in Section 3.1 considering the w/c, temperature, chemical
composition, and hydration time. To simulate the forma-
tion of inner and outer hydration products, as shown in
Figure 5b-1, it is generally assumed that concentric layers
of hydrates with sub-voxel porosity “grow densely” around
cement particles, as done in the HymoStruc model and W�O
model (Thomas et al., 2011). However, backscattered elec-
tron (BSE) image from L. Li et al. (2022), as depicted in
Figure 5b-3, reveals that hydration products around unhy-
drated cement particles are porous and contain embedded
pores. In other words, hydration products are blendedwith
LCPs. Therefore, this study proposes a “porous growth”
method. As illustrated in Figure 5b-2, small spheres rep-
resenting hydration products will generate inward from
Interface 1 to model the generation of the inner layer. This
process will continue until the inner layer’s volume frac-
tion (
inner) is reached. Similarly, the outer layer will grow
outward from Interface 2 until the target volume fraction
(
outer) is achieved as illustrated in Figure 5a-2. During the
process, the outer layers of different cement particles may
come into contact, leading to continuous updates of Inter-
faces 1 and 2. This approach allows pores to blend with

the outer layer and unhydrated clinkers to merge with the
inner layer, aligning more closely with BSE test observa-
tions. Next, according to 
mc, the micro-sized crystals (dif-
ferent types of crystals are not distinguished here) are ran-
domly placed in contact with the outer layer. Through this,
the microstructure of cement paste (Scale 1) can be gener-
ated. At this scale, LCPs are visually represented, while the
inner and outer layers are treated as homogeneous phases
of solids hydration products and smaller pores.


inner = 
nc + 
hdcsh + 

gel pore
hdcsh (31)


outer = 
scp + 
ldcsh + 

gel pore
ldcsh (32)

For Scale 2, further classification of the inner and
outer layers is necessary to visually present gel and small
capillary pores. The RVE sizes of Scales 2-1 and 2-2 are
set as 10003nm with a resolution of 1 nm/voxel. As shown
in the scanning electron microscope image by Tong et al.
(2021) in Figure 5c-2, individual C-S-H particles within
C-S-H gels can be approximated as spheres, with some
nano-crystals embedded within the gels. To simulate the
inner and outer layers, C-S-H particles are modeled as
spheres with an impenetrable hard core surrounded by a
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10 TONG et al.

F IGURE 6 Image of voxel-based cement paste. Three-dimensional (3D) and two-dimensional (2D) illustration of generated RVE at
Scale 1 by (a-1) porous growth method, (a-2) dense growth method, (a-3) BSE image of cement paste, and (a-4) comparison of connected
fraction of capillary pores. 3D and 2D illustration of generated RVE at (b-1) Scale 2-1 and (b-2) Scale 2-2.

TABLE 3 Size of microscopic phases used in generating
representative volume elements (Achour et al., 2020; Haecker et al.,
2005).

Cement paste Outer layer Inner layer
Particles 1–50 µm

CSH
particles 5–60 nm

CSH
particles

5–60 nm

Micro-size
crystals

1–10 µm Nano-size
crystals

< 1 µm

soft shell, with a size ratio of 2:3, as depicted in Figure 5c-1.
To accurately represent the growth of C-S-H, no isolated
particles should appear (Scherer, 1999), requiring C-S-H
particles to overlap with one another. During generation,
the soft shell of a newly introduced C-S-H particle can
freely overlap with the soft shells or hard cores of existing
C-S-H particles, while the new hard core can only over-
lap with existing soft shells. For Scale 2-1, this process
continues until the volume fraction of LD C-S-H (
ldcsh)
is reached as illustrated by Figure 5a-3. For Scale 2-2,
nano-crystals are embedded in HD C-S-H gels to form
denser inner layers as illustrated by Figure 5a-3. The size
of the different phases used for generating cement paste,
inner, and outer layers are listed in Table 3.
The type I OPC is again taken as an example (w/c = 0.5,

