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The numerical prediction of effective diffusivity in hardened cement paste has been a hot point in the
past few decades. However, the shape of cement powder is normally over-simplified as sphere in most
models, which may influence the accuracy of prediction. To assess this effect of the shaped simplification
on the prediction of effective diffusivity in cement paste, a microstructure-based model considering
irregular-shaped cement powders that are close to the real one, and spherical cement powder respec-
tively, is presented to simulate the hydrating cement pastes between aggregates (interfacial transition
zone and bulk cement paste) and predict their effective diffusivities. The results indicate that the effect
of the shape of cement powder on the distributions of capillary pore and unhydrated cement is weak.
Furthermore, compared to the irregular-shaped cement powder, the diffusivity in cement paste simu-
lated using spherical cement powders is overestimated by 0–40%. It is ascribed to three discrepancies,
i.e., the shape of initial cement powder, the formation of capillary pore structure, and the morphology
of C-S-H. However, the predicting error using spherical cement powder is still acceptable by contrast
to the large difference of diffusivity in hardened cement paste with cement hydration, i.e., normally
two orders of magnitude difference between early and later curing ages.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The chemical degradation of concrete structure is ascribed to
the ingress of aggressive agents (e.g., water, harmful ions and
aggressive gases) into cementitious materials. As a result, transport
properties are normally regarded as indicators of durability esti-
mation of concrete. One of the most important transport properties
is diffusivity which is widely used for the service life prediction
models of reinforced concrete structure, e.g., Duracrete [1]. The
diffusivity in cementitious materials can be measured using the
natural diffusion test and the electrically accelerated test [2].
Unfortunately, due to the less penetration of cementitious materi-
als, it is far from being a trivial task to measure diffusivity in
cementitious materials besides the time-consuming and pro-
hibitive experimental procedure. To overcome these drawbacks,
the prediction of diffusivity in cementitious materials has been a
popular point in the past few decades. The models for predicting
diffusivity of cementitious materials are mainly classified into
three groups, i.e., empirical models, analytical or theoretical mod-
els, and numerical or computer-based models [2]. Compared to
empirical models and analytical models, numerical models hold
great advantages. For example, numerical models can hold the suf-
ficient accuracy as the volume fractions of dispersed components
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are very high or large contrast in constituent properties exists [3–
5], as well as be applied to the complex microstructures of cemen-
titious materials.

To predict the diffusivity in hardened cement paste, numerous
numerical methods based on various cement hydration models,
i.e., CEMHYD3D [6] and HYMOSTRUC3D [7], together with differ-
ent numerical solvers for the mass diffusion equation, i.e., finite
difference method (FDM), finite element method (FEM), lattice
Boltzmann method (LBM) and random walk method (RWM), were
proposed. Using the simulated cement paste obtained from CEM-
HYD3D, Garboczi and Bentz [8] developed FDM- and FEM-based
models to calculate the effective diffusivity of hardened cement
paste at various water-to-cement (w/c) ratios and degrees of
hydration (DOHs). They proposed a semi-empirical equation
related to the capillary porosity of cement paste

De

D0
¼ 0:001þ 0:07/c þ H /c � 0:18ð Þ � 1:8� ð/c � 0:18Þ2 ð1Þ

where /c is the capillary porosity, H is the Heavy-side step function,
H /c � 0:18ð Þ ¼ 0 for ð/c � 0:18Þ < 0, H /c � 0:18ð Þ ¼ 1 for
ð/c � 0:18Þ > 0 and 0.18 is defined as the percolation threshold of
the capillary pore space of cement paste. Afterwards, Kamali-
Bernard et al. [9] and Yang and Wang [10] respectively used FEM
and LBM to predict diffusivity in hardened cement pastes simulated
using CEMHYD3D. In terms of HYMOSTRUC3D platform, Zhang
et al. [11,12] estimated the diffusivity in virtual cement paste at
various w/c ratios, DOHs and degrees of water saturation using
FEM and LBM. Similarly, Ukrainczyk and Koenders [13] calculated
the diffusivity of cement paste using FDM. Alternatively, Liu et al.
[14] used RWM to record the relationship between displacement
and time steps of a large number of walkers in capillary pores
and calculated the diffusivity based on the Einstein–Smoluchowski
equation. The predicting accuracy of diffusivity in cement paste is
affected by the numerical solvers and the morphology of simulated
cement paste. Nevertheless, it was reported that as using the same
cement paste simulated by HYMOSTRUC3D, the predicting diffusiv-
ities are close to each other regardless of the numerical solvers, e.g.,
FEM and RWM [14]. As a result, the predictive accuracy of diffusiv-
ity mainly depends on the morpholohy of virtual microstructure of
cement paste.

