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Abstract

Cement powder shapes have a pivotal role in particle packing and microstructural development, while its effect on
capillary pore structure formation in three-dimension has not been fully understood. In this study, the modified
CEMHYD3D model building on previous work of irregular-shaped cement particles is firstly used to simulate the
evolution of capillary pore structures in cement pastes at various water-to-cement ratios. Pore networks at different
curing time and degree of hydration are extracted and visualized. Subsequently, some home-made programs for
determining three-dimensional pore structure characteristics including porosity, pore size distribution, pore
connectivity and pore tortuosity are carried out on these simulated pore network extractions in hardened cement
pastes. The results indicate that shape-induced larger 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. It can also be concluded that the pore-to-solid ratio is still the

most pronounced influence factor for pore structure parameters in hardened cement pastes.
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1. 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[1, 2]. 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 multiscale
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
[3, 4]. 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 [5]. Compared
to small and tortuous gel pores, changeable capillary pore structure plays a decisive role in transport properties in
cement-based materials [6]. 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 [7]. 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 [8-10]. Although numerous studies concentrated on the effects of
fineness (surface area) [8, 9] and chemo-activity [10] 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 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.
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Before performing analysis on pore structure in hardened cement pastes using numerical simulation, the primary
conundrums are to determine shaped attributes of cement particles and achieve corresponding 3D hardened cement
pastes. In recent years, the sophisticated X-ray computed tomograph (X-CT) using synchrotron sources for 3D
imaging with high resolution of around 1.0 um/voxel has been employed to capture shapes of cement particles
combined with spherical harmonic functions [11, 12]. The reconstructed cement particles are then successfully
coupled into discrete-based hydration model to simulate hydration process of this real cement [13, 14]. However, the
resolution of 1.0 um/voxel is still too limited for the majority of cement particle sizes, which can well reconstruct
large particles with size of over 20 um [12]. To overcome the limitation of resolution, a locally destructive technique
named focused ion beam-tomograph (FIB-t) technique with even resolution of 15 nm/voxel has been used to
determine shapes of cement particles of below 10 um [15]. The 3D cement particles are reconstructed using stacks
of successive images acquired from depth profiles in FIB-t based on electron microscopy imaging and nanoscale
serial sectioning provided by focused ion beam. However, as the precision of spacing between the images is difficult
to control in FIB-t, it is virtually impossible to reconstruct voxel-based 3D real cement particles, which will decrease
accuracy of shaped reconstruction later. Moreover, reconstructed particle library from either X-CT or FIB-t is only

available for a specific reference cement due to the complex, time-consuming and prohibitive experiments.

Alternatively, modelling regular-shaped particles including spherical particles [16, 17], ellipsoidal particles [18] and
Platonic particles [19] are packed to represent fresh cement paste. Unfortunately, the over simplified regular-shaped
particles of modelling real irregular-shaped cement unavoidably ignore the effects of shaped discrepancy on
hydration in real hydrated microstructure. Furthermore, for the ellipsoidal and Platonic cement particles, the packing
properties of pre-hydration microstructure can be analysed, while dynamic information in hydrated microstructure is
not included. This is ascribed to that there is no approach in vector-based cement hydration model to extend spherical
particles to other shaped ones for simulating microstructural evolution, e.g., HYMOSTRUC3D [16] and pic [17]. As
such, it becomes more and more important to building cement hydration model based on irregular-shaped particles
before investigating corresponding pore structures. Recently, our study [20] has reconstructed irregular-shaped
cement particles library using central growth method on the basis of cellular automaton; these irregular-shaped
particles are subsequently incorporated into discrete-based cement hydration model to investigate shaped effects on
cement hydration process. The numerical simulation demonstrated that particle shapes have great influences on

cement hydration: particle shaped discrepancy can not only affect cement hydration kinetics but determine setting

3



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

behaviour of cement pastes. Therefore, this strong effect of cement particle shapes on hydration process leads us to

consider whether cement powder shape has influence on capillary pore structure 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 CEMHY D3D 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 described in detail. 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.

