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The understanding and prediction of moisture distribution and critical moisture content above which
fluid and ion transport can occur in porous media is of significant technological importance. A novel com-
putational methodology for simulating moisture distribution and calculating critical content in 3D
images of microstructures is presented. The method accounts for the liquid–gas interaction and liquid/
gas–solid interaction at the pore scale. Microstructures of cement pastes at different curing ages,
obtained by high-resolution X-ray micro-computed tomography, are analyzed. The equilibrium moisture
distribution in the 3D microstructures is acquired. The degree of connectivity of the liquid and gas phases
is calculated as a function of water saturation level. The critical water saturation for each phase is
obtained. It is shown that the moisture distribution and connectivity of each phase depend strongly
not only on the degree of water saturation but also on the structures of the pore space and the solid
phase. The critical water saturation increases with the decrease of porosity. The results from the simula-
tions are in very good agreement with the experimental data reported in the literature. The proposed
methodology is applicable to image-based modelling of all porous media.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction rain/snow fall, etc., and are rarely in a state of full saturation in
Porous materials, such as concrete, rocks and soils, are usually
subjected to cyclic drying–wetting actions by wind, sunlight,
practice. The three-dimensional distribution of moisture in these
unsaturated porous media controls a number of physical processes
that impact their performance in technological applications, e.g.
the durability of cementitious materials, the yield in hydrocarbon
recovery, and the containment of hazardous wastes [1]. For
instance, the shrinkage of cementitious materials is associated
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with the moisture distribution and its evolution within the mate-
rials. In order to predict accurately the local shrinkage strains
and eventually the shrinkage-induced stresses in cementitious
materials, it is necessary to determine the moisture distribution
in the first place [2]. Freeze–thaw deterioration is a common cause
of damage to concrete in cold climates. Besides the number of
cycles of freezing and thawing, and the exposure conditions, the
rate of this deterioration depends also on the content and spatial
distribution of water in the pore structure of cementitious materi-
als [3]. The prediction of moisture distribution is an essential start-
ing point to assess the damage caused by cyclic freezing and
thawing of these materials. The ingress of aggressive species
(e.g., chloride and sulphate ions, carbon dioxide, etc.) is the main
cause for chemical deterioration with effect on the durability of
cementitious materials. The transport of such ions and carbon
dioxide in partially saturated cementitious materials is markedly
affected by the moisture distribution in the porous network. As
shown in Fig. 1, ions can diffuse or electro-migrate only through
the liquid containing pores of the network, while carbon dioxide
can diffuse only through the gas containing pores. Due to the pres-
ence of gas and liquid phases, the diffusion rates of ions and carbon
dioxide depend on the degree of saturation and as one grows the
other could diminish. In theory, there exists a critical saturation,
which is determined as the minimum water saturation degree nec-
essary for the existence of a connected pathway allowing the trans-
port of ionic species. Hence, an understanding of moisture
distribution and critical moisture content is crucial to estimate
the transport properties and to assess the durability of cementi-
tious materials. Over the past few years, some experimental and
computational studies of the moisture distribution and critical
moisture level in unsaturated cementitious materials have been
reported.

Experimentally, there are several existing methods for measur-
ing liquid phase moisture in cementitious materials, such as
nuclear magnetic resonance (NMR) [4], gamma ray, X-ray or neu-
tron radiography (NR) [5], micro-wave spectroscopy [6] and Fou-
rier transform near-infrared (FT-NIR) spectroscopy [7]. There
methods can provide direct information on the 2D moisture con-
tent profile but not the 3D distribution of moisture within the
specimen. In regard of the critical degree of saturation, it was
mainly derived from the transport properties such as chloride dif-
fusivity and gas permeability in unsaturated cementitious materi-
als at various moisture levels or relative humidity (RH). Climent
et al. [8] measured the chloride diffusion coefficient through unsat-
urated concrete by means of an innovative test method based on
Fig. 1. Schematic illustration of ion transport in the partially saturated porous
medium.
an instantaneous deposition of chloride ion due to the interaction
of the concrete surface with the products of combustion of PVC.
They reported critical water saturation in the range of 30% to
40%. With the method proposed by Climent et al. [8], de Vera
et al. [9] investigated the chloride diffusion coefficient in partially
saturated concrete taking into account chloride binding. They
reported a critical water saturation of around 33% for transport
of chloride ions, which corresponds to RH = 54%. Care and Derkx
[10] measured the gas permeability of cement pastes with water-
to-cement (w/c) ratios of 0.2, 0.35, 0.45 and 0.6 against the degree
of water saturation. They found that the gas did not permeate
when the saturation degree reached approximately 82%. Åhs
et al. [11] investigated the critical moisture level for unsaturated
transport of ions in cementitious materials using electrochemical
impedance spectroscopy (EIS) and pointed out that the critical
water saturation for ion transport was less than 78% RH. Some of
these experimental results are not in agreement with each other,
which can be attributed to the difficulty of maintaining a constant
water saturation degree of specimens during the tests, and to the
dependence of results on the complex microstructure of cementi-
tious materials [10,12,13]. In addition, the tests are usually time-
consuming. Therefore, the experimental study of 3D moisture dis-
tribution and critical saturation in cementitous materials is still
quite challenging.