In the models above cited, the initial cement powder shapes are
all approximated by sphere for simplicity to simulate microstruc-
ture of cement paste, though cement micrographs indicate cement
particles are irregular. Our previous publications [15,16] have
demonstrated that the cement powder shapes significantly affect
the hydration process and microstructural evolution of cement
paste using simulated irregular-shaped cement powders. This find-
ing has been also confirmed by Bullard and Garboczi [17] and Chen
et al. [18] using real-shaped and non-spherical regular cement.
Nevertheless, the effect of over-simplified cement powders on pre-
dicted properties of hardened cement paste has not been consid-
ered. In the hardened cement paste, the species diffuse through
pore space which is classified into capillary pore and gel pore in
calcium silicate hydrate (C-S-H). The contribution of dominate
pore to diffusion can be distinguished using capillary pore percola-
tion. Before capillary pore reaches percolation, capillary pore
serves as the main diffusive channel, by contrast, gel pore in C-S-
H forms the main diffusive pathway after capillary pore deperco-
lates [19]. The prediction of diffusivity in cement paste is depen-
dent on the capillary pore structure as well as the C-S-H
structure in simulated cement paste. The mentioned capillary pore
structure and the C-S-H structure are influenced by the initial
shape of cement powder. Therefore, the scope of this study is to
assess the effect of the simplification of initial shape of cement
powder on the prediction of effective diffusivity in hardened
cement paste.
To this end, a microstructure-based model considering
irregular-shaped cement powders that are close to the real one,
and spherical cement powder, is presented to simulate the hydrat-
ing cement pastes between aggregates (interfacial transition zone
and bulk cement paste) and predict their effective diffusivity. The
modelling results obtained using irregular-shaped cement pow-
ders are compared to that from spherical cement powders. As such,
this paper is organized as follows: in Section 2, the modelling pro-
cedure of cement paste between aggregates is presented. The
hydrating cement pastes are simulated using CEMHYD3D model
in which the shape of cement powder is close to the real one and
spherical one, respectively. After obtaining the hydrating cement
paste, in Section 3, a random walk method for the two-
component random-diffusive mixture is proposed to calculate
the effective diffusivity in cement paste. In Section 4, the outcomes
simulated using irregular-shaped and spherical cement powders
are presented and compared with each other. Herein, the diffusiv-
ities in cement pastes at three water-to-cement ratios, i.e., 0.30,
0.40 and 0.50, with various degrees of hydration, are predicted.
The reasons regarding the discrepancy of simulated diffusivity in
cement paste are discussed. Finally, the conclusions are presented
in Section 5.
2. Modelling hydration of cement paste between aggregates

It is well recognized that the hydration process of cement
pastes in mortar or concrete is different from that of neat cement
pastes due to the aggregate-induced wall effect. As mixed with
aggregate in size of millimetre- or centimetre-scale, the packing
of cement particles in size of micrometer-scale can be disrupted,
which leads to that small cement particles pack more easily in
the vicinity of aggregate surface compared to larger ones [20]. This
effect leading to disrupted packing is named wall effect which is
the reason for the formation of interfacial transition zone. As a
result, the cement pastes between aggregates are normally classi-
fied into bulk cement paste (BCP) and interfacial transition zone
(ITZ). To model the wall effect, numerous sophisticated numerical
cement hydration models are extended to simulate 3D microstruc-
tural development of cement pastes between aggregates. The wall
effect is modelled by applying non-periodic boundary conditions
on the surfaces of the representative volume element (RVE) or
inserting plant aggregate in the middle of REV. These models have
been performed in codes, e.g., HYMOSTRUC3D [21], SPACE [22,23]
and CEMHYD3D [24]. However, the shapes of cement particles in
these models are over-simply regarded as spheres. Although the
real shapes of reference cement obtained from X-ray CT were
employed to replace the spherical particles in specific hydration
model, e.g., CEMHYD3D [17], the shaped database for cement par-
ticles are still too limited and the real shapes are only suitable for
large particles due to the limitation of resolution for X-ray CT, e.g.,
0.95 lm/voxel. In addition, the effect of cement particle shapes on
the packing between aggregates and transport properties in
cement pastes has not been fully explored.

Recently, based on hydration rules of CEMHYD3D, a modified
version using simulated irregular-shaped cement powders is pro-
posed [15]. The irregular-shaped particle is reconstructed using
one pre-defined growth eigenvector which corresponds to one
fixed shaped particle. The hydration process and microstructural
development of neat cement paste are investigated using this mod-
ified hydration model. Consequently, we will model the
microstructural evolution of ITZ and BCP using this model together
with non-periodic boundary conditions. The cement pastes
between aggregates are simulated as follows. Based on the known
w/c ratio, the information of cement particles, e.g., quantity in each
size range, is calculated following the real particle size distribution.



808 C. Liu et al. / Construction and Building Materials 223 (2019) 806–816
Herein, the diameter of irregular-shaped particles is equal to the
equivalent diameter of spherical particles. The representative vol-
ume element (RVE) of cement pastes is selected to be 100 lm on
each size which is demonstrated to be representative. The resolu-
tion is 0.5 lm/voxel on which the particle shape can be well recon-
structed and the computational capacity is accepted for
CEMHYD3D model [15]. Accordingly, the particles are thrown into
the RVE from the largest one to the smallest one using the Monte
Carlo simulation. The cement particles cannot overlap with each
other. Fig. 1 shows a simplified structure of cement pastes between
aggregates. To model the effect of aggregates on cement hydration
non-periodic boundary conditions are employed in one certain
dimension, while periodic boundary conditions are performed on
the other two dimensions for eliminating finite size effects. In addi-
tion, for the ordinary mortars or concrete in which the aggregates
account for nearly 50–60% and 60–70% of total volume, 80% and
90% of the total volume of cement pastes on average for mortar
and concrete respectively lies in the vicinity of the aggregate sur-
face within 100 lm [25]. As such, this determined RVE with
100 lm on each side is also meaningful for modelling the forma-
tion of ITZ.

