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ABSTRACT  

 
The pore structure plays a crucial role in durability performance of cement-based materials. However, the 
pore structure in cement pastes is highly dependent on the initial packing of cement particles and cement 
hydration process, which seems to be related to the shapes of cement particles. This paper proposed a 
numerical method to investigate the effect of cement particle shapes on capillary pore structures in cement 
pastes. In this study, irregular-shaped cement particles with various shapes are generated using a novel 
central growth model, and then incorporated into CEMHYD3D model to simulate Portland cement hydration. 
Some home-made programs of determining pore structure parameters including porosity, pore size 
distribution, connectivity and tortuosity are subsequently performed on the extracted three-dimensional 
network of capillary pore structure in cement pastes. The modelling results indicate that shape-induced large 
surface area in more non-equiaxed irregular-shaped cement particles can improve pore structure parameters 
in hardened cement pastes, but this effect will be slight in the later curing period and at a low water-to-
cement ratio. In addition, the less considered geometric difference plays a role in pore structure evolution 
especially for extremely non-equiaxed cement particle. However, the geometric attribute has a weak effect 
on pore structure parameters overall. The modelling results can provide a new insight into durability design in 
cement-based materials by means of manipulating cement particle shape in the future. 
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INTRODUCTION 
 
The network of pore structure of cement paste is 
crucial to mass transport properties in cement-based 
materials, which is usually considered as indicators 
to assess the durability and predict the service life of 
reinforced concrete structures (Liu et al., 2016). 
Different from traditional porous materials consisting 
of agglomerated particles, e.g., ceramics and 
metals, the topology of pore structure in cement-
based materials is much more complicated due to 
the multi-scale nature of microstructure and 
evolution of microstructure as a result of continuous 
hydration of cement. Pores in cement-based 
materials can be mainly classified into capillary 
pores and gel pores without a fixed critical threshold 
(Huang et al., 2015; Mindess et al., 2003). As 
cement hydration proceeds, pore space between 
cement particles is gradually filled by hydration 
products, which leads to a refinement of capillary 
pore structure. By contrast, the increasing C-S-H 
containing gel pores can result in the formation of 
gel pore structure with its comparatively stable 
intrinsic attribute of structure (Kuo et al., 2006). 
Compared to small and tortuous gel pores, 
changeable capillary pore structure plays a decisive 
role in transport properties in cement-based 
materials. Therefore, understanding the nature of 

capillary pore structure is of significance for 
investigating durability performance in cement-
based materials. 
 
It has been proved that pore structures in sintering 
porous materials, e.g., pore size distribution and 
pore tortuosity are strongly governed by 
performance of starting powders (Ishizaki et al., 
2013). Particle shape, which is an important fact to 
be considered in starting powder, strongly influences 
properties of porous materials. In terms of cement-
based materials, the evolution of capillary pore 
structure is highly dependent on cement hydration 
process and microstructural development. Many 
authors have focused on the experimental 
investigation of effects of raw material performance 
on pore structures in hardened cement pastes 
(Chindaprasirt et al., 2005; Chindaprasirt et al., 
2007; Tsivilis et al., 1999). Although numerous 
studies concentrated on the effects of fineness 
(surface area) and chemo-activity of raw materials, 
to the authors’ best knowledge, that of particle 
shapes on pore structures has not been yet fully 
explored. This is attributed to that there is no 
effective technique for manipulating shapes of 
cement particles during production process in 
cement industry until now. In addition, the properties 
of cement powder, e.g., specific surface area and 
particle shape, are interacted during grinding 
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process, which is impossible to isolate the effects of 
specific variables in experimental investigation. 
Fortunately, numerical simulation may provide an 
alternative way to investigate the particle shaped 
effects on capillary pore structures in hardened 
cement pastes. 
 
