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Abstract 

The long-term durability of concrete is essential for sustainable construction and reducing carbon emissions. A key 
factor affecting durability is the ingress of hazardous substances, making the understanding of ionic diffusion 
in concrete crucial. While ionic diffusion is significantly affected by the microstructure of cement paste, existing dif-
fusion models often oversimplify this microstructure by neglecting particle internal pores (PIPs). This simplification 
can lead to inaccuracies in predicting ionic diffusivity and, consequently, the long-term performance of concrete 
structures. This study addresses this critical gap by developing a hydration-diffusion simulation method to investigate 
the effects of PIPs on ionic diffusion in hydrated tricalcium silicate (C3S), a primary constituent of cement clinker. Our 
simulations revealed that: (1) the effects of PIP size distribution and particle porosity (PP) on ionic diffusion depended 
on the water content, water-to-solid ratio, solid C3S content, and hydration age; (2) at early ages, in hydration sys-
tems with a fixed C3S content or water-to-solid ratio, higher PP would result in lower ionic diffusivity in hydrated C3S 
paste. However, contrasting conclusions emerged under conditions of fixed water content; (3) the effects of PIPs 
on the ionic diffusion in hydrated C3S also varied with hydration age and water-to-solid ratio.
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1  Introduction
Concrete is one of the most extensively utilized construc-
tion materials globally, owing to its remarkable versatility 
and strength. However, prolonged exposure of reinforced 
concrete structures to corrosive environments leads to 
property degradation, primarily induced by chloride 
ingress (Mien et al., 2011; Patel et al., 2018; Poupard et al., 

2004; Tang, 1996, 1999a, 1999b; Wang et  al., 2012) and 
sulfate attack (Bakharev et  al., 2002; Gospodinov et  al., 
2007; Ismail et al., 2013; Neville, 2004). Reinforced con-
crete structures failing to meet specified property cri-
teria necessitate restoration to extend their service life. 
However, this restoration process results in a substantial 
release of carbon dioxide, leading to both considerable 
economic losses and environmental pollution (ASCE, 
2019; Cheng, 2022; Shi et al., 2012). A recent report has 
shown that doubling the service life of concrete could 
reduce carbon emissions by 11.3% (Thepaper, 2022). 
Presently, the service life of concrete structures can be 
improved by (1) applying corrosion-resistant materials to 
the concrete surface; (2) hindering the transportation of 
hazardous substances within the concrete; (3) controlling 
the critical chloride ionic concentration of steel bars; and 
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(4) non-destructive repair of corroded steel bars. Among 
these strategies, hindering the transportation of hazard-
ous ions in concrete is the most frequently employed 
one (C. Liu & Zhang, 2021; Liu et al., 2020a, 2020b; Patel 
et al., 2016; Wilson et al., 2021; Zhang et al., 2017). There-
fore, for concrete exposed to corrosive environments, 
investigating ionic diffusivity of concrete contributes to 
improving its durability and service life, which further 
helps to reduce carbon emissions and improve sustain-
able development in the construction industry.

The microstructure is crucial to calculate the ionic dif-
fusivity of cement paste which is the main component 
of concrete (Barnes & Bensted, 2003; Mehta & Mon-
teiro, 2007; Zhu et  al., 2021). The microstructure of 
cement paste is largely determined by its hydration pro-
cess. Upon contact with water, cement particles undergo 
hydrolysis reactions, releasing ions into the pore solution. 
As hydration progresses, the ionic concentration of aque-
ous species continues to rise. Upon reaching a satura-
tion point, hydration products begin to precipitate, with 
crystal growth occurring on the particle surfaces or at 
random locations within the pore solution (Kurdowski, 
2014; Scrivener et  al., 2015, 2019; Shen et  al., 2022). 
Hence, the initial microstructure of the particles plays 
a crucial role in cement hydration. The results in (Liu 
et al., 2018) demonstrate that irregular cement particles 
can reduce pore size and increase pore tortuosity. These 
alterations in pore structure subsequently affect the 
transport of ions within the microstructures. Addition-
ally, the results in (L. Liu et al., 2020a, 2020b; Zhu et al., 
2020) indicate a positive correlation between particle 
sphericity and hydration kinetics. The decreased particle 
sphericity increases the specific surface area of reactants, 
thereby improving the contact area between water and 
reactants (Liu et al., 2018). This, in turn, accelerates the 
hydration rate and contributes to microstructural devel-
opment. Therefore, the available pathways for ionic diffu-
sion are reduced, ultimately leading to a decrease in ionic 
diffusivity. These studies indicate that the ionic diffusivity 
of cement paste can be significantly affected by the initial 
microstructure of cement paste. Thus, the investigation 
on the microstructure of hydrated cement and its rela-
tionship with ionic diffusivity is necessary.

Most studies focus on the effects of external micro-
structure of particles on ionic diffusion (L. Liu et  al., 
2020a, 2020b; Zhu et al., 2021). However, relatively little 
attention is paid to the internal microstructure of parti-
cles. Previous studies (Chen et al., 2019; Yang et al., 2018) 
has revealed that the interior of cement particles may 
not be completely solid. The results in (Yang et al., 2018) 
have identified the presence of open and sealed pores 
within hydration particles using a serial block-face scan-
ning electron microscopy (SBFSEM) system. These open 

and sealed pores are referred to as the particle internal 
pores (PIPs) (Wang et  al., 2021). The results in (Wang 
et al., 2021) indicate that PIPs can significantly influence 
the hydration rate, particularly during the acceleration 
period. The results in (Chen et al., 2019) indicate that the 
sealed pores gradually transform into open pores dur-
ing cement hydration, leading to changes in the spatial 
distribution of hydration products. Therefore, within 
the hydrated cement paste, PIPs may indirectly affect 
ionic diffusion. However, the study in this domain is still 
relatively limited. The investigation on the relationship 
between internal microstructure of particles (i.e., PIP) 
and ionic diffusion was necessary.

The tricalcium silicate (C3S) constitutes a significant 
proportion, ranging from 50 to 70% (Taylor, 1997), of 
cement clinker, making it the primary component that 
governs the properties of cement paste (Do et al., 2015). 
Consequently, C3S has been widely utilized as a material 
model to explore the hydration mechanisms of cement 
(Bellmann et  al., 2012; Biernacki & Gottapu, 2015; Bul-
lard, 2008; Shen et al., 2022; Wu et al., 2020a, 2020b; Xie 
& Biernacki, 2011). Despite its significance, there has 
been limited research on the ionic diffusion of C3S paste, 
with most studies focusing on the diffusion behavior in 
cement, mortar, and concrete. The manufacturing pro-
cess of cement particles closely resembles the synthesis 
of pure C3S, involving processes such as firing and grind-
ing (Costoya Fernández, 2008; Taylor, 1997). The PIP in 
C3S particles has been identified by the SBFSEM system 
(Yang et al., 2018), suggesting that PIPs may also be pre-
sent in cement particles. Therefore, the investigation on 
hydrated C3S would contribute to comprehending effects 
of PIP on ionic diffusion in hydrated cement system.

