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Abstract:

Accurate prediction of transport properties in cementitious materials remains a challenge since it is

difficult to experimentally obtain the realistic three-dimensional (3D) pore network of cement paste.

In this study, the 3D pore network of cement paste is quantitatively characterized using Nano X-ray

microtomography coupled with the metal centrifugation porosimetry (MCP). First, the MCP

technique is carried out to impel the liquid metal into the pore network of cement paste. Subsequently,

the 3D pore network of cement paste with the intruded metal is reconstructed using high-resolution

X-ray microtomography. Finally, based on the X-ray microtomography images, the transport

properties of cement paste including ionic diffusivity and fluid permeability are simulated using a set

of lattice Boltzmann transport models. The results show that the metal alloy can significantly enhance

the contrast between the pore network and solid phase, and the realistic 3D pore network can be
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successfully reproduced. For cement paste with water-to-cement (w/c) ratios of 0.5 and 0.6, the
transport properties are dramatically increased with increasing w/c ratio. A similar increasing trend in
transport properties can be found for effective porosity of cement paste ranging from 27.56% to
36.11%.

Keywords: Cement paste; Transport properties; Pore structure; Metal centrifugation porosimetry;
Lattice Boltzmann method

1. Introduction

Concrete with porous attributes is normally in face of various durability issues that are directly
associated with the transport of species, e.g. ions, gas, and water, when exposed to its service
environment (Ghasemzadeh and Pour-Ghaz 2015; Jafari Azad et al. 2019; Liu et al. 2020; Yang et al.
2021). The aggressive species can penetrate the interior of concrete via its pore network and reacts
with its components, leading to material degradation and reduction in service life for concrete
structures. For example, the product expansion of cement hydration, the corrosion of steel-bar, and
the carbonization of concrete are highly related to liquid-water, chloride, and CO> transports,
respectively (Garbalinska et al. 2013; Li et al. 2017; Liu et al. 2016). Transport properties including
diffusivity and permeability are normally considered as the vital indicators for assessing the potential
durability and safety of concrete. Generally, lower transport rates indicate superior concrete durability.
As aresult, it is vital and necessary to investigate transport properties of concrete.

Concrete at the mesoscale is made up of porous cement paste matrix and non-porous aggregates.
Transport properties of concrete are highly dependent on the pore network of cement paste (Song et
al. 2019). As such, an accurate characterization of the pore network within cement paste is required
for a better understanding and estimating the transport properties of concrete (Qian et al. 2021).
Currently, the analysis of the pore network in cement paste mainly focuses on its pore features, e.g.
porosity, size, and distribution, which are usually obtained using conventional measurements, e.g.
mercury intrusion porosimetry (MIP), Brunaures-Emmitt-Teller adsorption (BET), scanning electron
microscope (SEM) (Attari et al. 2016; Kumar and Bhattacharjee 2003; Lapham and Lapham 2019).
Among these technologies, MIP is the most widely used approach because of its strengths of the
continuous dynamic-range of pore size characterization, easy operation and short testing duration (Li
et al. 2017). However, the MIP technology is still questionable due to the ink-bottle effect and certain
assumptions (Moro and B&hni 2002). For instance, the pore size is obtained using an assumption of

the equivalent circular pore, which enlarges the deviations of experimental data. Similarly, the BET
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technology is coupled with various simplified pore models to investigate pore structure of cement
paste (Lapham and Lapham 2019). The BET technology excels at the characterization of small pores
but requires a quite long testing period. To improve the accuracy of pore measurement, the SEM
technology is used to observe pores in nanometer but only in two-dimension (2D) (Attari et al. 2016).
These conventional methods enable us to acquire some pore parameters but cannot obtain the actual
3D pore network in cement paste.