This study aims at understanding the detailed 
relationship between cement particle shapes and 
pore structures in hardened cement pastes based 
on previously proposed cement hydration model 
using irregular-shaped particles. Firstly, the 3D 
microstructures of cement pastes are simulated 
using CEMHYD3D model based on different 
irregular-shaped cement particles generated using 
central growth model. The mechanism of central 
growth model is simply reviewed and detailed 
simulated cases are described in this section. 
Subsequently, some numerical methods for 
determining 3D pore structure parameters including 
porosity, pore size distribution, pore connectivity and 
pore tortuosity along with home-made programs are 
detailed described. Finally, the obtained pore 
structure parameters in cement pastes consisting of 
different shaped cement particles are analysed and 
compared to each other at water-to-cement ratios of 
0.3, 0.4 and 0.5 with and without considering cement 
hydration kinetics. 
 
 

MODELLING AND SIMULATION 
 
Modelling of Microstructural Development 
 
Fig. 1. Shows a flow chart of the generation of 
microstructure of irregular-shaped cement using the 
proposed central growth model. The entire 
procedure can be divided into five steps. Step I and 
II are related to the generation of individual cement 
particles, while Step III to V are associated with 
random packing of these particles. 
 
Step I: Initially, a 3D discrete box with the same 
resolution as that of RVE is constructed and used as 
growing space, which should be large enough to 
accommodate single particle. Subsequently, the 
coordinates of the central point in this discrete 
growing space and a set of default eigenvectors for 
growing irregular-shaped particles are transferred 
into a list. The values (0-100) of the eigenvector in 
each square (or cube) represent the growing 
probabilities of the particle in the corresponding 
dimension. 
 
Step II: Firstly, the coordinates of the first node in the 
list (i.e., central point) are read and the 
corresponding pixel is turned into a blue particle 
pixel. Its eight neighbouring pixels highlighted in 
yellow colour are then activated and a set of eight 
probability values between 0 and 100 are generated 
for them sequentially based on a Monte Carlo 
simulation. The eight probability values are then 

compared with the corresponding characteristic 
values of the special irregular particles, respectively. 
If the pointed cell has a probability value smaller 
than its corresponding characteristic one, the cell 
would be turned into a part of the particle. There 
steps are repeated on the activated neighbouring 
pixels until the target area of this particle is 
achieved. 
 
Step III: Due to the similar orientation of particles 
produced by the same eigenvector, the grown 
cement particle needs to be rotated by a random 
angle α in the growing space to keep its random 
orientation in the RVE. 
 
Step IV: Boolean operations are used to eliminate 
“sieve holes” after rotations. 
 
Step V: Once the individual particle with a random 
orientation is reconstructed in the growing space, 
the next step is to throw this particle into RVE of 
cement mixes. Fig. 2 shows the packing structure of 
pre-hydrated cement pastes consisting of different 
shaped cement particles. 
 

 
Fig. 1. Flow chart for the generation of an irregular-
shaped particle and particle packing. 
 

 
Fig. 2. Schematic of pre-hydrated microstructures 
generated using (a) spherical, (b) flat-, (c) 
intermediate- and (d) elongated-shaped cement 
particles at the w/c ratio of 0.4. 
 
The pre-hydrated cement pastes consisting of four 
representative shaped cement particles are 
respectively incorporated into CEMHYD3D model 
(Bentz, 1995; Bentz, 1997) to simulate hydration 
process. Cement hydration processes of water-to-
cement (w/c) ratios of 0.3, 0.4 and 0.5 are simulated 
and determined. Four representative shapes are 
named spherical, flat, intermediate and elongated 
shapes, as shown in Fig. 2. In CEMHYD3D model, 
modelling hydration is carried out via cycles of 
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dissolution, diffusion and reaction according to 
known reaction equations of mineral phases. The 
relationship between computational cycle (n) and 
real time (t) is satisfied with equation of parabolic 
hydration kinetics 

2t n=       (1) 

In terms of curing conditions, saturated condition is 
simulated in which water content in capillary pores 
keeps saturated before capillary pores are totally 
disconnected. As capillary pores reach the totally 
disconnected state, the curing condition is 
automatically switched to the seal condition in which 
the consumed water by hydration is not replenished. 
The curing temperature is constant at 20 °C for all 
cement pastes. 
 
Modelling of parameters of pore structure 
 
Porosity 
In the 3D voxel-based microstructure, pore and solid 
phase can be labelled respectively and pore 
structure should also be extracted from the 
microstructure. The pore voxel can be determined by 
point-to-point scanning. Porosity (P) is obtained 
following the equation 

p

b

V
P

V
=       (2) 

where Vp and Vb are pore volume and bulk volume 
of the cement paste respectively. 
 