2. Modelling of microstructural development

To directly analyse particle shaped effects on capillary pore structures, 3D microstructures of hydrating cement pastes
made up of various shaped cement particles should be simulated. Our previous work has successfully proposed a 3D
cement hydration model using irregular-shaped particles. This section will simply review its modelling principles

and introduce some modifications in the latest version.
2.1. Irregular-shaped particle library

Different irregular-shaped cement particles can be reconstructed using a discrete-based method named central growth
method. In the discrete-based method, all particles consist of a large number of fundamental voxels and their quality
of reconstructed shapes is in turn controlled by the number of voxels. The core in central growth method is the growth
eigenvector library which has direct relationship with particle shaped library. The relationship between one set of
growth eigenvector and one certain particle shape is one-to-one correspondence. One mature particle can be obtained
by voxel growth around one central voxel in a certain discrete growing space. In the growing space, the growth form
is manipulated by the growth eigenvector. The value magnitude in each set of shaped eigenvector (between 0 and

100) represents growing probability around the growing point in the corresponding direction.
4
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Fig. 1 illustrates a case of 2D evolution rules of central growth method in detail. In discrete growing space, the initial
growing point is selected to be its central pixel and a certain set of growing eigenvector is also determined in advance,
e.g., (9,78,29,61,14,60,25,67) in this case. Subsequently, if neighbouring pixels centred on the growth point are
vacant, vacant pixels around initial central pixel are activated, e.g., eight marked neighbouring pixels shown in Fig.
la. Accordingly, the values in eigenvector belonging to corresponding neighbouring pixels are compared to random
numbers generated using the Monte Carlo simulation in turn. If the value in growing eigenvector is larger than the
random number, the vacant pixel in according position turns to be a particle pixel. In this process, five vacant pixels
of eight neighbouring ones are transformed into particle pixels, as marked pixels with numbers in Fig. 1b.
Subsequently, these newly introduced particle pixels will become growing points in turn in the next iteration. In the
next iteration, the pixel marked 1 becomes the growth point and its neighbouring pixels are also activated, as shown
in Fig.1c. The corresponding values in growing eigenvector are then compared to randomly generated number
belonging to according vacant neighbouring pixels. In this procedure, two vacant neighbouring pixels are transformed
into particle pixels, shown in Fig. 1d. The above mentioned growing process is repeated, shown in Fig. 1e to Fig. 1h,
until the surface area is satisfied with default value. From a large number of attempts, the shapes of particles generated
using every set of default value have self-similarity with similar orientation under the condition of sufficient
consisting pixels. As such, the shaped descriptors, specific surface area and three dimensions of the equivalent inertia

ellipsoid, are employed to build shaped library for distinguishing different particle shapes.

In order to acquire particle with random orientation, the grown particle should be rotated by a random angle. Fig. 2
presents a case of one particle revolving an angle of 30°. During the rotation process in Fig. 2b, the phenomenon of
“sieve holes” occurs unavoidably, which is pretty common in the discrete-based model [21]. The solution to this
deficiency presented in Fig. 2c is the application of Boolean operations for eliminating holes in the interior of this

particle. The above detailed information can refer to our recently published work [20].

Although the previous model can reconstruct different irregular-shaped particles, some defects still coexist. The most
obvious defect is that some surficial pixels in grown particle may be isolated, as blue marked in Fig. 2h. In discrete
model, there are three kinds of relationships between adjacent voxels in 3D, namely face-to-face, edge-to-edge and

point-to-point neighbour model shown in Fig. 3. Normally, voxels in face-to-face neighbour model are regarded to

5
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be an integral part in the majority of cases [6, 22-24]. However, this work adopts the edge-to-edge neighbour model
as a growing unit for improving growing efficiency, which leads to the occurrence of isolated voxel in the particle
surface. Meanwhile, when implementing operation of eliminating “sieve holes”, the previous model ignores the
difference of constituent voxels between initial and terminal particles. This may results in particle volume instability.
In order to overcome these defects, a technique of rearrangement of surficial voxels is proposed. The modified
procedures are as follows. As the step of Boolean operations is carried out, these surficial voxels sharing edge or
point with bulk particle voxels are erased from this grown particle. Subsequently, the remaining voxels are added in
vacant space in the vicinity of particle surface until the volume difference disappears. The subsequence of location
of filled vacant voxel follows from large area vacant pixel to small one. For example, the vacant pixel sharing three
faces with particle surface in 2D (white marked in Fig. 1h) is firstly filled. After these modified procedures are

completed, a comparatively perfect irregular-shaped particle can be achieved.