The literature describes numerous simulation methods 
designed to predict ionic diffusivity in cement paste. 
These methods can be broadly grouped into three 
categories. (Patel et  al., 2016): empirical methods, 
effective medium theory methods, and microstructure-
based methods. The empirical method establishes 
a relationship between the diffusion coefficient and 
influencing factors (such as porosity and w/c ratio) 
by fitting empirical formulas to experimental data 
(Oh & Jang, 2004). This method provides a simplified 
representation of the complex diffusion process in cement 
paste based on empirical correlations. The effective 
medium theory method predicts ionic diffusion by 
considering serial or parallel geometrical configurations 
(Bejaoui & Bary, 2007). It treats the cement paste as a 
composite material and uses effective medium theories to 
estimate the diffusion behavior based on the properties of 
the individual components and their spatial arrangement. 
The microstructure-based method leverages hydration 
models to generate virtual microstructures of hydrated 
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cement and predict ionic diffusion (Carrara et al., 2016; 
Patel et  al., 2018; Tao, 2020). This method considers 
various characteristic features of microstructure and 
allows for a more comprehensive analysis, including the 
individual contributions of different substances to the 
overall effective diffusion coefficient of cement paste. 
However, a critical limitation of existing microstructure-
based methods is the common assumption of non-
porous cement particles. This simplification neglects 
the presence and influence of porosity within cement 
particles (e.g., PIPs), which can significantly impact 
ionic transport. Indeed, while the importance of overall 
porosity is well-established, the specific contribution of 
PIPs to ionic diffusivity has received little attention in 
current research. Existing models largely overlook the 
potential for PIPs to act as interconnected pathways for 
ionic transport, influencing the overall diffusion behavior 
of cement paste.

Therefore, this study addresses this critical gap by 
developing a diffusion model that explicitly considers 
the effects of PIPs. The continuous particle size 
distribution and PIP size distribution were discretized, 
and an algorithm for generating PIPs was developed 
to construct the initial hydration microstructure. The 
existing hydration model was appropriately upgraded 
to incorporate effects of PIPs. Moreover, the hydration-
diffusion simulations were conducted and the method 
was validated through the data from experiments. 

The effective diffusion coefficients obtained with 
different PIPs were compared, and the effects of w/s 
ratios and hydration age on the ionic diffusivity of the 
microstructure considering PIPs were analyzed.

2 � Methodology
2.1 � The Hydration‑Diffusion Method
Figure  1a–f shows the schematic diagram of the hydra-
tion-diffusion method. The process of the method con-
sists of several steps, which are as follows:

(1) Microstructure generation with PIPs: First, an 
algorithm was developed to generate realistic 3D 
microstructures of unhydrated C3S particles, explic-
itly incorporating PIPs with controlled size distribu-
tions and porosities. This algorithm allows for pre-
cise control PIP size distribution and overall particle 
porosity.
(2) Hydration simulation: The generated C3S micro-
structures were then subjected to a hydration simu-
lation using a modified version of the established 
CEMHYD3D model. Our modifications made the 
model be able to consider the influence of PIPs on 
microstructure development and hydration kinet-
ics. The simulation was performed at a temperature 
of 25 °C, using a variable time step. The model tracks 
the evolution of the microstructure, including the 

Fig. 1  Simulation method
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formation of hydration products and the changes in 
porosity over time.
(3) Finite element reconstruction: The 3D hydrated 
microstructures were subsequently reconstructed 
within a finite element method (FEM) software 
package (ABAQUS), This reconstruction involved 
importing the voxel-based microstructure data into 
the FEM software and assigning material properties 
to each voxel based on its phase composition (C3S, 
C-S–H, portlandite, pore solution). The mesh reso-
lution was carefully chosen to represent microstruc-
ture, with a characteristic element size of 4.5 μm.
(4) Ionic diffusion simulation: The effects of PIPs on 
steady-state ionic diffusion were incorporated into 
the FEM simulation. The boundary conditions were 
set to a fixed concentration of chloride ions at one 
boundary and a zero-flux condition at the opposite 
boundary.

2.2 � Construction of İnitial Microstructure with Particle 
İnternal Pores

2.2.1 � Generation of Microstructure with Varying Internal 
Pore Size Distributions

First, the databases containing the information of micro-
structure and particles were defined. The microstruc-
ture database stored the coordinates of voxels, as well as 
the corresponding phase labels. On the other hand, the 

particle database contains particle information of C3S, 
including the coordinates of particle center and the asso-
ciated phase label. The radius of a single C3S particle was 
denoted as r0. The generation of PIPs followed a specific 
algorithm. Initially, a random coordinate in the box with 
dimensions of 2r0 × 2r0 × 2r0 was selected as the center 
of the single C3S particle. Subsequently, the algorithm 
would check the entire microstructure to determine if 
there was sufficient space to accommodate pores. The 
coordinates of PIPs must satisfy Eq. (1).

where x0 , y0 , and z0 are the coordinates of particle center; 
xIP , yIP , and zIP are the coordinates of the PIP center; r0.
and rIP are the radii of C3S particle and PIPs, respectively. 
Figure  2a shows a C3S particle that incorporates PIPs 
in the simulation. The single C3S obtained from the 
SBFSEM system is shown in Fig.  2b. The RVE for C3S 
particles considered sealed pores and open pores is 
shown in Fig.  2c. In the figure, the dimensions of RVE 
were set at 100µm × 100µm× 100µm . The dimensions 
of voxel were set at 1µm × 1µm× 1µm.

(1)







|xIP − x0| ≤ r0
�
�yIP − y0

�
� ≤ r0

|zIP − z0| ≤ r0
�

(xIP − x0)2 + (yIP − y0)2 + (zIP − z0)2+rIP ≤ r0

Fig. 2  Initial structures of a C3S particle and RVE: a C3S particle in the simulation; b C3S particle observed by the SBFSEM system adapted 
from (Yang et al., 2018); c initial structure of RVE considering internal pores
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The particle size distribution employed in the 
simulation is shown in Fig.  3. The size distribution of 
PIPs was referred as to the internal pore size distribution 
(IPSD). In this study, two distinct IPSDs, denoted as 
IPSD1 and IPSD2, were utilized. In IPSD1, the PIPs were 
very small and exhibited a narrow pore size distribution. 
Thus, all PIPs within the microstructure were assumed 
to have the same size and were represented by individual 
voxels. Therefore, the volume of a PIP On the other hand, 
IPSD2 assumed a wider internal pore size distribution 
than IPSD1.