To tackle the above-mentioned drawbacks, some 3D tomography techniques including X-ray
computed tomography (X-CT), focused ion beam/scanning electron microscopy (FIB/SEM), and
laser scanning confocal microscopy (LSCM) have been developed to characterise the pore structure
of cement paste in 3D. X-CT is employed to obtain the 3D pore structure based on the relative
attenuation coefficients of pore and solid phases within the materials (Zeng et al. 2019). However,
the current X-CT technology is usually used for the analysis of pores with large size (e.g. foam
concrete) due to the low attenuation difference between two phases (She et al. 2018). The insufficient
attenuation difference causes trouble in distinguishing the interface between the pore and solids. The
discriminations for the two phases are usually accompanied by subjectivity. To this end, the FIB/SEM
is applied for the characterisation of 3D pore network in cement paste. During the FIB/SEM operation,
FIB first provides a slice cutting with a constant thickness (a few nanometers thickness) on the
specimen surface, and then the freshly cut surface is sequentially recorded by SEM (Song et al. 2019).
Accordingly, the FIB/SEM image tomograms with equally spaced 2D images are produced, based on
which the 3D pore network can be re-constructed (De Winter et al. 2009). However, the FIB/SEM
technology is a destructive examination due to the automatic cutting and is quite time-consuming and
prohibitive. Lately, an emerging 3D imaging technology which couples LSCM to serial sectioning
was proposed to characterise the 3D pore network within porous materials at a submicron spatial
resolution (Yio et al. 2015). This method is associated with the stitching of sequential confocal
tomograms according to the phase correlation, leading to the large image volumes without resolution
loss. Successful analyses of pore structure using the LSCM technology require that the pore network
can be accurately segmented from the images. However, the segmentation of the pore network is still
extremely challenging due to the complex boundaries between pore and solid phases within cement
paste. Besides, the segmentation procedure is further complicated due to the heterogeneous brightness
possibly appearing along with the reconstruction depth of images. The limited contrast between pores

and solids within cementitious materials hinders the applications of X-CT, FIB/SEM, and LSCM
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techniques in the accurate characterisation of 3D pore structure of cementitious materials.

To improve the contrast for in-situ characterisation of 3D pore network, various contrast agents,
such as Wood’s metal (Kaufmann 2010; Willis et al. 1998), mercury (Klobes et al. 1997) and
polymethylmethacrylate (Hellmuth et al. 1999), have been recently employed in the characterisation
of pore network in porous materials. Wood’s metal combined with FIB is usually utilized in clay rock
for obtaining its 3D structure (Desbois et al. 2016). Mercury and polymethylmethacrylate combined
with X-CT are employed to explore the 3D pore network in crystalline rock (Hellmuth et al. 1999;
Klobes et al. 1997). However, the X-CT resolution usually used is not enough for micro pore-scale
study. Besides, the mercury has toxic effect on health and ease volatileness at room temperature and
thus its use in laboratory is a potential hazard. Although these contrast agents are widely used in the
rock fields, they have not been yet broadly used for characterising the 3D pore structure of
cementitious materials. It inspires us to develop the potential advantages of this technique to
investigate the 3D pore network in cement paste and gain new insights into pore features.

Transport properties (diffusivity and permeability) of cement paste are significantly associated
with its microstructure, which can be obtained using experimental measurements and numerical
simulations (Oslakovic et al. 2010; Patel et al. 2016). Generally, the experimental measurements can
be accomplished using natural or electrically accelerated methods (Patel et al. 2016). However, there
is a significant difference in the measured values of transport properties from different methods and
there is still no agreement on the standardized measurements (Tang and Sorensen 2001). Moreover,
the experimental measurements are usually time-consuming and expensive (Liu et al. 2020). It is still
a great challenge to accurately measure the transport properties of cement paste. In contrast to
experiments, numerical simulation shows more potential for conveniently obtaining the effective
transport properties of cement paste, where the influences of different factors can be considered.
Different numerical methods including finite difference method (Garboczi and Bentz 1992;
Ukrainczyk and Koenders 2014), finite element method (Garboczi and Bentz 1992), lattice Boltzmann
method (Zhang et al. 2012) and random walk method (Liu et al. 2019) have been used to simulate the
diffusivity and water permeability (Zhang et al. 2013; Banala and Kumar 2017) of virtual hydrating
Portland cement pastes generated by CEMHYD3D, HYMOSTRUC3D and pic models, respectively.
The simulation results of diffusivity and permeability both show good agreement with experimental
data. However, these simulations were carried out only based on virtual 3D pore-structure of cement

paste. The predictions using the actual 3D pore structure should be performed to provide a better
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understanding of the transport properties in cement paste.

This study aims to characterise the 3D pore network in cement paste, based on which the transport
properties in cement paste including ionic diffusivity and fluid permeability were simulated. To this
end, the metal alloy with a low-melting-point is selected as the proper contrast agent for improving
the pore resolution by a specific centrifuge device. The metal centrifugation porosimetry (MCP)
technology is carried out to impel the metal to intrude the pore network within cement paste. The 3D
pore structure of cement paste with the contrast agent is reconstructed using the high-resolution X-
ray microtomography. The pore structure characteristics including porosity, connectivity, and pore
size distribution were quantitatively investigated. Subsequently, the ionic diffusion and fluid
permeation through the obtained 3D pore network in cement paste with various water-to-cement (wW/c)
ratio were simulated using a set of lattice Boltzmann (LB) models for transport and then the ionic
diffusivity and fluid permeability were calculated. The simulation results were compared with
experimental data.