(2) (b) () (d)

b :

(e) () () (h)

Fig. 1. Schematic of central growth method for generating irregular-shaped cement particles.
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Fig. 2. Flow chart of rotating process and eliminating “sieve holes”.
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Fig. 3. Configuration of relationships between adjacent voxels: (a) face-to-face neighbour model; (b) edge-to-edge neighbour model;

(c) point-to-point neighbour model

2.2. Simulated hydrated cement pastes

The pre-hydrated cement pastes consisting of four representative shaped cement particles are respectively
incorporated into CEMHYD3D model to simulate hydration process. Four representative shapes are named spherical,
flat, intermediate and elongated shapes with three dimension ratios of the equivalent inertia ellipsoid of
1.10:1.08:1.00, 1.43:1.21:1.00; 2.04:1.50:1.00 and 3.11:1.27:1.00 respectively, as shown in Fig. 4. Each shaped
cement particle makes up one packing pre-hydration microstructure for comparison of shaped effect on capillary pore
structure. In this study, the representative volume element (RVE) is chosen to be a cubic volume of 100 um on each
side with resolution of 0.5 um/voxel. This is attributed to that the simulated cement paste in the size of 100 um has
representation and irregular-shaped particles based on central growth method can well be reconstructed with high
volume stability in resolution of 0.5 um/voxel. The reconstructed irregular-shaped particles are packed into RVE
using periodic boundary conditions and following the sequence from the large particle to the small one. The input
parameters of cement including particle size distribution, mineral phase distribution and mineral phase content in

cement powder are in accordance with a Chinese Portland cement named P.l cement (similar to the ASTM Type |
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Portland cement). The mineral phase compositions of Type | cement obtained from BSE-EDS image are 52.36% CsS,
29.75% C,S, 4.77% CsA and 13.12% C4AF respectively. The specific surface area of this cement powders is 465.8
m?/kg obtained from laser particle size analyser. The detailed input parameters of Type | cement can refer to Ref.

[20].

Cement hydration processes of water-to-cement (w/c) ratios of 0.3, 0.4 and 0.5 are simulated and determined. A case
of pre-hydrated microstructures packed using spherical, flat-, intermediate- and elongated-shaped cement particles at
wi/c=0.4 is shown in Fig. 4. In CEMHYD3D model, modelling hydration is carried out via cycles of 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

t=pn’ €))

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. This is ascribed to the fact that the experimental hydration properties in the saturated condition is
employed to calibrate simulated ones previously, which can be related to the real hydration process. The curing

temperature is constant at 20 °C for all cement pastes, which is consistent with the experimental condition [20].

Noticeably, there are two assumptions for simulated microstructural evolution of cement pastes. In the early age for
cement pastes, the surface area of initial cement particles is the dominant factor to influence hydration process [25].
As such, the first assumption is that the simulated hydration process of pre-hydrated microstructure with same surface
area as real cement powders can show consistency with real cement hydration process. Herein, the simulated
hydration process of intermediate-shaped cement particles is utilized to fit experimental hydration process of Type |
cement. In the initial CEMHYD3D model using digitalized spheres as cement particles the value of conversion factor
[ is calibrated to be close to a constant in simulated cement pastes at different w/c ratios [26] or with different cement
fineness [27]. More importantly, the experimental validation of hydration preocess in simulated cement pastes is
impossible to be obtained for specific shaped particles. Therefore, 8 is subsequently supposed to be a constant value
for all simulations with different shaped particles. Although conversion factors f# in different microstructures

generated using different shaped cement particles are various as calibrated with the experiment data regardless of the
8
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shaped discrepancy (this case is also included in this study), surface area difference should be yet included for
comparison of the effects on hydration kinetics. Meanwhile, the meaning of conversion factor g in Eq. (1) has no
rational interpretation until now [13, 26]. As such, these assumptions are reasonable as considering the effect of
surface area of particles on cement hydration. As calibrated using measured hydration properties, the value of g is
0.000096 h/cycle? for all simulations. During continuous monitoring of cement hydration process, microstructures
consisting of different shaped particles are extracted at curing time of 0, 1, 7 and 28 days. On the other hand, to
eliminate effect of hydration kinetics, typical microstructures with same degree of hydrations of 0, 0.2, 0.4, 0.6 and
0.8 are also extracted. After obtaining simulated cement pastes, some home-made programs for quantitatively

determining pore structure parameters are performed on these microstructures, which will be discussed in Section 3.