Figure  4a, b show a typical example of the initial 
microstructures of C3S particles for IPSD1 and IPSD2, 
respectively, obtained at a w/s ratio of 0.4 and a particle 
porosity (PP) of 4%. Due to the limitation of voxel size, 
the particle diameter ≤ 1 μm was represented by a single-
voxel particle. This approach is consistent with those 
employed in the literatures (Bentz, 2000, 2005). In IPSD1, 
each pore was assumed to be a sphere with a volume 
of 1 µm3. These idealized small pores were assumed to 
be randomly distributed within C3S particles. Figure  5 
presents the IPSD2. The results in Fig.  5 indicated that 
the pores with a radius of 2  μm constitute 43% of the 
total pore volume, representing the major pore size. In 
contrast, small pores (radius of 1  μm) account for only 
8.8% of the total pore volume. The water content in the 
RVE was maintained at a constant value for cases with 
IPSD1 and IPSD2.

2.2.2 � Generation of Microstructure with Different Particle 
Porosities

The algorithm for generating the initial microstructure of 
C3S particles with different PPs involves three main steps: 
generation of solid C3S particles, generation of PIPs and 
verification of the desired PP value. The detailed proce-
dures were as follows:

Step 1: Solid C3S particles were randomly placed 
within the RVE based on the particle information. 
The particles were arranged in descending order of 
size, ensuring that they did not overlap with each 
other.
Step 2: PIPs were generated by removing C3S vox-
els from the target particles. First, the algorithm 
searched database of C3S particles to locate a target 
C3S particle with the specified radius and coordi-
nate. A random location within the target C3S par-
ticle was selected, and the algorithm checked if there 
was sufficient space to generate a PIP. If the radius of 
the PIP was smaller than the distance between the 
PIP center and the target particle surface, the PIP 
would be created by removing the C3S voxels within 
its boundaries. This process continued until the PP 
value of the target C3S particle reached the desired 
value. It was worth noting that as the size of the par-
ticles decreases, the accuracy of placing empty voxels 
within them diminishes, especially when aiming for 
high PP values. To address this limitation, the accu-
racy was appropriately reduced for small C3S parti-
cles to meet the modeling requirements.
Step 3: The algorithm checked all the C3S particles 
within the RVE and repeated Step 2 until the desired 
PP value was achieved for all C3S particles. Fig-
ure 6a–d show the initial microstructures of C3S par-
ticles obtained with PP values of 0%, 4%, 6%, and 8%, 
at w/s ratio of 0.4.

2.3 � Hydration of C3S Incorporating PIPs and Microstructure 
Reconstruction

In this study, the CEMHYD3D model (Bentz, 2000, 2005; 
Bernard & Kamali-Bernard, 2012; Carrara et  al., 2016; 
Wang et  al., 2021) was used to construct the hydrated 
C3S microstructures. The original algorithm of CEM-
HYD3D did not account for the invasion of water into 
open pores, which limited the reactive surface area of C3S 
particles (Bentz, 2000, 2005). To account for the "invad-
ing" process of water into open pores, modifications were 
made to the original CEMHYD3D model. The modified 
algorithm is described as follows:

Step 1: The modified algorithm checked voxels in 
the RVE and read the initial chemical and physical 
parameters.
Step 2: The modified algorithm checked the entire 
RVE to identify open pores within individual C3S 
particles. By scanning the particle database, the algo-
rithm obtained information about the target C3S par-
ticle and searched for it accordingly. The open pores 
on the particle surface were identified by checking if 
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Fig. 3  Particle size distribution of C3S utilized in the simulation
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C3S voxels were in contact with voxels representing 
aqueous species.
Step 3: The voxels that represent PIPs would change 
into water voxels if they were in contact with water, 
and the same number of water voxels would be elimi-
nated from the hydration system.
Step 4: Steps 2 to 3 were repeated until all target par-
ticles had been checked.
Step 5: Diffusion and dissolution were performed by 
the model.
Step 6: Steps 2 to 5 were repeated until the desired 
simulation cycle was reached for the target particles. 
Figure 7 shows the evolution of a single C3S particle 

during the hydration process when considering PIPs 
in the modified CEMHYD3D model.

The hydrated microstructure derived from the 
modified CEMHYD3D model was encapsulated in 
a numerical sequence denoting distinct phases. This 
sequential arrangement of numbers was referred to as 
the string here. For the microstructure characterized 
by dimensions of 100× 100× 100 voxels , this string 
encompassed a substantial count of 106 numerical 
entities. The subsequent task was to transfer this string 
from the modified CEMHYD3D model to the FEM 
software. The detailed procedure is given in (Shen 
& Wang, 2023). Figure  8a shows the hydrated C3S 
microstructure obtained from the modified CEMHYD3D 
model. The w/s ratio and hydration age were 0.4 and 
45  h, respectively. Figure  8b shows the hydrated C3S 
microstructure reconstructed within the FEM software.

2.4 � Diffusion Simulation
Within the computational framework of ABAQUS 
software, the DC3D8 element was employed. Figure  9 
presents the boundary conditions utilized in the 
simulation. The ionic concentration at inlet was set to 
be 1.0 mol ·mm−3 , whereas at the outlet surface, it was 
specified to be 0 mol ·mm−3.

The flux qi diffusing through the element i is usually 
formalized using Eq. (Bernard & Kamali-Bernard, 2010).

(2)qi = −Di
dci

dx

Fig. 4  Microstructure of C3S particles obtained with different IPSDs at initial w/s = 0.4 and PP = 4%: a IPSD1; b IPSD2. Green and blue colors 
represent C3S and PIPs, respectively

Fig. 5  Pore size distribution for IPSD2
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Fig. 6  Initial microstructures obtained with IPSD2 at w/s = 0.4: (a) PP = 0%, (b) PP = 4%; (c) PP = 6%; (d) PP = 8%. Green and blue colors represent C3S 
and PIPs, respectively

Fig. 7  Evolution of a single C3S particle obtained from the modified CEMHYD3D model when considering PIPs
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where qi is the flux diffusing through the element i , in 
mol ·m−3 · s−1 ; Di is the diffusion coefficient for element 
i , in m2 · s−1 ; and dci/dx is the gradient of concentration, 
in mol ·m−4.