T = 293K). The generated microstructures for Scale 1
(cement paste) and Scale 2 (two layers) are presented in
Figure 6. In Figure 6a-1, a-2, the edges of the hydration
products in the RVE generated using the “porous growth”

method are visibly more irregular in shape, compared
to those produced by the “dense growth” method. Addi-
tionally, some pores are embedded within the porously
generated phases, making themicrostructure more closely
resemble the BSE image shown in Figure 6a-3. After 10 rep-
etitions, the average connected fraction of capillary pores
in RVEs with different w/c ratios and capillary porosi-
ties, generated by “porous” or “dense” growth method, is
shown in Figure 6a-4. The percolation threshold of cap-
illary pores in RVEs generated by the “dense growth”
method is approximately 10%, whereas in the RVEs gener-
ated by the “porous growthmethod,” it is around 20%. The
good agreement between the modeled fraction by “porous
growth” method and the data reported by Bentz and Gar-
boczi (1991) and Z. Liu et al. (2014) further indicate that the
proposedmethod can generate a more reliable microstruc-
ture. For Scale 2, a comparison of Figures 6b-1,b-2 also
reveals that the inner layer is denser than the outer layer.
Based on the multi-scale generated microstructures,

Sub-model I will be proposed in Section 4 to extract the
corresponding PSDs �(�). Then, pore size-related chloride
diffusion coefficient�(�)will be predicted considering the
PSDs in Section 5.

4 SUB-MODEL I: PSDMODEL

The void spaces left in the voxel-based RVEs of Scales 1 and
2 are classified into gel pores, SCPs and LCPs, as marked in
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TONG et al. 11

F IGURE 7 A 2D schematic of the pore structure.

(a) Original (b) Loop 1 (c) Loop 2
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F IGURE 8 Procedure 1: Map distance calculation (2D
illustration).

Figure 6. The pore structure is irregular and arbitrary. This
section is going to propose a PSD model to determine the
pore sizes over different ranges.
Regardless of different hydration products or anhydrous

clinkers, the voxels can be simply clarified as solid or pore
voxels (Wan et al., 2024). The arbitrary pore structure can
be regarded as a connection of different sizes of pores as
shown in Figure 7. All these pores just touch the edge of
the solid or boundary. Overlapping areas between larger
and smaller pores are attributed to the larger pores. Based
on this principle, a voxel-based algorithm that incorporates
two procedures is adopted in this sub-model to determine
PSDs (Blunt et al., 2013; Raeini et al., 2017): (1) Procedure
1: Calculate the distance map; (2) Procedure 2: Identify the
void voxel into different pore groups.
Procedure 1 is used to find the shortest distance between

the solid wall and each pore voxel. A 2D schematic of the
Procedure 1 is shown in Figure 8. At the beginning, all the
solid voxels are marked with the number 0, while pore
voxels are marked with NAN. After the first search, the
pore voxels nearing the solid voxel are remarked with the
number 1(0 + 1 = 1). In the next step, the pore voxel near-
ing the voxel marked with Number 1 will be marked with
2(1+ 1= 2). This processwill be repeated until all the voxels
are filledwith the specific number. It should benoted in the
ith loop, if the connected voxels have already been marked
with j, the number j will be maintained when j < i and
renewed as iwhen j> i. The number marked in each voxel
is thus the shortest distance between this pore voxel and
the solid wall. It can also be found that the central voxel
of larger pore areas will be marked with bigger numbers,
compared with smaller pores.

F IGURE 9 Procedure 2: Pore size identification (2D
illustration). (a) Circle generation and (b) remark voxels.

F IGURE 10 Example of pore structure extraction of the
cement paste (Scale 1, w/c = 0.5, capillary porosity 40%). Irregular
pore structure: (a-1) 3D (a-2) 2D; illustration of pore structure after
Procedures 1 and 2: (b-1) and (c-1) 3D, (b-2) and (c-2) 2D.

In the subsequent Procedure 2, pore volumes of differ-
ent pore size groups will be counted. To achieve this, a 2D
schematic of the abovementioned Procedure 2 is shown in
Figure 9. First, as shown in Figure 9a, a circle will be gen-
erated at the center of each voxel. The circle radius equals
the marked number obtained from Procedure 1. Numbers
N and M (N > M) are taken as an example in Figure 9.
Subsequently, all pore voxels whose central position falls
in the range of the generated circles will be remarked as
shown in Figure 9b. For the voxels located in the over-
lapped area, the overlapped pore voxels belong to larger
pores according to the principle mentioned in Figure 7.
Still taking the microstructure of type I OPC and

w/c = 0.5, T = 293K with 40% capillary porosity as an
example. Figure 10a-1,a-2 displays the 3D and 2D slices
of extracted irregular pore structure of cement paste.
Figure 10b-1,b-2,c-1,c-2 shows the pore structure after two
procedures. It can be seen that the arbitrary pore struc-
ture has been divided into a bunch of pores after two
procedures.
Counting the number of voxels presenting different pore

sizes, the extracted PSD of generated microstructures is
displayed in Figure 11. The PSD shows a peak. Combining
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