Pore size distribution 
A discrete PSD named 3D voxel-erosion method 
(Zhang et al., 2017) alongside a home-made 
program is proposed to achieve PSDs in 
microstructures generated using different shaped 
particles. In this method shown in Fig. 3, voxels in 
each 2D section are firstly labelled to be solid and 
capillary pore phase based on their occupancy. 
Subsequently, pore voxels sharing at least one face 
with a solid voxel are marked with number 1. In the 
next step, pore voxels sharing at least one face with 
the voxels labelled 1 are labelled 2. The same 
process is iterated until all pore voxels are marked 
with the number of steps required to erode them 
from the pore-solid boundaries. The maximum 
number of steps in each isolated pore in 2D is the 
radius of this pore in voxel-unit. This algorithm is 
successively employed on each 2D section. Finally, 
combined with the resolution in the digital structure, 
PSD can be determined. Although voxel-erosion 
method is one of many possible definitions of pore 
size and ignores the information regarding pore-
topology, e.g., connected and disconnected pores, it 
can quickly get relative results of PSDs in discrete 
cement paste microstructures. 

 
Fig. 3. Definition of pore size. Solid phase is black 
pixels and pores are grey pixels marked with 
numbers denoting the step number required to 
erode from the closest solid phase pixel. 
 
Pore connectivity 
To quantitatively characterize capillary pore 
depercolation process in microstructural evolution, 
the well-known “burning algorithm” (Bentz and 
Garboczi, 1991; Gao et al., 2013) is employed. In 
the voxel-based microstructure, the first pore voxel 
of surface slice in RVE chosen as burning point is 
burnt; the pore voxels contacting this burning point 
are accordingly burnt, by that analogy, until all 
connected pore voxels in this pore cluster containing 
the first burning point are burnt. If two pore voxels 
contact by face-to-face form in 3D, these two pore 
voxels are connected, while two pore voxels contact 
by other two forms, edge-to-edge and point-to-point 
form, these two are disconnected. If the pore voxels 
can be burnt from one surface to the opposite 
surface, this pore cluster is connected. In order to 
model cement hydration in infinite field, periodic 
boundary conditions are employed in this RVE. As a 
result, connectivity in boundary surfaces should also 
be considered. In this study, only pore clusters with 
connected pores in two surface slices are 
determined to be connected. Following this process, 
all connected pore clusters can be detected, e.g., 
pores of labelled 1 and 2 in Fig. 4. 
 

 
Fig. 4. Schematic illustration of pore types and 
burning algorithm. 
 
Pore tortuosity 
To quantitatively determine pore tortuosity in 
hardened cement pastes, numerical simulation 
should be implemented on 3D microstructures. In 
this work, a 3D random walk simulation (Dong et al., 
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2017; Promentilla et al., 2016; Promentilla et al., 
2009) of simulating self-diffusion behavior along with 
a home-made program is employed to compute 
tortuosity by the mean square displacement (MSD) 
of randomly walking “ants” in the percolating 
capillary pore voxels as a function of time. The 
programming mechanism is as follows: sufficient 
“ants” used to model diffusion specimen in pore 
structure migrate on the pore voxel selected 
randomly, as the start position of the lattice walk trial 
at integer time equals to 0. A trial move is performed 
with the space step of one voxel distance in one of 
the six possible directions. The ant then executes a 
random jump to one of the nearest pore voxels and 
the time of walk is incremented by one unit integer 
time after the jump. If the randomly chosen voxel is 
a non-pore phase, the ant will stay at previous 
location and the jump is not performed, while the 
time is still incremented by one unit. As time 
elapses, the ants will go out of the discrete RVE. 
This out-leaching phenomenon is undesirable and 
inevitable because of limited system size. As such, 
periodic boundary conditions on the 3D 
microstructures are employed to address this out-
leaching problem, which is in accordance with 
previous performance. After an abundant number of 
walking steps (t) of sufficient ants (n), the diffusion 
tortuosity can be determined by the following 
equation: 
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Where 
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respectively. The mean square displacement is 
satisfied with 

( )
( ) ( )( ) ( ) ( )( )

( ) ( )( )

2 2

2

2
1

0 01

0

n
i i i i

i
i i

x t x y t y
l t

n z t z=

 − − −
 =
 − − 


 (4) 

where xi(t), yi(t) and zi(t) are the coordinate of ant i at 
time t, and xi(0), yi(0) and zi(0) are the starting 
position of ant i. 
 