The effective diffusion coefficient, Deff, of entire cubic 
RVE is dependent on multiple critical factors. These fac-
tors encompass the magnitude of the diffusive flux, the 
effective surface area participating in diffusion, the length 
of the diffusion pathway, and the concentration gradient 
established between the inlet and outlet boundaries. The 
quantification of this coefficient can be achieved through 
the utilization of Eq.  (3) (L. Liu et  al., 2020a, 2020b; 
Zhang, 2013).

(3)Deff =
Q

A
·

Ls

Cin − Cout

where Deff is effective diffusion coefficient, in m2 · s−1 ; 
Q represents the flux traversing the designated outlet 
surface, in mol ·m−2 · s−1 ; Ls denotes specimen thick-
ness, in m; Cin and Cout are the concentration of diffus-
ing substance at inlet and outlet surfaces, respectively, in 
mol ·m−3.

In the simulation, a unit system was established within 
the ABAQUS software. It was postulated that within 
ABAQUS, the side length of RVE corresponded to one 
� . 1 � was equivalent to 100 µm . Consequently, the total 
flux, denoted as Qi , passing through the element with the 
diffusing surface of 10−4

�
2 could be represented utilizing 

Eq. (4).

Then, the flux, Q , passing through the entire surface of 
RVE was deduced as expressed in Eq. (5).

The determination of the Deff for hydrated C3S was 
facilitated through the integration of Eq. (5) into Eq. (3), 
leading to a refined formulation denoted in Eq. (6).

(4)Qi = qi ·
mol

�2 · s
·

area of an element
︷ ︸︸ ︷

10−4
�
2 = qi ·

mol

s
10−4

(5)

Q = Q1 + Q2 + · · · + Qn =

(
n∑

i=1

qi

)

mol

s
· 10−4

(6)

Deff =

(
n∑

i=1

qi

)

mol
s

· 10−4

�2
·

�

10−3 mol

s·�3

=

(
n∑

i=1

qi

)

· 10−9 ·m2 · s−1

Fig. 8  Microstructure reconstruction

Fig. 9  Boundary conditions utilized in the simulation
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3 � Comparison of Experimental Results 
and Simulated Results

The simulated effective diffusion coefficients for 
chloride ions in hydrated C3S paste were compared with 
experimental results derived from electro-migration 
experiments. The experimental setup is depicted 
in Fig.  10. The volumes for the anode and cathode 
compartments were both 100 mL. The concentrations of 
NaOH and NaCl in the compartments were 0.3 mol · L−1 
and 1 mol · L−1 , respectively. The C3S was synthesized 
via solid-state reaction using high-purity quartz powder 
and calcium carbonate (CaCO3) as precursors. The 
reactants were combined in a stoichiometric ratio of 1:3 
(SiO2:CaCO3) and subsequently subjected to thermal 
treatment in an electric furnace. The mixture was heated 
to 1650  °C and maintained at this temperature for 10  h 
to facilitate the formation of C3S. Following the heating 
period, the resulting material was rapidly quenched on 
a platinum dish, employing a firing cycle consistent with 
the procedure detailed in (Costoya Fernández, 2008). 
The synthesized C3S clinker was then comminuted via 
grinding and sieved to obtain a homogenous powder. 
Finally, the particle size distribution of the C3S employed 
in experiment was obtained using a Malvern Mastersizer 
2000 laser-diffraction analyzer, as shown in Fig. 11. Disk-
shaped C3S specimens used in the electro-migration 

experiment were prepared using a rubber mold with a 
diameter of 42 mm and a thickness of 4 mm. 

The calculation of the effective chloride diffusion coef-
ficient was performed using Eq. (7) (Andrade, 1993; Tao, 
2020).

where R is the gas constant, in J · K−1 ·mol−1 ; L repre-
sents specimen thickness, in m; Van is the capacity of 
compartment connected to anode, in m3; �t is the time, 
in s; T  is absolute temperature, in K ; Z is the electric 
charge; F  is the Faraday’s number; Cs is the concentra-
tion in cathode compartment, in mol · L−1 . A is the area 
of diffusion surface, in m2; and �C1 is the concentration 
difference, in mol · L−1.

In this section, the RVE dimensions were determined 
through a convergence study, iteratively increasing the 
volume until the random sequential addition method 
could accommodate all particles. The dimension of 
voxel was assumed to be 1/100 of the size of RVE. 
Therefore, the dimensions of RVE were set at 450µm
×450µm×450µm , with voxel dimensions of 4.5µm
×4.5µm×4.5µm . The simulation scenario for the C3S 
paste incorporating PIPs was denoted as Case A here. 
The values of Deff were calculated for hydrated C3S 
paste with PPs of 0%, 4%, 6%, 8%, and 10%. The values 
of Deff for solid phases were assumed to be 0 m2 · s−1 . 
The values of Deff for water was adopted from the refer-
ence (L. Liu et  al., 2020a, 2020b). The Deff for C-S–H 
was determined through iterative adjustments based on 
literature values [see reference (Dridi, 2013)] until the 
simulation results closely matched the experimental 
data. The values of Deff for C-S–H and water in the RVE 
were set as 0.93 × 10–12 and 2.03 × 10-9m2 · s−1

 , respec-
tively. The particle size distribution employed in the 
simulation was the same as that utilized in the experi-
ment. In the experiment, the chloride diffusion can be 
affected by the properties of pore solution, as suggested 
by previous studies (Tang, 1999a, 1999b; Zhang et  al., 
2021). The approach used for considering the effects of 
pore solution is given elsewhere (Zhang et  al., 2021). 
The experimental results from literatures can be found 
in (Ngala et  al., 1995; Poupard et  al., 2004; Tao, 2020; 
Wilson et al., 2021). The specific parameters utilized in 
the simulation are summarized in Table 1

The simulation method proposed in this study was 
also compared with method reported in the reference 
(Wang et  al., 2025), which accounts for the effects of 
pore solution properties. The particle size distribution 
utilized in the simulation was identical to that shown 
in Fig.  11. The key parameters and calculated results 
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Fig. 10  Schematic diagram of electro-migration experimental setup
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are presented in Table  2 and Fig.  12, respectively. The 
results obtained using the method in (Wang et al., 2025) 
were slightly higher than those obtained considering 
PIPs, however, both methods generally agreed with 
experimental results.