2. Materials and Methods

2.1. Raw materials

In this study, Portland cement (Chinese standard Graded P-II 52.5 type) is used, the density and
specific surface area of which are 3150 kg/m® and 369.60 m?/kg, respectively. Table 1 presents the
chemical composition of cement. The initial and final setting time of cement paste is 132 min and
187 min, respectively. The compressive strength and flexural strength of cement paste under standard

curing conditions for 28 d are 59.60 MPa and 9.20 MPa, respectively.

Table 1 Chemical composition of cement (wt.%).
Oxide SiO; AlOs3 Fe O3 CaO MgO SO; Na,O K,0O LOI
Content  21.35 4.67 3.31 62.60 3.08 2.25 0.11 0.65 0.95

2.2. Description-of-the-art: MCP method

The characterisation of the 3D pore network consists of three main parts including metal
centrifugation intrusion (Fig. 1(a)), X-ray microscopic observation (Fig. 1(b)), and 3D pore network
reconstruction (Fig. 1(c)), which were performed with the self-manufactured centrifuge device, the
CT scanner and the ImageJ software, respectively.

2.2.1. Property of the Metal

In the MCP operation, the metal is employed as the contrast agent, which is composed of a series of
elements, i.e. bismuth (B1, 43.7% wt.), lead (Pb, 20.6% wt.), tin (Sn, 8.6% wt.), chromium (Cr, 5.8%

wt.), indium (In, 20.1% wt.) and other microelements. The atomic numbers of the elements are higher
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than those contained in cement paste with main elements of silicon (Si), calcium (Ca), oxygen (O),
aluminium (Al). Correspondingly, the specific gravity of the metal is 9.4 g/cm?, which is also higher
than that of cement paste. Generally, the contrast agent with a higher density is conducive to acquire
a greater centrifuge force during the MCP operation, which is the key to successfully intrude the metal
into the pore space of cement paste. Besides, the metal has a low melting point of only 47 °C, which
can guarantee the liquid state of the metal during the intrusion progress. To decrease the energy cost
and avoid the decomposition of ettringite, temperature 65 °C was chosen in the experiment (slightly
higher than the melting point of the metal alloy used). In this study, the temperature was also set as
65 °C for obtaining the contact angle of the metal in contact with cement paste, which was executed
by High-Temperature Vacuum Contact Angle Tester (Qian et al. 2018). During the testing, the metal
and cement paste were first heated to reach temperature 65 °C in the heating system of the tester and
then their contact angle was recorded by the tester. The contact angle was measured to be 110130
which is close to the contact angle of mercury to paste (117 =140 (Kumar and Bhattacharjee 2003).
2.2.2. Intrusion Procedure of Metal Centrifugation

Cement paste specimens (w/c = 0.5, 0.6 and 1.0) were prepared to form cavity shape. The cavity
formation aims to hold the molten metal alloy using a specific device (Fig. 1(a)). First, a test tube was
utilized to store the fresh cement paste. Then, a specific plug, i.e. the bar-pipe plug, (Fig. 1(a), was
subsequently pressed down to produce the cavity. After the cement paste was hardened, the specific
plug was removed out carefully and the cement paste was then cured at a standard curing room (20 +
1 °C, 95% RH) for 28 d. Finally, the hardened cement paste specimens were terminated hydration
using ethyl alcohol to soaking the specimens for 3 d and then dried in an air oven at 65 °C temperature
until the constant mass.

After the cavity specimen was dried, the specimen was transmitted into the self-made thermal-
insulation centrifuge tube, where the metal alloy can be impelled into the pore space of the specimen
using a centrifuge machine. Detailed operating steps were described as follows. First, the metal and
the cavity specimen were severally heated (65 °C) until the metal became molten. Then, the molten
metal was poured into the cavity of the specimen and the specimen was tightly coated with hermetic
polystyrene for heat preservation. After that, the specimen was carefully placed in the centrifuge
machine for the subsequent centrifuge operation at 4000 r/min for 0.5 h. Finally, the specimen was
cooled at room temperature. Due to the density of the metal alloy (9.40 g/cm?®) higher than that of the

hardened cement paste, the former can acquire higher centrifuge force than the latter under the same
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conditions. Thus, the cavity shape of cement paste for holding the molten metal is the guarantee for