 
RESULTS AND DISCUSSION 
 
Porosity 
 
The evolution of capillary porosities in simulated 
hardened cement pastes consisting of different 
shaped cement particles is illustrated in Fig. 5. In all 
cement pastes regardless of particle shapes and w/c 
ratios, porosity evolutions show the similar changing 
tendency with time elapsing. In detail, porosities in 
cement pastes at the same w/c ratio decrease 
slightly in the early 10 h, then fall dramatically in the 
next 100 h, accounting for over 40% of initial 
porosities, finally reach a steady tendency after 100 
h. In terms of the effect of the shaped discrepancy, 
cement pastes with elongated-shaped particles 

show the greatest decreasing tendency especially 
between 10 h and 100 h compared to other ones. At 
w/c ratios of 0.4 and 0.5, cement pastes consisting 
of elongated- and intermediate-shaped particles 
contain less capillary pores compared to that of 
spherical and flat-shaped particles. It means that the 
more non-equiaxed cement particle is, the much 
greater decrease of porosity it will have. It can be 
attributed to surface area difference in essence 
where cement particle with less equiaxed has larger 
surface area. Cement particles with large surface 
area can dramatically improve hydration rate in the 
early curing period. 
 
However, the difference of porosity is disappeared in 
later curing period and at a low w/c ratio, e.g., 
cement pastes after curing time of 100 h at the w/c 
ratio of 0.3. This is ascribed to that water content at 
w/c=0.3 is not sufficient for cement to totally hydrate. 
Although cement consisting of spherical and flat-
shaped particles is with low hydration rate, its 
hydration potential is the same as that consisting of 
high surface area particles. When the hydration rate 
of cement with high surface area is decreasing even 
stopped in the later period, one with low surface 
area can still hydrate due to the remaining 
considerable water content. It should be noticed that 
cement pastes made up of spherical particles shows 
the similar changing curve of porosity as that made 
up of flat-shaped particles in spite of with different 
shapes. This is attributed to that simulated discrete 
spherical shape with many local small 
protuberances in this study is not the perfect 
digitalized sphericity, which increases surface area 
of spherical particle. This leads to slight surface area 
difference between pre-hydration microstructure 
consisting of spherical and flat-shaped cement 
particles. As such, hydration kinetics affected by 
surface area in these two cement pastes show great 
similarity. 
 

 
Fig. 5. Porosity in simulated cement pastes 
consisting of different shaped cement particles 
 
Pore Size Distribution 
 
The program of 3D voxel-erosion method is 
performed on the networks extracted from simulated 
cement pastes microstructures at curing time of 0, 1, 
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7 and 28 d respectively. As shown in Fig. 6, the 
representative pore network extractions consisting of 
spherical and elongated-shaped cement particles at 
the w/c ratio of 0.4 are visualized. It can be found 
that initial pore clusters become smaller and some 
pore voxels extend to the locations where solid 
phase voxels occupy previously as cement hydration 
proceeds. Fig. 7 shows the effect of particle shapes 
on pore size distributions in cement pastes with 
different curing time at w/c=0.3, 0.4 and 0.5. It can 
be found that with cement hydration from 0 d to 28 
d, pore sizes in cement pastes gradually decrease 
due to the fill of hydration products in capillary pores. 
Additionally, in accordance with the effect of particle 
shapes on porosity, the less equiaxed particles with 
higher surface area can lead to lower pore size in 
the hardened cement paste at early curing age, e.g., 
1 d, because of higher hydration rate. However, this 
shaped effect on pore size will be decreasing after 
curing time of 1 d. The reason is that the effect of 
higher surface area resulting from initial particle 
shape will gradually retard with cement hydration, 
especially for the particle of less shaped difference, 
e.g., flat- and intermediate-shaped particles. In 
respect to the effect of the w/c ratio, the increasing 
w/c ratio can extend shaped effect on pore size in 
cement pastes, as shown in Fig. 7(c). At curing age 
of 1 d, the middle pore size in cement paste 
consisting of elongated-shaped particles at w/c=0.5 
with around 7.5 μm is even only 0.5 time of that 
consisting of spherical particles. However, this 
difference of middle pore size is very slight for the 
same shaped cement pastes at w/c=0.3. 
Consequently, irregular-shaped particles with high 
surface area is beneficial to decreasing pore size in 
cement pastes, especially at a high w/c ratio. 
 