The simulated and experimental results are presented 
in Fig.  12, indicating the Deff for C3S paste samples 
with varying PP and w/s ratios. For C3S paste with a PP 
of 0% at w/s ratios of 0.3, 0.4, and 0.5, the calculated 
chloride effective diffusion coefficients were found 
to be 1.91 × 10–12, 4.00 × 10–12, 6.23 × 10–12 m2·s−1, 
respectively. These results exhibited an increasing trend 
with higher w/s ratios, indicating that C3S paste with a 
higher w/s ratio would offer more pathways for chloride 
diffusion compared with a lower w/s ratio. Furthermore, 
for C3S paste at a w/s ratio of 0.3 with varying PP values 
of 0%, 4%, 6%, 8%, and 10%, the corresponding chloride 

Table 1  Simulation parameters for the proposed method

Parameter Symbol Value Units

RVE size LRVE 450 µm

Voxel size LVoxel 4.5 µm

Particle porosity PP 4 %

Particle porosity PP 6 %

Particle porosity PP 8 %

Particle porosity PP 10 %

Effective diffusion coefficient for water Deff_water 2.03 × 10–9
m2 · s−1

Effective diffusion coefficient for C-S–H Deff_C-S-H 0.93 × 10–12
m2 · s−1

Effective diffusion coefficient for solid phases Deff_solid 0 m2 · s−1

Ionic concentration at inlet surface Cinlet 1 mol ·mm−3

Ionic concentration at outlet surface Coutlet 0 mol ·mm−3

Table 2  Key parameters utilized in method from reference (Wang et al., 2025)

Parameter Symbol Value Units

RVE size LRVE 450 µm

Voxel size LVoxel 4.5 µm

Effective diffusion coefficient for water Deff_water 2.03 × 10–9
m2 · s−1

Effective diffusion coefficient for C-S–H at w/s = 0.3 DC - S - H_0.3 0.890 × 10–12
m2 · s−1

Effective diffusion coefficient for C-S–H at w/s = 0.4 DC - S - H_0.4 0.933 × 10–12
m2 · s−1

Effective diffusion coefficient for C-S–H at w/s = 0.5 DC - S - H_0.5 0.996 × 10–12
m2 · s−1

Effective diffusion coefficient for solid phases Deff_solid 0 m2 · s−1

Ionic concentration at inlet surface Cinlet 1 mol ·mm−3

Ionic concentration at outlet surface Coutlet 0 mol ·mm−3

Parameter related to chemical activity B
∗ 0.045 dm ·mol

−1

Dimensionless parameter governed by ion mobility Kτ0 − 0.207 –

Drift velocity induced by the semi-membrane effect Kτm − 0.402 –
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effective diffusion coefficients were determined as 
1.91 × 10–12, 1.54 × 10–12, 1.45 × 10–12, 1.35 × 10–12, 
and 1.28 × 10–12 m2·s−1, respectively. These values 
decreased as the PP increased. Similar trends were 
also observed for cases with w/s ratios of 0.4 and 0.5. 
This phenomenon can be attributed to the faster 
hydration process of C3S particles with higher PP, 
resulting in a reduced presence of capillary pores (CPs) 
and fewer pathways for chloride diffusion. The effect 
is particularly evident at the early ages of hydration. 
However, at later ages, the PP showed less influence on 
the value of Deff.

4 � Results and Discussion
Three cases were simulated to examine the effects of PIPs 
on ionic diffusion in hydrated C3S paste. In the first case 
(Case I), PIPs were generated by removing C3S voxels 
from the RVEs. In the second case (Case II), the C3S 
content in initial microstructures remained the same. To 
ensure this, additional C3S particles were added to the 
RVEs. The third case (Case III) assumed that the w/s ratio 
of the C3S paste within initial microstructures remained 
constant. To achieve this, extra C3S particles were added 
to RVEs to adjust the w/s ratio accordingly. A schematic 
diagram illustrating these three cases is presented in 
Fig. 13. The values of Deff obtained from different cases 
with IPSD1 are shown in Table 3.

4.1 � Effect of Size Distribution of Particle Internal Pores
Figure  14a, b show Deff obtained from Case I with 
different IPSDs. The size distribution of PIPs had a 
significant impact on the Deff, as shown in Fig.  14. The 
values for Deff obtained from the simulation with a wide 
size distribution of PIP were larger than those obtained 
with a narrow pore size distribution. This is evident in 
Fig.  14a, where Deff increased by 4.5 × 10–13, 8.3 × 10–13, 
7.5 × 10–13, and 13.2 × 10–13 m2·s−1 for IPSD2 at 4%, 6%, 
8%, and 10%, respectively, compared with those obtained 
from IPSD1. Similar results can be observed in Fig. 14b, c. 
These results indicated that a wider PIP size distribution 
would lead to a higher ionic diffusivity than a narrower 
one when the water content in the RVEs was fixed.

The difference between the Deff obtained from IPSD1 
and IPSD2, represented by ΔDeff, is shown in Fig.  15. 
In the Figure, the values of Deff at 3, 7, 28, and 56  days 
obtained with PP of 4% and w/s ratio of 0.4 were 
0.45 × 10–13, 0.38 × 10–13, 0.15 × 10–13, and 0.05 × 10–13 
m2·s−1, respectively. The value decreased with the 
increase of hydration age. Similar results were observed 
for simulations with PP of 6%, 8%, and 10%. These results 
indicated that the difference between the Deff with a 
wide size distribution of PIP and that with a narrow 
size distribution of PIP would decrease as hydration age 

increased. This phenomenon could be attributed to the 
differences in the hydration rate induced by the variation 
in size distributions of PIP.

Figure 16 shows the hydration rate obtained from Case 
I with IPSD1 and IPSD2 at w/s = 0.4. The PP utilized 
in the simulation was about 8%. The hydration rate 
was determined as the first derivative of the degree of 
hydration. As shown in Fig.  16, at 7.2  h, the hydration 
rate for IPSD1 and IPSD2 was calculated as 0.02217 
and 0.01826  h−1, respectively. It was observed that the 
hydration rate obtained with IPSD1 was higher than that 
obtained with IPSD2 at early ages of hydration. Thus, the 
microstructure development of C3S paste obtained with 
IPSD1 was expected to exhibit faster progress compared 
with that achieved with IPSD2 during the early ages of 
hydration.

Figure  17a shows the evolution of Deff obtained from 
Case II, comparing IPSD1 and IPSD2 at w/s = 0.4, with 
varying PP values. The average difference between Deff 
values obtained from IPSD1 and IPSD2 at 3 days was only 
2.1 × 10–13 m2·s−1. Initially, the Deff obtained from IPSD2 
was larger than that obtained from IPSD1, which could be 
attributed to the higher hydration rate for IPSD1 during 
the early ages of hydration. However, as the hydration age 
progressed to 7, 28, and 56 days, the curves representing 
Deff obtained from IPSD1 and IPSD2 exhibited significant 
overlap. In Case II, the standard deviation for ΔDeff 
at 3, 7, 28, and 56  days was determined as 12.5 × 10–5, 
6.16 × 10–5, 7.80 × 10–5, and 6.83 × 10–5, respectively. 
Similar results were also made in Case III, as presented 
in Fig. 17b. These results demonstrated that at later ages 
of hydration, the difference in ionic diffusivity induced by 
the size distribution of PIP did not exhibit a significant 
change. This could be attributed to the similar degree of 
hydration and microstructure achieved between IPSD1 
and IPSD2 at later ages.