After obtaining the pre-hydrated cement pastes, these struc-
tures are incorporated into CEMHYD3D to simulate cement hydra-
tion and microstructural development. It should be noted that the
reason why we use CEMHYD3D is mainly due to its open-source
hydration rules in spite of its obvious drawbacks, e.g., resolution-
dependence [26]. The modelling procedure of hydration model
contains two steps. Firstly, the packing cement particles are
divided into four mineral clinkers (C3S, C2S, C3A and C4AF) based
on autocorrelation functions determined by scanning electron
microscopy images of the real cement powders. Afterwards, the
hydration rules are carried out on the discrete structure based on
the evolution of a cellular automaton. The basic chemical reactions
in hydration are controlled by the sequence of dissolution, diffu-
sion and precipitation with certain probabilities. During the evolu-
tion process, the continuous microstructural development can be
obtained. The real hydration time can be determined using a fitting
parameter related to the computational cycles. The detailed infor-
mation of these two steps can refer to Ref. [27,28].

To understand the effect of morphology of cement powders on
the structural formation and diffusive properties of BPC and ITZ
respectively, the cement paste matrix is artificially separated. From
the previous experiments of 2D imaging techniques combined
with imaging processing, the observed outcomes demonstrated
that the phase distribution shows a gradient in cement pastes
between aggregates away from the aggregate surface [20,29,30].
The phase contents, e.g., capillary porosity and unhydrated cement
particles, change dramatically in the vicinity of the aggregate sur-
face, then tend to stable when reaching to the BCP. As such, the
phase contents of each slice away from the aggregate surface in
simulated cement pastes can be calculated. According to the char-
Fig. 1. Simplified structure of cement paste between aggregates.
acteristics of high content of capillary pores and low content of
unhydrated cement particles in ITZ, the same imaging analysis in
2D can be extended on the 3D microstructure to determine ITZ
structure as well as its thickness.

In this study, the information of a commercial Chinese cement
named P.I cement grinded by ball mill is employed as input param-
eters. The mineral phase compositions of this cement obtained
from backscattering electron image combined with the mapping
technique are 52.36% C3S, 29.75% C2S, 4.77% C3A and 13.12% C4AF
respectively. The other information of P.I cement powders as input
parameters of CEMHYD3D, e.g., autocorrelation functions of each
mineral clinker, can be found in Ref. [15]. In terms of shaped
descriptors of real cement powder, the average principle moment
ratio that can indicate the geometry of objective in 3D was
employed. Using X-ray computed tomography images with a reso-
lution of 0.5 lm/voxel, the average principle moment of inertia
ratio (maximum moment/minimum moment) is calculated to be
around 2.0 for the P.I cement powders with size between 4 lm
and 50 lm [31]. This value is similar to that of OPC CEM I 32.5R
[32]. In terms of the cement particle with the size of smaller than
4 lm, the shapes were also produced using the same growth eigen-
vector, while it may lead to various shapes that are far away from
the pre-defined one due to the limited constituent voxels. Never-
theless, the effect of small cement particles on microstructural for-
mation is not significant since they quickly react with water at the
early time. This simplification was commonly used in CEMHYD3D
model due to the limited resolution [33].

3. Determination of effective diffusivity

3.1. Random walk method

In this study, a RWM for the two-component random-diffusive
mixture is proposed to calculate the effective diffusivity in hard-
ened cement paste. RWM is an algorithm to simulate the diffusion
of non-sorbing species in porous materials, e.g., H2O and Cl�. For
the classical RWM in a three-dimensional space, a random walker
initially starts at the original diffusive position and moves towards
its neighbouring positions with a certain probability. Starting at
the original position 0, the displacement of a walker after N steps

is R
!

N ¼ PN
n¼1

D r!n, whereD r!n n ¼ 1;2; . . .Nf g is an independent vari-

able, R
!