With regard to modelling and simulation, Janssen et al. [14]
studied the moisture transfer in cement mortar joints with the
sharp-front model and X-ray projection method. However, only
2D moisture content profile was obtained. Martys [1] proposed a
multi-component lattice Boltzmann model to simulate the mois-
ture distribution in two partially saturated porous materials con-
sisting of overlapping and non-overlapping uniform sized
spheres, respectively. A critical saturation of liquid phase of 33%
was found. However, the used lattice Boltzmann model only yields
the liquid–gas mixture with a density ratio of less than 58, which is
much lower than the density ratio of water–gas system (1000/
1.29 = 775) in cementitious materials. Moreover, the generated
porous media are too simple and cannot represent the complex
microstructure of cementitious materials.

The main purpose of this paper is to present a pore-scale mod-
elling of 3D distribution of moisture (a mixture of liquid and gas
phases) in cementitious materials with various levels of water sat-
uration accounting for microstructure and to estimate the corre-
sponding critical degree of water saturation. A novel multiphase
lattice Boltzmann model is developed and applied to simulate
the interactions between liquid, gas and solid phases in the 3D
microstructure of cement pastes derived from high-resolution X-
ray micro-computed tomography (micro-CT). The 3D distribution
of moisture in a state of equilibrium in cement paste specimens
is subsequently obtained. Based on the cluster-labeling algorithm,
a Perc3d module is developed to quantify the connectivity of each
phase in the porous network against degree of water saturation
and to estimate critical saturation content. In the end, the influence
of microstructure on the moisture distribution and critical satura-
tion content is investigated in a quantitative manner, the results of
which are compared with the experimental data reported in the
literature.

2. 3D microstructure of cement paste

The starting point for modelling of 3D distribution of moisture
in cement paste is the generation of the cement paste microstruc-
ture. In the past few decades, a number of computer-based and
experimental techniques have been developed and used to gener-
ate or characterize the 3D microstructure of cement paste. The
computer-based cement hydration models can be grouped into
spherical-based and pixel-based models. Comprehensive surveys
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of these models have been given by Ye [15], Dolado and van Breu-
gel [16] and Zhang [17]. These models such as HYMOSTRUC3D
[15,18] and CEMHYD3D [19] are able to simulate the hydration
process and gradual formation of microstructure of cement paste.
With regard to experimental approaches, a series of techniques,
such as optical microscope, scanning electron microscope (SEM),
mercury intrusion porosimetry (MIP) and micro-CT have been
widely applied to characterize the pore structure of cement-based
materials. Among these techniques, X-ray micro-CT is a non-
destructive technique that can be utilized to capture the 3D micro-
structure of cement-based materials with high resolutions [20].
The simulated 3D microstructure of hydrating cement paste by
HYMOSTRUC3D has been successfully applied to investigation of
water permeability [21] and ionic diffusivity in saturated and
non-saturated cement-based materials [22,23]. In the present
study, X-ray micro-CT is used to acquire the 3D microstructure of
cement paste.

The X-ray micro-CT scans were carried out at University of Illi-
nois at Urbana-Champaign (UIUC, USA). ASTM type I Portland
cement was used. The w/c ratio of the cement paste specimen
was 0.5. Specimens were prepared in 250 lm plastic tubes using
a syringe. The specimens were stored under standard curing condi-
tions and scanned at 1, 7 and 28 days. A detailed description of the
X-ray micro-CT test is given in [20].