4.2 � Effect of Particle Porosity
Figure  18 shows the evolution of Deff obtained from 
Case I considering different values of PP. The simulation 
employed a w/s ratio of 0.4 and PIPs with a pore size 
distribution of IPSD1. In Fig. 18, at 3 days, Deff exhibited 
an increase of 2.0%, 2.1%, 3.4%, and 5.8% for PP of 4%, 
6%, 8%, and 10%, respectively, compared with PP of 0%. 
This trend of increasing Deff was consistently observed 
at 7, 28, and 56 days. These results indicated that, while 
maintaining a constant water content for different 
hydration systems, an increase in PP would lead to an 
increase in Deff. This phenomenon was attributed to the 
decrease in the content of C3S within the system. For a 
system with a fixed water content, the rise in PP would 
increase hydration rate and contribute to microstructure 
development. Although the microstructure development 
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Fig. 13  Schematic diagram of cases for C3S microstructures considering PIPs: (a) Case I; (b) Case II; (c) Case III
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would limit the available pathway for ionic diffusion, 
the Deff value still increased as PP increased (see 
Fig. 18). Therefore, the influence of PP on Deff was more 
significant than the constraining effect on ionic diffusion 
caused by microstructure development.

Figure  19a, b show the evolution of different phases 
in Case I with PPs of 0% and 10%, respectively, at a w/s 
ratio of 0.4. In the simulation, the empty and porosity 
voxels in CEMHYD3D were defined as the CP voxels 
here. Figure 19c shows the number of CP voxels obtained 

for PPs of 0% and 10% during the hydration process in 
the RVE with a fixed water content. In Fig.  19c, for 
both simulations, the content of CPs decreased as the 
hydration age progressed. It was evident that the value 
for the PP of 10% was larger than that for the PP of 0% 
throughout the entire hydration process (0–56  h), as 
shown in Fig.  19c. It is widely accepted that there is a 
positive correlation between microstructure porosity 
and ionic diffusivity. Therefore, the results regarding CP 
voxels support the conclusion that a higher PP would lead 

Table 3  Deff of hydrated C3S obtained from different cases with IPSD1

Case Hydration age 
(days)

Initial w/s ratio Deff (× 10–9 m2·s−1)

PP = 0% PP = 4% PP = 6% PP = 8% PP = 10%

I 3 0.4 0.01679 0.01717 0.01715 0.01736 0.01778

0.5 0.0244 0.02428 0.02453 0.02464 0.02499

0.6 0.03185 0.03191 0.0319 0.03167 0.03218

7 0.4 0.01027 0.01115 0.01156 0.01186 0.01253

0.5 0.01683 0.01755 0.01811 0.01866 0.01942

0.6 0.02401 0.02493 0.02543 0.02572 0.02673

28 0.4 0.00623 0.00677 0.00715 0.00742 0.00791

0.5 0.01058 0.0118 0.01274 0.01351 0.01463

0.6 0.01727 0.01921 0.02009 0.02085 0.02216

56 0.4 0.00569 0.00624 0.00654 0.0068 0.00717

0.5 0.00941 0.0107 0.01171 0.01254 0.0137

0.6 0.01616 0.01828 0.01914 0.02002 0.02144

II 3 0.4 0.01679 0.0144 0.01347 0.01266 0.01208

0.5 0.0244 0.0216 0.02042 0.01948 0.01854

0.6 0.03185 0.0289 0.0275 0.02632 0.0254

7 0.4 0.01027 0.00912 0.00884 0.00824 0.00806

0.5 0.01683 0.01537 0.01471 0.0142 0.01377

0.6 0.02401 0.02231 0.02154 0.0208 0.02037

28 0.4 0.00623 0.00596 0.00603 0.0058 0.00577

0.5 0.01058 0.00995 0.0097 0.00942 0.00934

0.6 0.01727 0.01664 0.01632 0.016 0.01593

56 0.4 0.00569 0.00556 0.00562 0.00541 0.00542

0.5 0.00941 0.00891 0.0087 0.00845 0.00838

0.6 0.01616 0.01564 0.01541 0.01512 0.01509

III 3 0.4 0.01679 0.01581 0.01527 0.01493 0.01475

0.5 0.0244 0.02283 0.02214 0.02177 0.02098

0.6 0.03185 0.02968 0.02891 0.02825 0.0275

7 0.4 0.0103 0.01022 0.01007 0.01001 0.01014

0.5 0.01683 0.01637 0.01611 0.01619 0.01581

0.6 0.02401 0.02306 0.02272 0.0226 0.02232

28 0.4 0.00623 0.00644 0.00635 0.00654 0.00664

0.5 0.01058 0.01083 0.01084 0.01121 0.01113

0.6 0.01727 0.01746 0.01754 0.01778 0.01787

56 0.4 0.00569 0.00595 0.00587 0.00606 0.00618

0.5 0.00941 0.00975 0.0098 0.01017 0.01016

0.6 0.01616 0.01641 0.0166 0.01688 0.01706
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to a higher Deff when the water content was maintained 
at the same level for different RVEs.

Figure  20 shows the Deff curves obtained from 
Case II using PPs of 0%, 2%, 4%, 6%, 8%, and 10%. The 

simulation employed a w/s ratio of 0.4 and PIPs with an 
internal pore size distribution of IPSD1. At early ages 
of hydration, the Deff obtained from Case II exhibited 
a decrease with increasing PP. This trend is evidently 
observed in Fig.  20, where the Deff obtained with a PP 
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of 10% at 3  days decreased by 28% compared with that 
obtained with a PP of 0% at the same hydration age. 
Similar results were observed at hydration ages of 7, 28, 
and 58  days. These findings indicated that a higher PP 
would lead to a lower ionic diffusivity compared with a 
lower PP, considering a fixed C3S content. In Fig.  20, it 
can be observed that at 56  days, the Deff obtained with 
a PP of 10% only decreased by 5.1% compared with that 
with a PP of 0%. The results indicated that the effect of 
PP on ionic diffusivity weakened as the hydration age 
increased.