N

n o
denotes a Markov chain, referring to a set of all posi-

tions in a random walk process. According to the Markov
assumption, the probability of finding a random walker at R after
N + 1 steps is

P R;N þ 1ð Þ ¼
Z

p r0ð ÞP R� r0;Nð Þdr0 ð2Þ

where pðr0Þ is the transition probability from state R(N) to R(N + 1).
As N ! 1, it has been shown that the limit distribution d R; tð Þ,
defined by d R;NDtð Þ ¼ PðR;NÞ, is satisfied with the diffusion
equation

@d
@t

¼ Dr2d ð3Þ

with the initial condition d R;0ð Þ ¼ d0ðRÞ. Herein, let the mean

square displacement of a walker be R2
N ¼ R

!
N � R!N and the travelling

time of the walker be tN after N steps. Eq. (3) can be written as

D ¼
R2
N

D E
2dtN

ð4Þ

which means that the mean square displacement of a walker is pro-
portional to time. The detailed derivation process can refer to Book
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[34]. Only considering capillary pores, the classical RWM has been
widely used to calculate the effective diffusivity in the cement paste
as one-phase-diffusive material [14,35,36]. However, the cement
paste studied is two-phase diffusive materials because species can
diffuse in capillary pore and C-S-H. Meanwhile, the diffusivities in
capillary pore (D0) and C-S-H (DC-S-H) hold great difference, nor-
mally by 2–4 orders of magnitude. Zhang et al. [11] compared the
water diffusivity through the capillary pore to that through the
microstructure of cement paste (including the porous C-S-H) using
FEM-based simulation in HYMOSTRUC3D. They demonstrated that
the diffusivity through the capillary pore is much lower than that
through the microstructure of cement paste, and the contribution
of C-S-H to diffusivity should be taken into consideration. As a
result, the one-phase-diffusive RWM is not suitable for the simula-
tion of diffusivity in hardened cement paste, which may underesti-
mate the diffusivity.

In order to overcome this drawback, a random walk method for
the two-component random-diffusive mixture is applied to the 3D
voxel-based hardened cement paste. The algorithm is as follows
and its flowchart is shown in Fig. 2. In a random walk simulation,
Fig. 2. Flowchart of random walk simu
the walker is randomly placed in a diffusive voxel, then tries to
move from this central voxel to one of the six possible neighbour-
ing voxels. Since there are two types of diffusive voxels in cement
paste, the movability of walker is dependent on the diffusivities of
central voxel and target voxel. If the central voxel is capillary pore,
the target voxel is likely to be non-diffusive phase, capillary pore
and C-S-H. As such, the walk probabilities of the walker from cap-
illary pore voxel to non-diffusive phase, capillary pore voxel and C-
S-H voxel are 0, 1.0 and pPC ¼ 2

1þ D0
DC�S�H

. For the non-diffusive target

voxel the walker still only stays at the central voxel without per-
forming the movement, by contrast for capillary pore target voxel,
the walker moves to this target. With respect to C-S-H target voxel,
the movement of walker is determined by the comparison between
the value of pPC and the random produced value between 0 and 1; if
the random value is smaller than pPC , the movement is performed,
otherwise the walker stays at the origin. For the situation that the
central voxel is C-S-H, the walk probabilities of walker from C-S-H
central voxel to non-diffusive phase voxel, capillary pore voxel and
C-S-H voxel are 0, pPC and pCC ¼ DC�S�H

D0
. If the target voxel is a
lation in hardened cement paste.
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non-diffusive phase, the walker will hold the original position.
Similar to the movement from capillary pore voxel to C-S-H voxel,
as checking the movement of walker from C-S-H towards capillary
pore or C-S-H, one random value produced between 0 and 1 is
compared to the value of pPC or pCC; if the random value is less than
the corresponding walking probability, the walker will move by
one step to the next diffusive voxel, otherwise the walker stays
at the original position. After attempting to move one step, the tra-
vel step increases by 1. After N travel steps (tN) with a given num-
ber of walkers (n), the mean square displacement R2

N can be
calculated using the following equation

R2
N

D E
¼ 1

n

Xn

i¼1

xi tNð Þ � xi 0ð Þð Þ2 þ yi tNð Þ � yi 0ð Þð Þ2 þ zi tNð Þ � z 0ð Þð Þ2
h i

ð5Þ
where xi tNð Þ yi tNð Þ and zi tNð Þ are the coordinate of walker i at travel
time tN after N steps, and xi(0), yi(0) and zi(0) are the starting posi-
tion of walker i. For a larger number of walk steps with sufficient

walkers, the curve of R2
N

D E
versus tN tends to be a straight line.

The relative diffusivity in hardened cement paste (D/D0) equals to
the product of the slope of curve and the volume fraction of diffu-
sive phases (Vd, capillary pore plus C-S-H), namely

D ¼ D0

R2
N

D E
tN

Vd ð6Þ

It should be noted that as time elapses, the walkers may go out
of the RVEs of cement-based materials due to the limited size of
cement paste on the scale of dozens of micrometers with the res-
olution of 0.5 lm/voxel. This out-leaching problem is undesirable
and inevitable. Fortunately, boundary conditions can be introduced
to avoid this out-leaching phenomenon. For individual ITZ and BCP
there is no periodic boundary condition in z-dimension as shown
in Fig. 1. If the periodic boundary conditions are applied on the
boundary of RVE, the previously connected pores in z-dimension
may be disconnected. This phenomenon is clearly shown in Fig. 3
(a). To overcome this drawback, another boundary condition, i.e.,
mirror boundary condition, was adopted in this study. As shown
in Fig. 3(b), the diffusive phase in cement paste without periodic
boundary conditions was still connected as the out-leaching phe-
nomenon occurred. In addition, the tortuosity of diffusive phase
Fig. 3. (a) Periodic boundary condition
in cement paste is equal to the initial one. The random walk simu-
lation for two-component random-diffusive mixture has been pro-
grammed using C language.