the successful intrusion of the molten metal into pore network.
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Fig. 1. Flow chart of the MCP method: (a) specimen preparation and metal intrusion; (b) CT images and (c)
re-constructed 3D pore network of cement paste with w/c ratio of 0.6.
2.2.3. Scanning electron microscope and CT scan
SEM combined with back scattered electron (BSE) was employed as an auxiliary technique to prove
that the pore space of the tested specimen was successfully intruded by the metal alloy. SEM-BSE
technology is usually used for obtaining the 2D pore structure. In this study, the 3D characterisation
of pore network was provided by the CT scan technique. The specimen size significantly determines
the voxel size of the images, which further affects the pore-size observed. Thus, the smaller size of
the sample can facilitate the acquisition of the finer pore within the sample and vice versa. As a result,
the cylindrical sample with a diameter of around 1 mm was drilled out of the cavity specimen for CT
testing in this study. All specimens were scanned using the CT scanner for 5 h under the same station.
The images with a pixel size of 1.0 um were exported for reconstructing the pore network in cement
paste.
2.2.4. 3D pore network reconstruction
After a series of alignment, cropping and filtering, the segmentation of image tomograms can be
achieved. This process can be accomplished using a software ImageJ with its built-in parameters.
First, the binarization of image tomograms should be pre-executed. After that, the grey value
threshold should be selected for distinguishing the metal alloy (pores) and the solid phases. The
threshold can be determined using an inflexion-point method at the cumulative curve of the grey

value histogram (Wong et al. 2006; Zhang et al. 2013). Then, the parameters of pore structure



including porosity, size, and distribution can be obtained for the specimens with w/c ratios of 0.5, 0.6
and 1.0.

2.2.5. Representative elementary volume

To simulate the transport properties, the cement paste executed in this study should be sufficiently
representative and thus the representative elementary volume (REV) needs to be determined first,
where the property fluctuations of specimens considered can be neglected (Rozenbaum and du
Roscoat 2014; Yio et al. 2017). As illustrated in Fig. 2, the change of REV size considered induces
the property fluctuations of pore network within specimen during observation, e.g. porosity (Pichler
etal. 2013; Yio et al. 2017). This is the so-called “microscopic effect”, where the property fluctuations
of interest should be considered. The fluctuations of pore characteristics can be precisely quantified
for identifying the pores affecting the transport properties in cement paste (Song et al. 2020). Similar
to previous studies, the REVs of cement paste were deliberately optimised by increasing the specimen
size (Kanit et al. 2003; Song et al. 2020; Yu et al. 2018). Yio et al. (2017) showed that most pore
characteristics of cement paste are independent of the specimen size beyond 60° um? (i.e. REV = 60°
um?). Besides, the REV was found to be 100° um? from the statistical analysis of porosity with a CoV
of 5% (Yio et al. 2017). In this study, a REV of 200° pm?® corresponding to 200 x 200 x 200 voxels

was obtained to have the representative meaning of cement paste in terms of macroscopic properties.
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Fig. 2. Determination of REV based on the change in porosity of cement paste against the specimen volume.
3. Lattice Boltzmann modelling of transport properties

Here, the LB models for ionic diffusion and fluid permeation are developed. LB method is derived
from the kinetic Boltzmann equation that handles the fluid as a polymer of artificial particles and
simulates the microscopic characteristics of fluid based on the inter-particle collisions. According to
the continuous Boltzmann equation, the fluid particles can move in all directions at the microscopic

level. LB method is used to approximately describe the continuous Boltzmann equation through two
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steps: the physical space of the specimen is discretized into a set of equally spaced lattice nodes, and
the velocity space of fluid is discretized into a finite set of microscopic velocity vectors (Zhang et al.
2013). LB method has been successfully employed to simulate fluid flow and ionic diffusion in porous
media and already achieved considerable success because of its easy implementations of boundary
conditions, complex geometry as well as multiple inter-particle interactions (Pan et al. 2006). The LB
modelling procedures are described in detail below.

3.1. Lattice Boltzmann method

For single-relaxation-time (SRT) collision operator, the particle distribution evolution satisfies with

the following discrete lattice Boltzmann equation:
filx+ et t +6t) — fi(x 1) = = [fi(x,t) — £ (x,0)] (1)
where f; and fieq represent the functions of particle distribution under non-equilibrium and

equilibrium conditions respectively at location X and time t, subscript i =0, 1, ... (b-1) denotes
the velocity direction where b is the number of the discrete lattice velocity direction, e; is the
discrete lattice velocity, &t is the lattice time step, and 7 is the non-dimensional relaxation time.
To acquire the high calculation accuracy, a cubic lattice model with 19 discrete velocity directions
(D3Q19) as indicated in Fig. 3(a) is normally used to simulate the transport phenomenon in 3D porous

media. The corresponding lattice velocity vector of the D3Q19 model can be expressed as:

01 -10 0 00 1 11 1 00 -1 -1-1 -1 O O
e=/0 0 01 -1 00 1 -10 0 11 1 -10 0 -1-1 (2)
o o0 o0 0 1-1 0 01 -1 1-1 O 01 -1 1-1

For pure diffusion, f°? can be calculated as:

%) = C(x 1) (3)
where C(x,t) represents the mass concentration and is equal to Y, f;(X,t).