Figure 21a, b show the evolution of phase contents and 
number of CP voxels obtained from Case II. The number 

of CP voxels obtained with PP of 10% was compared with 
that obtained with PP of 0%, as shown in Fig.  21b. At 
3 days of hydration, the number of CP voxels for PP = 0% 
and PP = 10% were 302608 and 264315, respectively. 
Therefore, at early ages of hydration (before 14.9  days), 
the number of CP voxels obtained with PP of 0% was 
higher than that obtained with PP of 10%. This may be 
ascribed to that the hydration system with a higher PP 
would hydrate faster than that with a lower PP. However, 
at 50 days of hydration, the number of CP voxels for PP of 
0% and that of 10% was 175503 and 182884, respectively. 
The results indicated that at late ages of hydration (after 
14.9  days), the number of CP voxels obtained with PP 
of 10% would be little bit higher than that obtained with 
PP of 0%. Because at later ages of hydration, the degree 
of hydration for the system with different PPs were very 
high, and the hydrated microstructures rarely changed as 
the hydration age progressed. Under this circumstance, 
some sealed pores within C3S particles turned into open 
pores, which increased the number of CP voxels.

Figure  22 shows the Deff obtained from Case III with 
the PP of 0%, 2%, 4%, 6%, 8%, and 10%. The w/s ratio and 
PIP size distribution utilized in the simulation remained 
consistent with those employed in the preceding section. 
In Fig.  22, the Deff decreased with the increase of PP at 
3  days, indicating that a higher PP would lead to a low 
ionic diffusivity at early ages of hydration when w/s ratios 
were fixed. However, for the hydration age of the 28 and 
56 days, the Deff would slightly increase with the increase 
of PP. The results were ascribed to the differences in C3S 
content and the evolution of PIPs. The number of C3S 
voxels in the RVE for PP of 0%, 2%, 4%, 6%, 8%, and 10% 
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at w/s = 0.4 was 439798, 430225, 426873, 423528, and 
419151, respectively. Therefore, when the w/s ratio was 
fixed, the C3S content would slightly decrease with the 
increase of PP. The decrease of C3S content would further 
increase CP voxels, and therefore rise in Deff. However, 
the increase of PP would also increase hydration rate, 
decreasing the number of CP voxels at early ages of 
hydration. Thus, it is not certain how does CP voxels 
change during the hydration process. To address this 
issue, the CP voxels obtained from hydration model were 
used to analyze the process, as shown in Fig. 23.

Figure  23a shows the evolution of phase contents 
obtained from Case III with a PP of 10%. At 3 days, the 

number of CP voxels for PP = 0% and PP = 10% were 
302608 and 291698, respectively, as shown in Fig. 23b.

Notably, prior to 4.5  days, the number of CP voxels 
obtained with a PP of 0% exceeded those obtained with 
a PP of 10%. This observation indicated that the system 
with a higher PP would contribute to microstructural 
development and would decrease ionic diffusivity during 
the early ages of hydration when compared with the one 
with lower PP. At 50 days, the number of CP voxels for 
PP = 0% and PP = 10% was 175485 and 192333, respec-
tively. The number of CP voxels obtained with a PP of 
0% was lower than that obtained with a PP of 10%, which 
was attributed to the slow progression of hydration and 
the change from sealed PIPs to open PIPs. Moreover, in 
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Case III, the content of C3S with PP of 10% was less than 
that with PP of 0%, further contributing to the increased 
number of CP voxels in the system. Therefore, the Deff 
would slightly increase as PP increased during the later 
ages of hydration.

4.3 � Effect of Hydration Age
In this section, a quantitative analysis was conducted 
to investigate the effects of hydration age on effective 
diffusion coefficient. The simulation utilized the same w/s 
ratio and IPSD as in the previous sections. Figure 24a–d 
show the evolution of Deff obtained from Cases I, II, and 
III. In Fig. 24, it is evident that regardless of PP, the Deff 

obtained from all three cases exhibited a decreasing 
trend as the hydration age increased.

In Case I, the Deff at 3 days decreased from 17.8 × 10–12 
to 16.8 × 10–12 m2·s−1, and at 56 days it further decreased 
from 7.2 × 10–12 to 5.7 × 10–12 m2·s−1. The difference 
between the maximum and minimum Deff values at 3 and 
56  days was 1.0 and 1.5 m2·s−1, respectively. The differ-
ence value for Deff at 56 days increased by 50% compared 
with that at 3  days, indicating that an increased effect 
of PP on Deff as the hydration age progressed in a fixed 
water content system. In Case II, difference between the 
maximum and minimum Deff values at 3 and 56  days 
was 4.7 and 0.3 m2·s−1, respectively. As the hydration 
age increased, the difference in Deff values decreased. A 
similar trend can be observed in Case III, as shown in 
Fig. 24c. The results indicated the influence of PP on Deff 
would decrease as the hydration age increased for hydra-
tion systems with a fixed C3S content or with a fixed w/s 
ratio. Previous study (L. Liu et al., 2020a, 2020b) has dem-
onstrated that the hydration kinetics and microstructure 
development of C3S paste at early ages of hydration can 
be significantly affected by the particle shape, attributed 
to variations in specific surface area and geometry. How-
ever, at later ages, the geometric attributes of cement par-
ticles have less impact on pore parameters. In Cases II 
and III, the effect of PIP on Deff exhibited a resemblance 
to the influence of particle shape on Deff in hydration sys-
tems. This similarity arises from the fact that PIP signifi-
cantly modifies the specific surface area of C3S particles 
during hydration when sealed pores transition into open 
pores.
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4.4 � Effect of Water‑to‑Solid Ratio
Figure 25a–d show the evolution of Deff values obtained 
from Case I at various w/s ratios. In Case I, the PIP 
was constructed by removing certain C3S voxels from 
the RVE. The water content was kept constant across 
different RVEs. Therefore, w/s ratio would slightly 
increase with the increase of PP value. The w/s ratio for 
the RVE with a PP of 0% was defined as the initial w/s 
ratio.

In Fig. 25a, the Deff values obtained at 3 days exhibited 
an increase as initial w/s ratio increased. The discreteness 
of Deff was evaluated using the coefficient of variation 
(CV) (Shen et  al., 2022; Wu et al., 2020a). For an initial 

w/s ratio of 0.4, 0.5 and 0.6, the CV for Deff was 1.42%, 
0.7% and 0.37%, respectively, at 3 days. These results indi-
cated that the w/s ratio did not have much influence on 
the discreteness of Deff in Case I during the early ages of 
hydration. However, as hydration proceeded, the influ-
ence of w/s ratio on the discreteness of Deff increased. 
This trend is evident in Table 4, where the average CV for 
the effective diffusion coefficients at 7, 28, and 56  days, 
was 4.2%, 7.9%, and 8.7%, respectively. The CV value 
increased with hydration age. Nevertheless, no simple 
relationship can be established between the discrete-
ness of Deff obtained at different PPs and w/s ratios when 
hydration age was the same, as shown in Table 4.