3.2. Determination of walk probability

As one of the most important input parameters, the walk prob-
ability between the central voxel phase and the target voxel phase
should be determined in advance. In the hardened cement paste,
the species in capillary pores and porous C-S-H are regarded to
be diffusive [10,37]. Although the diffusive properties in C-S-H
are much lower than that in capillary pore, it will be responsible
for the overall diffusivity in hardened cement paste as capillary
pore reaches depercolation with cement reaction. The depercola-
tion of capillary pore denotes that the capillary pore is discon-
nected when capillary porosity is smaller than a threshold value.
In order to quantify the value of diffusivity in C-S-H, numerous
researchers have made great contributions to this question. Based
on the experimental conductivities in hardened cement pastes, the
average relative diffusivity in C-S-H is deduced to be 1/400 diffu-
sivity in capillary pores (D0) reported by Garboczi and Bentz [38],
equal to 5.1 � 10�12 m2/s for the chloride ion using
D0 = 2.032 � 10�9 m2/s. According to the experimental data and
analytical model, Bejaoui and Bary [39,40] reported that tritiated
water diffusivity in low-density C-S-H is from 3.4 � 10�12 m2/s to
9.0 � 10�12 m2/s and that in high-density C-S-H is between
1.0 � 10�13 m2/s and 8.3 � 10�13 m2/s. Based on the resistivity test
on cement paste, Liu et al. [41] andMa et al. [42] both reported that
the diffusivity in C-S-H is around 1.60 � 10�11 m2/s by fitting the
experimental data. Recently, our publication [43] demonstrated
that the ion diffusivity in C-S-H is dramatically influenced by the
electrical double layer at the nano-scale and the estimated chloride
diffusivity in C-S-H with 0.24 to 0.36 porosity ranges from
2.0 � 10�13 m2/s to 8.3 � 10�12 m2/s on the condition of Zeta-
potential with + 10 mV and pore solution with 0.5 mol/L NaCl. In
general, the species diffusivity in C-S-H is various that is dependent
on the species attributes, e.g., electrical property and valence, and
diffusive environment, e.g., species concentration and Zeta-
potential. To simplify the simulation in this study, the average
chloride diffusivity in C-S-H is adopted because chloride is the
major factor of reinforced concrete degradation which is a major
concern of durability of reinforced concrete. According to the
s; (b) Mirror boundary conditions.
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above-mentioned publications, the chloride diffusivity in C-S-H is
approximate on the order of 10�12 m2/s. In this study, the average
diffusivity in C-S-H was set as 3.0 � 10�12 m2/s for all simulated
cases.

Accordingly, based on the above-mentioned equations, the walk
probability moving from the central voxel to the target voxel can
be calculated and the results are summarized in Table 1. It can
be seen that the walk probability between capillary pores is signif-
icantly higher than that between capillary pore and C-S-H, and
between C-S-Hs. It is attributed to the lower diffusivity in C-S-H.
4. Results and discussion

4.1. Segmented bulk cement paste and ITZ

Based on the reconstructed pre-hydrated cement pastes
between aggregates, the hydration rules are implemented on these
discrete microstructures. It should be noted that the volume frac-
tions of cement in the initial packing structures were kept same
for the spherical and irregular-shaped cement particles. Herein,
the reference w/c ratio of 0.40 as an example is investigated for
all cement pastes. The initial packing consisting of irregular-
shaped and spherical cement particles are provided in Fig. 4
(top). It can be found that the orientations of the cement particles
in the initial packing structure with irregular-shaped particles
show randomness, while the distribution of particles is not arbi-
trary. In the cement paste RVE, the larger particles are away from
the rigid boundaries and tend to be located in the middle area of
the RVE, which demonstrates the wall effect is well simulated.
Meanwhile, the reconstructed prolate cement particles seem to
Table 1
Walk probability moving from central voxel to target voxel.

No. Central voxel phase Target voxel phase Walk probability

1 Capillary pore Non-diffusive phase 0
2 Capillary pore Capillary pore 1
3 Capillary pore C-S-H 0.003
4 C-S-H Non-diffusive phase 0
5 C-S-H Capillary pore 0.003
6 C-S-H C-S-H 0.00148

D0 = 2.032 � 10�9 m2/s, DC-S-H = 3.0 � 10�12 m2/s.

Fig. 4. Initial packing and hydrated microstructures of cement particles consisting of ir
hydrations in hydrated cement pastes are both 0.8 corresponding to curing 28 days. (For
to the web version of this article.)
hold fewer probabilities to approach the aggregate surface by con-
trast to spherical cement due to their geometrical discrepancy.