Fig. 4. Schematic of pre-hydrated microstructures generated using (a) spherical, (b) flat-, (c) intermediate- and (d)

elongated-shaped cement particles at the wi/c ratio of 0.4.
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3. Modelling of capillary pore structure characteristics

As the obtained microstructures of cement pastes are comprised of discrete cubic elements, all home-made programs
of quantitatively determining pore structure parameters including porosity, pore size distribution, pore connectivity
and pore tortuosity are voxel-based. In discrete-based model, the resolution-related problem induced by the limitation
of experimental measurement or calculation ability is unavoidable and widely-investigated [28-31]. However, this
problem is out of the scope of this study. To validly compare the effect of cement particle shapes on capillary pore
structures, the same resolution (0.5 um/voxel) is employed for all simulated microstructures. In addition to the
resolution-induced limitation, the analysis procedure of pore texture for voxel-based microstructure strongly depends
on the selected adjacent neighbour model [31] shown in Fig. 3. Consequently, in accordance with the overwhelming
majority of studies of pore structure, face-to-face neighbour model is selected for all 3D discrete capillary pore

structures.

3.1. 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_Ve v

where V, and Vy, are pore volume and bulk volume of the cement paste respectively.

3.2. Pore size distribution

It has been proved that pore size distribution (PSD) correlates with the related properties in cement-based materials,
e.g., transport properties [32-34], while there are numerous PSD definitions based on different experimental
measurements and modelling methods. On the basis of different mathematical definitions PSD can be classified into
discrete PSD and continuous PSD [35]. This study aims at investigating particle shaped effects on pore structures in
cement pastes rather than focuses on comparison between different PSD definitions. Therefore, a discrete PSD named

3D voxel-erosion method alongside a home-made program is proposed to achieve PSDs in microstructures generated
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using different shaped particles [6]. In this method shown in Fig. 5, 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.

Due to local heterogeneity in the cubic shaped RVE [22], the modelling PSDs in different directions using this method
may exist local difference. The PSDs in different directions of unhydrated cement paste RVE with a w/c ratio of 0.4
are shown in Fig 6(a). It can be seen that the PSDs in different directions of RVE shows a weak difference. Meanwhile,
the difference of PSDs is greater as the spherical cement particle is replaced by an elongated-shaped one. In order to
overcome this drawback, an average PSD in three different directions of RVE can be used to evaluate the effect of
shapes of cement particle on PSD of cement pastes. Correspondingly, the average PSDs of unhydrated cement pastes
consisting of spherical and elongated-shaped cement particles are shown in Fig. 6(b). It can be found that the
difference of PSDs between different shaped cement particles is observed to be pronounced. Therefore, the overage

PSD in three direction of cubic RVE is employed to represent overall PSD in this study.
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Fig. 6. Anexample of pore size distributions in unhydrated cement pastes consisting of spherical and elongated-shaped cement

particles with a w/c ratio of 0.4. (a) PSDs in different directions of cubic RVE; (b) the average PSD.

3.3.  Pore connectivity

Capillary pore connectivity is one of the most important characteristics for pore structure in cement-based materials,
which directly controls transport properties. Through connected capillary pore network, harmful species can migrate
freely from external environment to the depth of cement-based materials. To quantitatively characterize capillary
pore depercolation process in microstructural evolution, the well-known “burning algorithm” [23, 24] combined with
face-to-face neighbor model shown in Fig. 7 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.
Based on face-to-face neighbor model, 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, mentioned in Section 2.2. 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
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process, all connected pore clusters can be detected, e.g., pores of labelled 1 and 2 in Fig. 7.