As the discrete velocity directions decrease from D3Q19 to D3Q7, it can still provide an accurate
simulation result for the pure diffusion of cement paste (Jeong et al. 2008). To improve the efficiency
of computation and decrease the computational cost, the D3Q7 model instead of D3Q19 is employed
as the cubic lattice model in this study, as depicted in Fig. 3(b). The discrete lattice velocity for the

D3Q7 model can be expressed as:

e=/0 0 0 1 -1 0 O 4)



For the D3Q7 model, the T value for pure diffusion in lattice units (D) depends on the diffusivity:

D= 2(‘[—%) v26t (5)

7
where v denotes the diffusion speed in the lattice model that is equal to dx/&t where &x is the

lattice space. Generally, v can be selected at any value between 0.5 and 2 (Wang et al. 2007).

Regarding permeation, f°? can be described as:

2
utde; . (u®le;)? ¢
2
S

4 2
2c4 2¢2

A1) = wip(x, ) [1+ + (6)

where p(x,t) and u(x,t) represent the macroscopic density and velocity, respectively, u¢? is the

C

equilibrium velocity, ¢y is the sound lattice speed that equal to %, @; denotes the weight factor
which is associated with the iy direction as described by:
(= i=0
! 3
1.
Wi =3 = 1,2,..,6 (7)
Li i=78,..18
36
p(x,t) and u(x,t) can be further expressed as:
plx,t) =X, filx, t) ®)
p(x,Hulx,t) =YV fix, t)e; 9)

where p(x,t)u(x,t) is the momenta of fluid elements.

In this study, the applied boundary conditions for LB modelling of transport properties include
the inlet/out boundary condition at inlet and outlet of the computational domain (x-direction in this
study), periodic boundary conditions for the other four boundaries (y- and z-direction), and half-way
bounce-back condition at the interface of transport and non-transport phases inside the domain. The
implementation of boundary conditions follows a similar procedure to that reported in the literature
(He et al. 1997).

Each step of LB simulation consists of a collision step and a streaming step, which are

demonstrated in Eqgs. (10) and (11), respectively:
= 1
fi(X,t) _fl'(xt t) = _;[fl(xﬂt) _EQQ(X’t)] (10)
fi(x +e;8t, t + 8t) = f;(x,t) (11)
where f; and f; represent the pre-collision and post-collision states of the particle distribution,

respectively.
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Fig. 3. Cubic lattice model: (a) D3Q19 and (b) D3Q?7.
3.2. Determination of transport properties
To achieve the steady state, the criterion is defined as the convergence of the average ionic
concentration for diffusion and fluid velocity for permeation at three consecutive time steps less than

10°® within the whole domain. The physical diffusivity of a porous medium (D,) can be described as:

(12)

De De

Dy Dy

_ 7
Jo
where D, and D, denote the physical and lattice diffusivities in the pore, respectively, D, and D,
are the physical and lattice diffusivities of the porous medium, respectively, J is the diffusive flux

via the porous medium, which can be calculated using Eq. (13), and J, is diffusive flux across a

water-saturated pore space with the same size as the porous medium.

7-0.5

J=ZYiefi— (13)
The permeability of a porous medium can be obtained according to Darcy’s law by:

Rl gl 3 SN (i), ) (14

- ENxNyNZSx?'
where K is the lattice (or dimensionless) permeability of the porous medium, ¢ is the kinematic
viscosity of the fluid as { = c¢2(7 — 0.5), Ap is the density difference of fluid between the inlet and
outlet, Ny, N,, and N, are the total number of nodes along x-, y- and z-direction, (uy) is the
average velocity of the fluid along x-direction. The dimensionless permeability can be converted into
physical permeability (k) using Eq. (15).

k = KR3 (15)
where R, is the spatial resolution of the medium. In this study, the spatial resolution in the
microstructure of cement paste is 1 um/voxel, i.e. Ry = 107® m.