As cement hydration proceeds, the cement particles continu-
ously dissolve and hydration products correspondingly produce.
The microstructures of hydrated cement pastes with the degree
of hydration of 0.8 (equal to curing 28 d) are shown in Fig. 4 (bot-
tom). Although the surface area of cement particles has a strong
effect on the hydration kinetics [17], for CEMHYD3D model, the
simulated hydration process for different shaped cement particles
related to the real time (t) can be adjusted by the following
equation

t ¼ bn2 ð7Þ

where b is the conversion factor and n is the computational cycle
[27,28]. To compare the effect of morphological difference on
microstructural development, we only use the degree of hydration
as the judgment criteria for all microstructures in this study regard-
less of the difference of surface area. From the two hydrated cement
pastes, in addition to the capillary pores and unhydrated cement
observed above, hydration products in cement pastes between
aggregates are also consistent with the experimental phenomenon
[20]. For example, calcium hydroxide (blue) tends to accumulate
near the aggregate surfaces within a small thickness by contrast
to other hydration products, e.g., C-S-H, is barren in this area.

To investigate the difference of diffusive properties between ITZ
and BCP, cement paste is artificially separated into these two parts.
Although some noticeable breakthroughs of the structure of ITZ
have been achieved, this area is not still fully understood and needs
to be investigated. For the transport property, it highly depends on
the capillary pore structures in hardened cement pastes [16]. Like-
wise, the distribution of cement particles also plays an important
role in pore structures in cement pastes. As a result, we attach
great importance on the distributions of capillary pores and unhy-
drated cement in cement pastes between aggregates for the sepa-
ration of ITZ and BCP, and comparison of different cement pastes,
which is similar to other modelling cases [24,44–48]. The statisti-
cal porosities in pre-hydrated and hydrated cement pastes away
from the aggregate surface are shown in Fig. 5(a). Herein, it should
be noted that ten parallel simulated samples are adopted in this
study. We can see that in spite of the local disorder in particle
packing, e.g., the area around 20 lm, the changing tendencies of
average capillary porosities with irregular-shaped and spherical
regular-shaped and spherical particles (purple – aggregate surface). The degree of
interpretation of the references to colour in this figure legend, the reader is referred



Fig. 5. Simulated and experimental porosity distributions (a) and unhydrated cement contents (b) in cement pastes between aggregates away from the aggregate surface.

Fig. 6. Separation of ITZ and BCP at 28 days.
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particles are similar. The observed results in this study agree well
with that from Xu et al. [49]. In their study, the outcomes demon-
strate that the changing tendencies of capillary porosities in pre-
hydrated cement pastes between aggregates are independent on
the shapes of cement particles when the shapes of cement particles
are simplified as ellipsoids. As cement hydration proceeds, the
porosities become decreasing and their difference in each sample
tends to stable within a small range. It means that with DOH
increasing, the effect of cement particle shapes on the distribution
of capillary porosity becomes weaker. Furthermore, it is interesting
to find that the simulated results both fit well with the experimen-
tal data from Ref. [20]. Correspondingly, the changing tendencies of
the content of unhydrated cement in cement pastes consisting of
irregular-shaped and spherical particles are shown in Fig. 5(b).
Similar to the observed outcomes of capillary porosities, the shapes
of cement particles also have a slight effect on the contents of
unhydrated cement away from the aggregate surface. In addition,
the results from the simulation are overall consistent with the
experimental data.

After obtaining the quantitative distribution of representative
phases, the ITZ structure with an exact thickness can be extracted.
Fig. 6 shows an example in which the cement paste can be divided
into two symmetrical sections. However, the determination of the
thickness of ITZ is far from being a trivial task because the struc-
ture and thickness of ITZ change with curing time, w/c ratio and
raw materials [29]. In addition, the criteria for separation is non-
uniform and even arbitrary [25]. To reduce the difficulty of mod-
elling procedures, most models adopt the ITZ with a constant
thickness without changing with curing time [24,44–48]. There-
fore, combined with the observed results from Fig. 5, the selected
thicknesses of ITZ and BCP are determined to be 20 lm and
30 lm respectively for the all simulated cement pastes.
4.2. Validation of RWM

After determining the microstructures of BCP and ITZ, the pro-
posed RWM is applied to them. Since RWM is a statistic approach,
the linear relationship between mean squared displacement of
walkers and travel steps is correct only under the conditions of a
large number of walkers and travel steps. As a result, the number
of walkers and travel steps used should be determined in advance.
Herein, two cement pastes simulated using spherical cement pow-
ders (DOH = 0.50 and 0.85 at a 0.40 w/c ratio) are employed as
examples. The average squared displacements versus travel steps
in BCP and ITZ are respectively investigated. The curves between
average squared displacement and number of walk steps (from 5
walkers to 500,000 walkers) are plotted in Fig. 7. In the cement
paste with a 0.50 DOH shown in Fig. 7(a), it can be seen that as
the number of walker reaches 5000, the curves tend to be linear
lines for BCP and ITZ. In addition, the slope of ITZ is greater than
that of BCP which is attributed to the higher capillary porosity in
ITZ compared to BCP. Similarly, in terms of the cement paste with
a 0.85 DOH shown in Fig. 7(b), as the number of walker reaches
50000, the average squared displacement increases linearly with



Fig. 7. Effect of the number of walk steps and walkers on the average squared displacement in hardened cement pastes (BCP and ITZ) at a 0.40 w/c ratio with 0.50 and 0.85
DOHs using spherical cement powders.