 
Fig. 6. 3D pore structures of hardened cement 
pastes at curing time of 0, 1, 7 and 28 d with the w/c 
ratio of 0.4.(a) spherical particles. (b) elongated-
shaped particles. Φ means capillary porosity. 
 
In the previous studies, apart from surface area, the 
less considered geometric discrepancy of irregular 
shaped particles also has influence on cement 
hydration process. As a result, in order to eliminate 
kinetics in cement hydration process, the program 
for determining pore size distribution is also carried 
out on the networks at degree of hydrations (DoHs) 
of 0, 0.2, 0.4, 0.6 and 0.8. Fig. 8 shows the effect of 
particle shapes on pore size distribution with 
different degree of hydrations at w/c ratios of 0.3, 0.4 

and 0.5. As can be seen from Fig. 8(a-c), particle 
shaped difference has great influence on pore size 
at early curing time for a high w/c ratio (0.5). For 
example, middle pore size in hardened cement 
pastes with the w/c ratio of 0.5 at DoH of 0.2 
consisting of elongated-shaped particles is almost 
2.0 μm which is much smaller than that consisting of 
spherical ones with around 8.0 μm at the same 
conditions. Nevertheless, this effect can be 
neglected for capillary pores in hardened cement 
pastes at high DoHs (0.6 and 0.8) for small w/c 
ratios (0.3 and 0.4). This can be ascribed to that 
non-equiaxed particles are beneficial to decreasing 
particle-to-particle spacing in packing system 
compared to equiaxed particles, e.g., spherical 
shape  (Xu and Chen, 2012). At the low DoH, the 
packing effect of initial non-equiaxed cement 
particles with local sharp surface regions are crucial 
to decreasing capillary pore size. However, the 
surficial shape of initial cement particle for non-
equiaxed particle is gradually ambiguous and tends 
to be more spherical with cement hydration (Bullard 
and Garboczi, 2006). In addition, the geometry of 
hydration products as filled solids of capillary pores 
shows great disorder and randomness in the 
simulated hardened cement pastes. The geometric 
effect of cement particles becomes more and more 
ignorable at the high DoH. As such, geometric effect 
of cement particles has effect on pore size in cement 
pastes in the early period, while this effect will be 
slight for cement pastes with low w/c ratios and high 
DoH. 
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Fig. 7. Pore size distributions in simulated cement 
pastes with different curing time at w/c ratios of (a) 
0.3 (b) 0.4 and (c) 0.5. 
 

 

 

 
Fig. 8. Pore size distributions in hardened cement 
pastes with different degree of hydrations (0, 0.2, 0.4 
0.6 and 0.8) at w/c ratios of (a) 0.3 (b) 0.4 and (c) 
0.5. 

 
Pore Connectivity 
 
Fig. 9 illustrates the continuous evolution of 
connectivity of capillary pore in cement pastes at w/c 
ratios of 0.3, 0.4 and 0.5 as time elapses. It can be 
seen that cement pastes at the w/cs of 0.3 and 0.4 
can reach depercolation of capillary pore, while that 
at the w/c of 0.5 cannot. Moreover, the time of 
reaching depercolation at various w/cs is 
dramatically different. For example, the time of 
reaching depercolation in cement pastes at w/c=0.3 
is several dozens of hours, by contrast, the 
depercolated time at w/c=0.4 is even a few hundreds 
of hours with one order of magnitude difference. In 
addition, from the tendency of curves of different 
shaped particles at the same w/c, the less equiaxed 
particles is positive to the connectivity of capillary 
pore. The time of reaching depercolation in cement 
pastes comprised of different shaped particles at the 
same w/c is various, but the difference of time is 
decreasing as w/c ratio decreases. For example, the 
time of depercolation in cement pastes made up of 
elongated-shaped particles at w/c=0.4 occurs at 
around 220 h, but this time occurs at 520 h for 
spherical particles, 300 h difference. However, this 
difference is retarded for w/c=0.3 with only 30 h. 
 