4. Results and discussion

4.1. Image analysis
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4.1.1. 2D pore network

To ensure that the pore space in cement paste is successfully intruded during the MCP operation, the
specimens were scanned using SEM-BSE and subsequently CT. As the successful intrusion of the
metal occurs, the pores within cement paste can be highlighted as the metal elements (mainly Bi, Pb,
Sn, Cr, In) are heavier than cement elements (mainly Si, Ca, O, Al). In the SEM image, these
significantly various components can result in considerably different grey levels (Qian et al. 2018).
The brightness domain (high grey levels) of the image indicates that the pore network is successfully
intruded by the molten metal. This can be verified using the BSE mode, where the domains with red
“+” identification are analyzed for elements, as shown in Fig. 4(a). According to the analysis of the
energy spectrum, significant contents of specific elements such as Bi and Sn can be detected,
suggesting again that the melted successfully intrudes into the pore space. The brightness space
represents the pore areas occupied by the metal. As seen in Fig. 4(b), the pore space in cement paste
can be identified using X-ray microtomography. Similarly, the contrast of grey values is successfully
improved for distinguishing the pore and solid spaces in the images because of the presence of the

metal with heavy elements.

1000 1200

Fig. 4. Images of cement paste (w/c=0.5) obtained using (a) SEM-BSE and (b) X-ray microtomography.
4.1.2. Reconstitution of 3D microstructure
Fig. 5 shows the 3D microstructure of cement paste with w/c = 0.5, 0.6 and 1.0. The threshold can be
determined using the inflexion-point method at the cumulative curve of the grey value histogram, as
illustrated in Figs. 5(a ~b). Fig. 5(c) depicts the spatial distribution of the pores (the metal alloy) in

cement paste. It can be observed that with the increase of w/c ratio from 0.5 to 1.0, the porosity is
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significantly increased. Meanwhile, the increase of w/c ratio can lead to an increase in the
interconnected porosity, which can be mainly attributed to the higher initial porosity and less

hydration products in cement paste with a higher w/c ratio.

40 _]- Total porosity (d)
=Y Effective porosity 36.45 36.11
35-
Solid | ! PoreMean [| 307 27.81 27.56
25 -
20 -

Grey level

(b)

15.21
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w/c =0.6, 9 =27.81% w/c = 1.0, ¢ = 36.45% 0.5 . 0.6 i 10
() Various water-to-cement ratios

w/c=0.5,9=1521%

Fig. 5. Grey value thresholding between pores and solid phases based on the grey value histogram (a) and
(b); 3D pore network of cement paste with various w/c ratios (c); total porosity and effective porosity of
cement paste with various w/c ratios (d).

4.2, Pore structure characteristics

4.2.1. Porosity

Porosity of cement paste can be calculated as the pore volume (metal volume) over the total body
volume (Hou et al. 2019; Li et al. 2019). Among the main pore structure characteristics, porosity is
the direct factor that affects the properties of cementitious materials, such as strength, transport
properties and durability. The porosity can be divided into two groups including total porosity and
effective porosity, which can be calculated as the ratio of the pore volume and the interconnected pore
volume over the specimen volume, respectively. Based on CT images, the 3D pore structure of cement
paste composed of pore voxels can be obtained. When the pore voxels face each other and reach into
the specimen surface, they are defined as interconnected pores and the corresponding porosity is
defined as effective porosity. The interconnection of pores was evaluated using ImageJ. By contrast
to the total porosity, the fluid transport in cementitious materials is more significantly associated with
effective porosity. As expected, the porosity of cement paste gradually increases from 15.21% to
36.45% with increasing w/c ratio from 0.5 to 1.0 (Fig. 5(d)), which can be ascribed to the fact that the
high w/c ratio can lead to an increase in the thickness of water coating on the cement particle surfaces,

which expands the interspace and thus leaves the coarser capillary pores (Esfandiari and Loghmani
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2019). The greater water content in cementitious materials with a higher w/c ratio is consumed and
formed as larger pore space compared to that with a lower w/c ratio. Correspondingly, less hydration
products can be generated to fill the pore in cementitious materials with a higher w/c ratio. These
result in an increase in the porosity of cementitious materials with a high w/c ratio. Besides, with the
increase of total porosity from 15.21% to 36.45%, the effective porosity also rises from 11.80% to
36.11% because of the increase of pore connectivity. The effective porosity is found to be closer to
the total porosity for the cement paste with a higher w/c ratio.

4.2.2. Pore size distribution

Transport properties of cementitious materials are significantly affected by the pore size distribution
of cement paste. Fig.6 shows the pore size distribution of cement paste determined using MCP. Due
to the irregularity of the actual pores, an equivalent pore size was adopted to calculate the pore size
distribution from the 3D images (Qian et al. 2018). First, the pore voxels were highlighted and then
the voxels in each pore were separately summed up for calculating the equivalent pore size. It can be
observed that the main pore size is between 0 and 20 um. The increase in w/c ratio leads to an increase
in pore diameter of cement paste. For example, for the pores with a size less than 10 um, the volume
fractions are 95%, 80% and 70% for cement past with w/c = 0.5, 0.6 and 1.0, which follows the
expectation since the increasing w/c ratio can lead to a larger pore space between cement particles
during the initial mixture stage and less hydration products can be formed to fill the pore space in

cement paste with a higher w/c ratio.