C. Liu et al. / Construction and Building Materials 223 (2019) 806–816 813
the travel steps. Additionally, compared to the cement paste with a
0.50 DOH, the mean squared displacement in the cement paste
with a 0.85 DOH is much lower. It is ascribed to the fact that the
cement paste with a lower DOH holds higher capillary porosity
which leads to larger walk probability of walker. According to
the modelling results from these two cases, as the number of
walker reaches 50000, the curve of mean squared displacement
versus the number of walk step shows a good linear relationship.
To determine the effect of the number of walk steps, the relation-
ship between the slope and the number of walk step is plotted in
Fig. 8. As can been seen, the cement paste with a 0.85 DOH needs
more walker steps to reach a stable slope, compared to that with a
0.50 DOH. Nevertheless, as the number of walk steps exceeds
30,000, the slopes all show stable values with sufficient walker,
i.e., 50,000. As a result, according to the modelling results from
these two cases, the number of walkers and travel steps are
selected as 50,000 and 500,000 in all simulation cases in this study.

4.3. Diffusivity prediction

The simulated average diffusivities in cement pastes at 0.30,
0.40 and 0.50 w/c ratios are shown in Fig. 9. Herein, twenty
sets of BCP and ITZ were used to decrease the statistic error. It is
Fig. 8. Effect of the number of walk steps and walkers on the slope of t
indicated in Fig. 9 that with DOH increasing, the diffusivities
decrease generally from 10�9 to 10�12 m2/s for BCPs and ITZs at
w/c ratios of 0.30, 0.40 and 0.50. This is ascribed to the fact that
the hydration products fill the capillary pore which leading to
the decreasing capillary porosity and the more tortuous capillary
pore structure. In addition, the diffusivity in ITZ is consistently
higher than that in BCP, which is due to the higher capillary poros-
ity in ITZ. In terms of the shaped discrepancy of cement powders,
the diffusivity in cement paste simulated using spherical cement
powder is slightly higher than that simulated using irregular-
shaped one. The contrast ratios of diffusivities between spherical
and irregular-shaped cement powders (Ds/Dr) holds 0–40%.
Although using the spherical cement powder is likely to overesti-
mate the diffusivity in cement paste, the error is still acceptable
compared to the large difference of diffusivity with cement hydra-
tion, i.e., normally two orders of magnitude difference.

The overestimated diffusivity for spherical cement powders can
be attributed to three discrepancies, i.e., initial packing of cement
powder, capillary pore structure, and C-S-H morphology. Firstly,
in the initial packing of cement powder shown in Fig. 9, the diffu-
sivity in cement paste simulated using spherical cement demon-
strates 5%-10% higher than that using irregular-shaped cement.
Since the irregular-shaped cement is more irregular than spherical
he average squared displacement versus the number of walk steps.



Fig. 9. Predicted diffusivity in hardened cement paste simulated by irregular-
shaped and spherical cement powders. (Dr and Ds denote the diffusivities simulated
using irregular-shaped and spherical cement powders).

Fig. 10. Diffusion tortuosity in cement paste at a 0.40 w/c ratio.
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cement, the diffusion tortuosity in pre-hydrated cement paste sim-
ulated using spherical cement is lower than that using irregular-
shaped cement. This finding is consistent with that from Abyaneh
et al. [50]. In their study, the diffusivity in the mortar was simu-
lated using several ellipsoidal sands and the conclusion shows that
for the well-curing mortars with same sand volume fraction, the
diffusivity in mortar increase with the increasing length-to-
diameter ratios.
Secondly, as cement hydration proceeds, the degree of overesti-
mation of diffusivity becomes more significant. As shown in Fig. 9,
in the cement pastes at w/c ratios of 0.30 and 0.40. The overesti-
mated diffusivities grow from 5–10% to 20–40% as DOH increasing
to 0.6 for 0.30 w/c ratio and 0.75 for 0.40 w/c ratio. And the degree
of overestimated diffusivity in cement paste at a 0.50 w/c ratio
consistently increases with the increasing DOH. This phenomenon
can be confirmed using the change of tortuosity and connectivity
of capillary pore in cement paste with DOH. Herein, the tortuosity
of the capillary pore can be also determined using RWM where the
walkers are randomly placed and only walk in the capillary pore

voxels [16]. Combined with the square displacement R2
N

D E
expressed in Eq. (5), the diffusion tortuosity of capillary pore (sD)
can be expressed as

sD ¼
R2
N

D E
tN

ð8Þ

Therefore, similar to the previous input parameters, the number
of walkers and travel steps are selected as 50,000 and 500,000 in all
simulation cases in this study. As an example, the diffusion tortu-
osity versus DOH in the cement pastes at a 0.4 w/c ratio is plotted
in Fig. 10. It is observed that the diffusion tortuosity in cement
paste simulated using irregular-shaped cement increase is slightly
higher than that using spherical cement, which leads to the lower
diffusivity for spherical cement with DOH. In Fig. 10, it can be
found that some values of diffusion tortuosity are absent, which
means the capillary pores are disconnected and the diffusive chan-
nel becomes dependent on the C-S-H path.