To vividly visualize the depercolated process of 
capillary pores, the case of extracted pore networks 
in cement pastes consisting of spherical and 
elongated-shaped particles in accordance with that 
in Fig. 6 is shown in Fig. 10. Red voxels and blue 
voxels are connected and disconnected pores. It can 
be intuitively found that elongated-shaped particles 
can accelerate depercolation of capillary pore 
compared to spherical particles. 
 
Fig. 11 shows the evolution of connectivity of 
capillary pores with DoH. It can be found that 
particle shapes have influence on the connectivity of 
capillary pores in hardened cement pastes. The less 
equiaxed cement particles are positive to 
depercolation of capillary pores, but this geometric 
effect of particle shapes is pretty slight. To directly 
correlate with capillary porosity, the evolution of 
connectivity of capillary pore is shown in Fig. 12. In 
Fig. 12, although the changing tendency of 
connectivity of capillary pore with porosity is different 
at low DoH due to the porosity difference and early 
local discrepancy of pore structure in 3D 
microstructure, the gradually same tendency will yet 
occur at a low porosity of around 0.25. Furthermore, 
the depercolated porosity of elongated-shaped 
particles at the same w/c is slightly superior to that 
of other shaped particles, which implies that the less 
equiaxed particles is beneficial to decreasing 
connectivity of capillary pores. In terms of 
depercolated capillary porosity, the values of all 
cement pastes are between 0.16 and 0.18 which are 
slightly smaller than inherent depercolation porosity 
of around 0.15 in CEMHYD3D model using 
digitalized spherical particles at resolution of 0.5 
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μm/voxel. These all demonstrates that geometric 
effect of cement particles plays a weak role in 
depercolation process of capillary pores in cement 
pastes, while pore-to-solid ratio (porosity) is still the 
most pronounced influence factor to determine 
depercolation process. 
 

 
Fig. 9. Evolution of connectivity of capillary pore in 
simulated cement pastes against curing time. 
 

 
Fig. 10. 3D percolated (red) and depercolated pore 
structures (blue) in hardened cement pastes 
consisting of (a) spherical and (b) elongated-shaped 
particles at curing time of 0, 1, 7 and 28 d. Φp 
means percolated capillary porosity. 
 

 
Fig. 11. Connectivity of capillary pore against degree 
of hydration. 
 

 
Fig. 12. Connectivity of capillary pore against 
capillary porosity. 
 