Some importance should be attached to the remaining pores classified into isolated pores and dead end pores shown
in Fig 7. In cement-based materials, transport properties, e.g., diffusivity, strongly depend on capillary pores and
porous C-S-H. For example, the average diffusion coefficient in porous C-S-H is much smaller than that in capillary
pores, normally with two to four orders of magnitude difference [6]. Due to great difference of diffusion properties
in capillary pores and C-S-H, the improvement of ion diffusion in isolated pores for overall diffusivity in cement
pastes should be slight. By contrast, dead end pores still play a crucial role in diffusion properties in cement pastes
in spite of with disconnected attributes. Although dead end pores cannot traverse cement paste matrix, they yet serve
as quick access for harmful ions from external environment. lons can easily diffuse into the depth of cement pastes.

However, investigation of shaped effects on dead end pore morphology is not included in this work.
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Fig. 7. Schematic illustration of pore types and burning algorithm.

3.4. Pore tortuosity

Among these capillary pore structure parameters, numerous studies [28, 36, 37] have attached great importance to
tortuosity in cement paste 3D microstructure for understanding aggressive species transport process in capillary pores.
In porous materials, the classic definition of tortuosity (zc) is given as a ratio of “effective average path”, <L>, of a

fluid (or an electric) particle to the corresponding straight and shortest distance, L, along the direction of macroscopic
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flux [38]. This tortuosity is defined as geometric tortuosity. In some literatures, to characterise the average tortuosity
in porous materials, diffusion tortuosity (zp) is introduced to be defined as the ratio the self-diffusion coefficient (Do)
of non-sorbing species in the free space to the long-time self-diffusion coefficient (D..) of these species in pore space

[38]. Nevertheless, these two concepts have the following relationship

<L, > D
Tg = Le :«fTD:,D_O (©)

where geometric tortuosity just takes into account the proper power of diffusion tortuosity [28]. In diffusion tortuosity,

the self-diffusion coefficient D in 3D space is defined using time derivatives of mean square displacement

D(t)=%% )

where t is time and <I(t)?> is mean square displacement of random walker.

To quantitatively determine pore tortuosity in hardened cement paste, numerical simulation should be implemented
on 3D microstructures. A range of voxel-based (or pixel-based) algorithms have been proposed to measure tortuosity
in porous material structures including medial axis [39], Dijkstra algorithm [40], A-star algorithm [41] and fast
marching method thin-line skeleton [42]. In this work, a 3D random walk simulation [28, 36, 37] 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 <| ? (t)> and <|Czp (t)> are mean square displacement in free space and porous media respectively. The mean

square displacement is satisfied with:

()= 1 2[5 (O-% @) ~(% (-3 (O)) ~(2(0)-2 (0)) ] ®

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

Normally, pore structure in cement paste is often anisotropic. Equation (6) can further break down to discuss the

tortuosity of anisotropic cement paste:

(¢ (1) =2 2 (x (1) =% (0))° ©
(Y (0) =33 (0= (0)) ®
(22(1) =33 (2 ()-2 () ©

Accordingly, the three dimensional tortuosity can be acquired by using each dimensional MSD to replace <I?(t)> in
Equation (6). The MSD of 50000 ants in the free space without solids is shown in Fig. 8. The fitted slopes of <x>>,
<y?>) and <z>> are all nearly 0.33 and that of <I>> is 1.00. This agrees well with the theoretically predicted results
combined with Equation (5) to (9), namely the three dimensional MSD is equal to 1/3 total MSD in free space. This

strongly demonstrates the modelling method is reasonable.

Because local heterogeneity of pore structure in hardened cement paste exists and the random walk simulation is a
statistics-based method [43], the obtained tortuosity in hardened cement paste is highly dependent on the ant quantity
and walk steps. To determine the reasonable values, different cases are carried on the capillary pore structure of
unhydrated cement pastes consisting of spherical particles with a w/c ratio of 0.4. Firstly, the mean square
displacements of different ant quantities against time of lattice walk are shown in Fig. 9. It can be found that as the
number of ant is smaller than 5000, the predicting mean square displacement dramatically fluctuates with time of