In terms of the connectivity of capillary pore, to quantitatively
link the predicting difference of diffusivity with the connectivity
of capillary pore, the connectivity of capillary pore in the hydrating
cement paste was determined using burning algorithm [51]. As a
representative example, the cement paste with a 0.4 w/c ratio
was selected because the capillary pore at this w/c ratio experi-
ences the depercolation, as shown in Fig. 10. The relationship
between the connectivity of capillary pore and Ds/Dr is indicated
in Fig. 11. It can be found that the depercolation of the capillary
pore in cement paste simulated using irregular-shaped cement
particles is prior to that simulated using spherical cement particles,
which is ascribed to the geometric effect of cement particles [17].
Meanwhile, the connectivity of capillary pore holds a large differ-
ence in the vicinity of the depercolation of capillary pore, i.e.,



Fig. 11. Relationship between connectivity of capillary pore and contrast ratio of
diffusivities simulated using spherical and irregular-shaped cement particles in
cement paste at a 0.40 w/c ratio.
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between 0.60 and 0.85 DOH. In terms of the relationship between
the connectivity of capillary pore and Ds/Dr, it is interesting to find
that the maximum Ds/Dr is located in this range of DOH.

Finally, as the cement hydration proceeds, more and more cap-
illary pores are disconnected. As capillary pores reach the deperco-
lation, the C-S-H paths become the diffusive channels. With
cement hydrating and hydration products forming, the initial
shape of cement particles become increasingly lost. This loss of
shape information is expected because hydration proceeds by sur-
face reactions (dissolution of unhydrated cement and growth of
hydration products). The morphology of C-S-H formed is depen-
dent on the shape of cement particles. For the high w/c ratios,
e.g., 0.4 and 0.5, since most cement particles have been consumed
at the later curing age, the effect of the initial shape of cement
powders on the morphology of C-S-H is weaker, which can be
demonstrated in Fig. 4. The unhydrated cement particles in
hydrated cement pastes at the later curing age both tend to be
spherical. There is no obvious difference in the microstructure of
hydrated cement pastes using irregular-shaped and spherical
cement powders at the later curing age. The similar microstruc-
tures of cement pastes simulated irregular-shaped and spherical
particles leads to the similar predicting diffusivities. As can be seen
in Fig. 9(b), the Ds/Dr ratios for BCP and ITZ both tend to be 1.0 at a
w/c ratio of 0.4 with a DOH of 0.85. However, for the loww/c ratios,
e.g., 0.3, the DOH of medium and larger cement particles is low.
The shape of medium and larger cement particles can be still dis-
tinguished. These unhydated cement particles lead to the morphol-
ogy of C-S-H with a similar shape to the unhydated cement
particles, which increases the predicting error of diffusivity for
the spherical particles. As can be seen in Fig. 10(a), Ds/Dr ratios at
a w/c ratio of 0.3 are still large even at the later curing age, e.g.,
1.22 for BCP and 1.40 for ITZ with a DOH of 0.60. Therefore, the
effect of the formation of C-S-H morphology becomes significant
with the w/c ratio decreasing.
5. Concluding remarks

In this study, a microstructure-based model is presented to sim-
ulate the hydrating cement pastes between aggregates and predict
their effective diffusivity. To assess the effect of initial shape of
cement powder shapes on the microstructural formation of simu-
lated cement paste and on the predicted effective diffusivity in
cement paste, two case studies are investigated, i.e., using spheri-
cal cement powder and irregular-shaped cement powder that is
close to the real cement powder. The results are indicated as
follows:

� The effect of the shape of cement powders on the distributions
of capillary pore and unhydrated cement is weak. Meanwhile,
the volume fractions of capillary pore and unhydrated cement
particles in simulated cement pastes between aggregates away
from aggregate surface agree well with the measured results.

� A random walk method for the two-component random-
diffusive mixture is proposed to apply to the 3D voxel-based
hardened cement paste. The predicting diffusivity is correct
only under the conditions of a large number of travel steps
and walkers. In this study, the number of walkers and travel
steps are set as 50,000 and 500,000, which are sufficient to
obtain the good linear relationship between the mean square
displacement and number of travel steps.

� Compared to the irregular-shaped cement powders that are
close to the real one, the diffusivity in cement paste simulated
using spherical cement powders is overestimated by 0–40%. It
is ascribed to three discrepancies, i.e., the shape of initial
cement powder, the formation of capillary pore structure, and
the formation of C-S-H structure.

� In the initial packing of cement powders, the diffusivity in
cement paste simulated using spherical cement demonstrates
5%-10% higher than that using irregular-shaped cement.

� The difference of capillary pore structure induced by the shaped
discrepancy of initial cement particles is divided into two
aspects, i.e., tortuosity and connectivity of capillary pore. The
capillary pore in cement paste simulated using spherical parti-
cles shows lower tortuosity and higher connectivity by contrast
to that simulated using irregular-shaped particles.

� The difference of C-S-H morphology induced by the shaped dis-
crepancy of initial cement particles is w/c ratio-dependent. This
effect becomes significant with the w/c ratio decreasing.
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