1 1
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Fig. 6. Pore size distribution of cement paste with various w/c ratios.
4.3. Simulation results of transport properties
The LB models for diffusion and permeation were applied to simulate the ionic diffusivity and water

permeability of cement paste using the generated 3D pore network. One of the main disadvantages
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of the use of digitalized microstructure for simulating transport properties is that the simulation results
are highly dependent on the image resolution (Abyaneh et al. 2013). In general, a higher resolution
can result in a more accurate simulation result. However, regarding transport properties of cement
paste, it was demonstrated that the finest resolution must be optimised based on the comparison
between experiment and various physical length scales of cement paste, not necessarily depend on
the best resolution (Garboczi and Bentz 2001). The main purpose of this study is to obtain the 3D
pore network using the MCP method for predictions of transport properties and understand the
transport phenomena. It is still possible to estimate the effects of different variables on transport
properties of cement paste by keeping the key parameters related to digital microstructure such as
resolution and REV constant. Fig. 7 shows the simulated ionic concentration and fluid velocity
distribution in cement paste under steady state, corresponding to the generated microstructure

illustrated in Fig. 5(c).

Normalized Concentration

Velocity Magnitude (LU)

Fig. 7. Steady-state ionic concentration distribution (a-1, b-1 and c-1) and fluid velocity (a-2, b-2 and c-2) in
cement paste with w/c ratios of 0.5, 0.6 and 1.0 along x-direction.

Fig. 8(a) shows the simulated ionic diffusivity and water permeability in cement paste with w/c
ratios of 0.5, 0.6 and 1.0, in comparison with experimental data obtained from literature (Care 2008;
Grasley et al. 2007; Hamami et al. 2012; Li et al. 2016; Li and Xu 2019; Ngala et al. 1995; Numata
et al. 1990; Phung et al. 2013; Poupard et al. 2004; Rose and Grasley 2017; Tracz 2016; Zheng et al.
2018). Generally, the ionic diffusivity of cement paste is measured through chloride diffusion using
the spectrophotometric technique (Ngala et al. 1995), colourimetric method (Care 2008), and
electrical field acceleration method (Zheng et al. 2018; Poupard et al. 2004), while fluid permeability

are referred to water permeability and gas permeability measured using dynamic pressurization
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technique (Grasley et al. 2007; Rose and Grasley 2017;), pressure-induced method (Hamami et al.
2012; Li and Xu 2019; Hamami et al. 2012), and constant water-flow method (Phung et al. 2013). As
can be seen, both ionic diffusivity and fluid permeability of cement paste increase with increasing
w/c ratios. The increasing trend of diffusivity and permeability of cement paste displays an
exponential function of w/c ratio, which is consistent with the experimental and simulation results
reported by Numata et al. (1990) and Zhang et al. (2014). The diffusivity and permeability of cement
paste with a lower w/c ratio ranging from 0.5 to 0.6 show a more dramatic increase compared to
cement paste with a higher w/c ratio in the range of 0.6 and 1.0. For instance, the diffusivity of cement
paste with w/c ratio of 0.6 is increased by two orders of magnitude from 10712 m?/s to 1071 m%/s. As
the w/c ratio increases from 0.6 to 1.0, an only 1.03-fold increase in diffusivity from 104.97x10'?
m?/s to 212.94x10°'?> m?/s can be found. Similarly, the changing trend of permeability of cement paste
also indicates an exponential function with w/c ratio, which agrees well with that reported in the
literature (Banala and Kumar 2017). With the increase of w/c ratio from 0.6 to 1.0, the effect of w/c
ratio on diffusivity and permeability tends to be insignificant, which can be explained by the fact that
hydration products do not fill the whole capillary pore space in cement paste with a higher w/c ratio.
Whereas, the packing of cement particles has a significant effect, which leads to a decrease in the
complexity of pore network of cement paste. For example, as seen in Fig. 5(d) and Fig. (6), the
changes in porosity and pore size of cement paste with the increase of w/c ratio from 0.5 to 0.6 is
smaller than that with increasing w/c ratio from 0.6 to 1.0.