lattice walk increasing. However, the relationship between mean square displacement and time of lattice walk shows
16
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a strongly linear increase as the number of ant exceeds 5000, which means this number of ant is satisfied with the
modelling demand. To increase the modelling precision combined with the consideration of computational demand,
the quantity is selected to be 50000 for all cement paste microstructures in this study. After determining the ant
quantity, the time of lattice walk should also be determined. The slope of the curve of mean square displace against
time of lattice walk as function of time of lattice walk is shown in Fig. 10. It can be observed that as the number of
time of lattice step exceeds 100000, the slope is almost kept at a constant value with around 0.71. It means the
threshold of time of lattice walk is 100000. Similar to the rule to determine the ant quantity, the time of lattice walk
is selected to be 1000000 for all cement paste microstructures. All above mentioned programs are performed by a

single 64-bit PC (Intel(R) Core(TM) i7-6820HQ CPU @ 2.70 GHz, RAM memory 16 GB).
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Fig. 8. Schematic of mean square displacement against time of lattice walk in 3D free RVE.
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370 Fig. 10. Schematic of slope against time of lattice walk in unhydrated cement paste consisting of spherical particles with a w/c ratio of
371 0.4 using 50000 ants.
372

373 4. Results and discussion
374 4.1. Porosity

375  The evolution of capillary porosities in simulated hardened cement pastes consisting of different shaped cement

376  particles is illustrated in Fig. 11. In all cement pastes regardless of particle shapes and wi/c ratios, porosity evolutions
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show the similar changing tendency with time elapsing. In detail, porosities in cement pastes at the same wi/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 wi/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.
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Fig. 11. Porosity in simulated cement pastes consisting of different shaped cement particles.

4.2. 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, 7 and 28 d respectively. As shown in Fig. 12, 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. 13 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 wi/c ratio, the increasing w/c ratio can extend shaped effect on pore size in cement pastes, as shown
in Fig. 13(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 um 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
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particles with high surface area is beneficial to decreasing pore size in cement pastes, especially at a high w/c ratio.

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. 14 shows the effect of particle shapes on pore size distribution with
different degree of hydrations at wi/c ratios of 0.3, 0.4 and 0.5. As can be seen from Fig. 14(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 um which is much smaller than that consisting of spherical ones with around 8.0 um 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 [18]. 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 [13]. 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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4.3. Pore connectivity

Fig. 15 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 wic, 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 wic 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. 12 is shown in Fig. 16. Red
25



469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487
488

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. 17 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. 18. In Fig. 18,
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 wic 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 um/voxel [31]. 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.
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Fig. 15. Evolution of connectivity of capillary pore in simulated cement pastes against curing time.

26



489

490
491
492
493

494
495

496

Fig. 16. 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. @, means percolated capillary porosity.

Connectivity of capillary pore

1.0 7

- w/c=0.5
0.8 4

0.6 4

0.4 1

— Spherical
0.24 [~ — —Flat
----- Intermediate
—-—- Elongated :
0.0 . r : L
0.0 0.2 0.4 0.6 0.8 1.0

Degree of hydration

Fig. 17. Connectivity of capillary pore against degree of hydration.

27



497
498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

1.0 e

@ o
e wic=0.5
= 0.8
2 . . w/C
b= 0.9+
&
S 069" wie=0.5 \
S
) 0.7 ;
E} 0.6+ \
= 044
> “%7 e 05 w4 03 0z o
= — Spherical
g 0.2 - — — —Flat
O b Intermediate
Elongated |
!
0.0 L L] L T L —
0.7 0.6 0.5 0.4 0.3 0.2 0.1
Capillary porosity

Fig. 18. Connectivity of capillary pore against capillary porosity.

4.4. 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. 19. 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. 15, 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 [6, 44]. 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 [45]. 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 wic ratio, cement pastes with a higher wic ratio
shows lower pore tortuosity. Based on Eq. (5), Fig. 20 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 wi/c at the same curing age. It is also surprising
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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 20 (b). This demonstrates that cement hydration process plays a decisive role in decreasing transport

properties in cement pastes compared to cement particle packing.

Fig. 21 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. [46] 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 [46]. 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.
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5. Conclusions

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 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
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influence on the evolution of pore structures in cement pastes overall. Consequently, pore network is rather
similar for each cement particle shape, which indicating that the cement particle shape will have no significant

influence on the service life of reinforced concrete structures.
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