Pore Tortuosity 
 
In order to achieve diffusion tortuosity of pore 
network in cement pastes, the program of random 
walk algorithm is implemented on these pore 
structures at the same curing time and degree of 
hydration, respectively. Mean square displacements 
in pore structures at curing time of 0, 1, 7 and 28 d 
for different shaped particles against time of lattice 
walk are illustrated in Fig. 13. It can be seen that as 
cement hydration proceeds, the slope of curve of 
mean square displacement against time of lattice of 
walk is decreasing, which means pore structures are 
becoming more tortuous. In Fig. 9, it can be 
concluded that capillary pores in cement pastes at 
curing age of 7 d and 28 d for w/c=0.3 and at curing 
age of 28 d for w/c=0.4 are disconnected. Therefore, 
the diffusion tortuosity of capillary pores is infinite in 
the corresponding simulated cement paste, which 
means mass transport properties are manipulated 
by porous C-S-H in this state (Garboczi and Bentz, 
1992; Zhang et al., 2017). In addition, the difference 
of pore tortuosities in the initial packing 
microstructures is slight in spite of with the shaped 
discrepancy, which is in agreement with the finding 
that sand shaped effect has a weak influence on 
diffusivities in mortars consisting of various shaped 
aggregates  (Abyaneh et al., 2013). Nevertheless, 
the shape-induced difference of pore tortuosity 
becomes much larger with cement hydration. The 
cement pastes made up of less equiaxed particles 
have larger pore tortuosity. With respect to the w/c 
ratio, cement pastes with a higher w/c ratio shows 
lower pore tortuosity. Based on Eq. (3), Fig. 14 
illustrates the detailed values of pore tortuosity. It 
can be found that the cement pastes at a low w/c 
are more tortuous than that at a high w/c at the 
same curing age. It is also surprising to find that the 
values of pore tortuosity in the same microstructural 
process may even have two orders of magnitude 
difference, e.g., the microstructure at w/c=0.4 with 
values of tortuosity of around 1.5 at 0 d and around 
200 at 7d shown in Fig 14 (b). This demonstrates 
that cement hydration process plays a decisive role 
in decreasing transport properties in cement pastes 
compared to cement particle packing. 
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Fig. 15 shows the detailed values of pore tortuosity 
in 3D pore network at DoHs of 0, 0.2, 0.4, 0.6 and 
0.8 for different shaped particles. It can be found 
that only the cement pastes consisting of extremely 
less equiaxed particles, e.g., elongated-shaped 
particles, show considerable difference of pore 
tortuosity at the same DoH. However, shapes of 
cement powders in the real cement particles do not 
show extremely non-equiaxed attributes. Ref. 
(Holzer et al., 2010) demonstrates that the average 
normalized length-to-width ratio is only between 1.27 
and 1.46 for real cement particles. Herein, the length 
is defined as the largest-line surface point-to-surface 
point distance on the cement particle. The definition 
of width is satisfied with the largest-line surface 
point-to-surface point distance on the cement 
particle and the direction is perpendicular to the 
length as well. In terms of the numerical relationship 
between the normalized length-to-width ratio and 
principal moment of inertia of the particle used in this 
study, the square of normalized length-to-width ratio 
is approximately equal to the ratio of the maximum 
principal moment of inertia to the minimum principal 
moment of inertia (Holzer et al., 2010). After 
deduction, the average degree of irregularity of real 
cement particles is similar to the simulated 
intermediate-shaped particles with the average 
normalized length-to-width ratio of 1.41, but much 
smaller than elongated-shaped particles with the 
ratio of 2.08. Consequently, it can be concluded that 
particle shaped geometry of cement particles has 
slight effect on pore tortuosity in hardened cement 
pastes. 
 

 

 

 
Fig. 13. Mean square displacement against time of 
lattice walk at w/c=0.3 (a), 0.4 (b) and 0.5 (c). 
 

 
Fig. 14. Diffusion tortuosity in hardened cement 
pastes against curing time. 
 

 
Fig. 15. Diffusion tortuosity in hardened cement 
pastes against degree of hydration. 
 

 
CONCLUDING REMARKS 
 
In this paper, the effects of cement particle shapes 
on capillary pore structures in hardened cement 
pastes are investigated in detail, which is simulated 
using a discrete-based hydration model. Some 
algorithms along with home-made programs for 
determining 3D pore structure parameters including 
porosity, pore size distribution, pore connectivity and 
pore tortuosity, are carried out on the simulated 
cement pastes consisting of different particles with 
representative irregular shapes. Based on the 
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findings of this study, the following conclusions can 
be drawn: 
⚫ Cement particle shapes have considerable 

effects on pore structure parameters in cement 
pastes at the early curing age, while this effect 
will decrease as time elapses. Due to high area 
surface, the less equiaxed cement particles can 
contribute to cement hydration, which leads to 
corresponding hardened cement pastes with 
less porosity, smaller pore size, faster pore 
depercolation and more tortuosity in the early 
curing period, compared to equiaxed ones. 
Meanwhile, large water-to-cement ratio is 
beneficial to extending this effect resulting from 
surface area difference of cement particles to 
some degree. 

 
Besides the dramatic influence factor, surface area 
of cement particles, the less considered geometric 
attribute of irregular shaped particle also plays a 
slight role in pore structure parameters in cement 
pastes. The less equiaxed particle is positive to 
decreasing pore size, accelerating capillary pore 
depercolation process and increasing pore tortuosity. 
However, the geometric attribute of cement particles 
generally shows a weak influence on the evolution of 
pore structures in cement pastes overall. 
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