Figure  26 shows the evolution of Deff values obtained 
from Case II with different w/s ratios. In Case II, the C3S 
content was kept constant across simulations by adding 
extra C3S voxels to the RVEs. Therefore, the w/s ratio 
for RVEs would slightly decrease as PP value increased. 
In Fig.  26, the effective diffusion coefficients exhibited 
an increase with the rise in the w/s ratio when PP and 
hydration age were kept constant. The average CVs for 
the effective diffusion coefficients obtained at 3, 7, 28, 
and 56 days with different PPs is shown in Table 5. The 
CV values were 9.5%, 7.1%, 3.4%, and 2.9%, respectively. 
These results indicated that the discreteness of Deff for 
different PPs decreased as the hydration age increased in 
Case II.

At 3  days, the CV for effective diffusion coefficients 
decreased from 11.61% to 7.73% when the initial w/s 
ratio increased from 0.4 to 0.6. Similar trends were 
observed for the effective diffusion coefficients obtained 
at 7  days in Fig.  26b. However, the CV for the effective 
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diffusion coefficients at 28 and 56  days did not exhibit 
a decreasing trend with an increase in the initial w/s 
ratio. These results suggested that the discreteness of 
effective diffusion coefficients for different PPs decreased 
as the w/s ratio increased during the early ages of 
hydration (less than 28 days) when the C3S content was 
kept constant across simulations. However, no simple 
relationship was observed between w/s ratio and the 
discreteness of effective diffusion coefficients during the 
later ages of hydration (28 days or more).

Figure  27a–d show the evolution of Deff obtained 
from Case III with different w/s ratios. In Fig.  27, the 
Deff increased with the increase of w/s ratio regardless 
of hydration age and PPs. The CV for Deff obtained with 
different PPs at 3 days increased from 4.72 to 4.87% where 
w/s ratio increased from 0.4 to 0.5, as shown in Table 6. 
Similar results were also observed in the simulation when 
hydration age was 7 days. The results indicated that the 
discreteness of Deff obtained at early ages of hydration 

(< 28 days) would increase as w/s ratio increased in Case 
III. However, the CV of Deff obtained at 28 and 56 days 
did not show a decreasing trend. The result indicated 
that there was no simple relationship between the 
discreteness of effective diffusion coefficients and w/s 
ratios at late ages of hydration in Case III.

5 � Conclusions
This study analyzed the effects of PIPs on the ionic diffu-
sivity of hydrated C3S paste through hydration-diffusion 
simulations. The major conclusions can be summarized 
as follows:

(1) A hydration-diffusion method considering 
the effects of PIPs was proposed to estimate the 
ionic diffusivity of hydrated C3S paste. In this 
method, the algorithm of original CEMHYD3D 
model was upgraded to incorporate the effects of 
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PIP size distributions and PP. Then, the modified 
CEMHYD3D model was combined with the FEM 
model to simulate the steady-state ionic diffusion. 
The proposed method was validated using data from 
electro-migration experiments.
(2) The effect of PIP size distribution was 
dependent on the water content, C3S content, and 
w/s ratio in the hydration systems. The hydration 
system with a wider PIP size distribution would 
obtain a higher ionic diffusivity compared with a 
narrower one when the water content in the RVEs 
was kept constant. In this case, the difference in 
effective diffusion coefficient between wide and 
narrow PIP size distributions decreased as the 
hydration age increased. In Case II, the standard 
deviation for ΔDeff at 3, 7, 28, and 56  days was 
determined as 12.5 × 10–5, 6.16 × 10–5, 7.80 × 10–5, 
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Fig. 25  Effective diffusion coefficient obtained from Case I with different w/s ratios: (a) 3 days; (b) 7 days; (c) 28 days; (d) 56 days

Table 4  The value of CV for Deff obtained from Case I

Hydration age 
(days)

Initial w/s ratio CV (%) Average 
CV (%)

3 0.4 1.42 0.8

0.5 0.70

0.6 0.37

7 0.4 5.70 4.2

0.5 4.15

0.6 2.89

28 0.4 6.92 7.9

0.5 9.49

0.6 7.28

56 0.4 6.89 8.7

0.5 11.02

0.6 8.19
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and 6.83 × 10–5, respectively. Therefore, for 
hydration systems with a fixed C3S content, at early 
ages, the difference in ionic diffusivity induced by 
PIP size distribution exhibited a decreasing trend 
as hydration age increased. At later ages, this 
difference did not exhibit a significant decrease. 
The findings of Case II are also valid for Case III.
(3) The effect of PP on the ionic diffusivity in C3S 
paste was dependent on water content, C3S content, 
w/s ratio, and hydration age. For hydration systems 
with a fixed water content, an increase in PP would 
lead to an increase in the effective diffusion coeffi-
cient. In Case II, the Deff at 3 days with a PP of 10% 
was 28% lower than that with a PP of 0% at the same 
hydration age. These results indicate that, at early 
ages, for hydration systems with a fixed C3S content, 
higher PP leads to lower ionic diffusivity compared to 
lower PP. This conclusion also holds for Case III.
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Fig. 26  Effective diffusion coefficients obtained from Case II with different w/s ratios: (a) 3 days; (b) 7 days; (c) 28 days; (d) 56 days

Table 5  The value of CV for effective diffusion coefficients 
obtained from Case II

Hydration age 
(days)

Initial w/s ratio CV (%) Average 
CV (%)

3 0.4 11.61 9.5

0.5 9.28

0.6 7.73

7 0.4 8.61 7.1

0.5 6.90

0.6 5.71

28 0.4 2.71 3.4

0.5 4.53

0.6 2.96

56 0.4 1.94 2.9

0.5 4.18

0.6 2.54
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(4) The low CVs observed for Deff at 3  days (1.42%, 
0.7%, and 0.37% for w/s ratios of 0.4, 0.5, and 0.6, 
respectively) demonstrate that, for the conditions 
in Case I, the initial w/s ratio has a negligible effect 

on the effective diffusion coefficient during early 
hydration, independent of the PP values. However, 
this influence would increase at later ages. There was 
no simple relationship between the discreteness of 
effective diffusion coefficients and w/s ratios at later 
ages of hydration.

6 � Limitations of this Study
The macroscopic voids within the C3S paste were not 
considered in the simulation due to the constrained 
RVE size. In the future work, the influence of these 
voids would be investigated through more computa-
tionally efficient simulation techniques, such as a mul-
tiscale modeling approach. The second limitation of the 
present study was that the PP and IPSD employed in 
the simulation were approximate values.
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