Besides, the simulated ionic diffusivity of cement paste shows a similar tendency to the
experimental data reported in literature that there is no order of magnitude difference with the
increasing w/c ratio. However, the simulated water permeability exists several orders of magnitude
difference compared to experimental results for cement paste with the increase of w/c ratio. In general,
the water permeability shows a larger scatter than those obtained from other fluids such as ethanol,
gas, and so on. The literature data on water permeability is significantly lower than that obtained from
ethanol with 4~69-folds (Loosveldt et al. 2002), which can be attributed to the drawback of water
permeability testing. During the permeation of water, the expansion of hydration products, secondary
hydration of anhydrous cement particles, and dissolution and migration of fine elements in cement
paste would occur over a long period under a high-pressure gradient (Loosveldt et al. 2002). These
phenomena were not considered in this study and thus the simulated water permeability tends to be

higher than the experimental data obtained from literature.
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The measured gas permeability is close to the predicted result compared to water permeability,
implying that gas permeability is generally higher than water permeability. During the permeation of
gas, the flow velocity near the pore wall is different from that in the centre of the pores due to the
interactions between gas molecules and pore walls, which was first explained first by Klinkenberg
theory and defined as gas slippage (Fathi et al. 2012). In addition, the partial collision behaviour can
also cause Knudsen flow, which is strongly associated with the mean free path of gas molecule and
pore size (Roy et al. 2003). The collisions between gas molecules and pore walls would result in
slippage and Knudsen flows, which both can increase the gas permeability. Furthermore, the
difference between gas permeability and water permeability of cement paste with w/c ratio of 0.5 is
higher than that of cement paste with w/c ratio of 0.6, which can be explained by the fact that cement
paste with a lower w/c ratio has higher porosity with a small size, as shown in Fig. 6, which facilitates
the collisions, leading to more slippage and Knudsen flows.

The diffusivity and permeability of cement paste are dependent on w/c ratio and effective porosity
(Liu et al. 2020). With the increase of effective porosity, the diffusivity and permeability are not
associated with w/c ratio due to the decreasing effect of cement particle packing due to cement
hydration. As seen in Fig. 8(b), a more dramatic increase in both ionic diffusivity and fluid
permeability can be observed in cement paste with a higher effective porosity, which can be ascribed
to the more available flow paths in cement paste with a higher effective porosity. As the effective
porosity increases to about 0.3, the ionic diffusivity and fluid permeability both show a sharp increase,
which can be attributed to the fact that most capillary pores are connected (Garboczi and Bentz 2001).
There exists an exponential relationship between the ionic diffusivity and effective porosity of cement
paste, which is consistent with the findings obtained from experiments and numerical simulations in
the literature (Numata et al. 1990; Zhang et al. 2014). Regarding the change of fluid permeability
with effective porosity, the fluid permeability of cement paste with a higher effective porosity (e.g.
27.56 % and 36.11%) is at least two orders of magnitude higher than that of cement paste with a lower

effective porosity (11.80%).
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Fig. 8. Fluid permeability and ionic diffusivity in lattice unit in cement paste with (a) w/c ratios of 0.5, 0.6
and 1.0; and (b) different effective porosity along x-direction where the experimental results were collected
from literature (Care 2008; Grasley et al. 2007; Hamami et al. 2012; Li et al. 2016; Li and Xu 2019; Ngala et
al. 1995; Numata et al. 1990; Phung et al. 2013; Poupard et al. 2004; Rose and Grasley 2017; Tracz 2016;
Zheng et al. 2018).

5. Conclusions

In this study, the 3D pore network of cement paste with various w/c ratios was quantitatively
characterised using X-ray microtomography coupled with the metal centrifugation porosimetry (MCP)
method, based on which the ionic diffusivity and fluid permeability of cement paste were simulated

using lattice Boltzmann method. The simulation results of ionic diffusivity and fluid permeability of

cement paste were compared with experimental data obtained from literature. The main conclusions

can be drawn as follows:

1. X-ray microtomography coupled with the MCP method was successfully employed to investigate

the 3D pore network in hardened cement paste in a quantitative manner. The contrast between pores
18



and solid phases in X-ray microtomography images was effectively improved due to the heavier

elements contained in the metal alloy. According to the obtained 3D pore structure, the porosity of

cement paste with w/c = 0.5, 0.6 and 1.0 was found to be 15.21%, 27.81% and 36.45%, respectively,

while the main pore size was in the range of 0 to 20 pum.

2. The changes of ionic diffusivity and fluid permeability of cement paste with wi/c ratio exhibited a

similar tendency. They both increased with the increasing w/c ratio and effective porosity. The ionic

diffusivity and fluid permeability of cement paste with a lower w/c ratio ranging from 0.5 to 0.6 both

showed a more dramatic increase.

3. With the increase of w/c ratio from 0.6 to 1.0, the effects of w/c ratio on ionic diffusivity and fluid

permeability were not significant, which can be attributed to the fact that the hydration products did

not sufficiently fill in the whole capillary pore space for cement paste with a higher w/c ratio, which

decreases the complexity of pore network of cement paste.
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