In the reconstruction process, 8-bit gray scale was selected to
express the signal intensity of the components detected by the
CCD camera, the value of which is ranging from 0 (black) to 255
(white). The image resolution was 0.5 lm/voxel. Fig. 2 shows the
micro-CT image of a cylinder region with 200 lm in diameter
and 100 lm in thickness extracted from the reconstructed 3D
image of the 7-day old cement paste. From Fig. 2, some features
of different phases, i.e. anhydrous cement grains, hydration prod-
ucts and pores can be seen. Anhydrous cement grains with high
density are shown in white. Pore space with low density is shown
in black. The gray voxels most probably represent hydration prod-
ucts. To identify these three phases, the image segmentation was
performed.

On the basis of gray-level histogram, the threshold gray values
were determined by the thresholding method. Consequently,
pores, hydration products and anhydrous cement grains were
identified. It was shown previously that the representative ele-
mentary volume (REV) for transport properties in cement paste
was 100 � 100 � 100 lm3 [24]. Therefore, a cubic volume of
interest (VOI) of 100 � 100 � 100 lm3 was extracted from the
center of cylinder region; the cement paste is considered to be
Fig. 2. Micro-CT image of 7-day old cement paste with 200 lm in diameter and
100 lm in thickness (ASTM type I Portland cement with w/c ratio of 0.5).
the most homogeneous in this region. For comparison, the
derived microstructures of VOI of cement paste specimens with
curing ages of 1 and 7 days are shown in Fig. 3a and b. It can
be seen that the original image is converted into a ternary image
of blue, light grey and dark red phases, which represent capillary
pores, hydration products and anhydrous cement grains, respec-
tively. In addition, the microstructure evolution of cement paste
can be observed. As a result of the progress of cement hydration,
the comparison shows a decrease in volume fraction of anhydrous
cement grains, porosity, and size of pores, and an increase in vol-
ume fraction of hydration products. The corresponding pore
structures are extracted and shown in Fig. 3c and d. The porosity
of the VOI for all specimens with curing ages of 1, 7 and 28 days,
which are referred to as WC50D1, WC50D7 and WC50D28
respectively, is listed in Table 1.

3. Methodology

3.1. SCMPLBS module: Modified Shan-Chen multiphase lattice Boltzmann model

In order to obtain the 3D moisture distribution in unsaturated cement-based
materials, it is essential to simulate the multiphase flow in cement-based materials,
which is a challenging task. During the past few years, multiphase lattice Boltz-
mann models have been proposed, developed and demonstrated their capabilities
to model multiphase flow in porous media accounting for the liquid–gas interaction
and liquid/gas–solid interaction. Among existing lattice Boltzmann models, the
Shan-Chen (SC) model [25,26] is widely used because of its simplicity, ease of
implementation and remarkable versatility. It can easily handle fluid phases with
different densities, viscosities and wettabilities. However, the original SC model
has two major shortcomings: it is not well-established thermodynamically; and
the maximum liquid–gas ratio is limited to 58 [27]. These can be overcome by
incorporating different kinds of equations of state (EOS) into the original SC model
and by changing a parameter named the virtual density of wall. Based on these
improvements, a modified SC multiphase lattice Boltzmann simulation (SCMPLBS)
module is developed. A brief description of the SCMPLBS module is given below.

At the pore length scale, the fluid is considered as a collection of particles, rep-
resented by time-dependent particle distribution functions. These are defined as
the probability of finding a particle around a lattice node at a given time. The evo-
lution of the particle distribution functions is described by the Bhatnagar–Gross–
Krook (BGK) collision terms [28]:

fiðxþ eidt; t þ dtÞ ¼ fiðx; tÞ �
1
s

fiðx; tÞ � f eq
i ðx; tÞ

� �
ð1Þ

where fi and fi
eq are the non-equilibrium and equilibrium particle distribution func-

tion at location x at time t; s is the relaxation time; ei is the microscopic velocity at
location x at time t; and dt is the time step. The relaxation time, s, is related to the
kinematic viscosity of the fluid, t, via t ¼ c2

s � ðs� 0:5Þ, where cs is the lattice speed of
sound. The latter is a constant dependent on the choice of lattice and is expressed by
c2

s ¼ 1=3 � ðdx=dtÞ2, with lattice-spacing dx and time-step dt measured in lattice unit
(lu) and time step (ts) respectively in the lattice Boltzmann method The subscript i
represents the number of allowed velocity directions on the lattice. In this study, we
use a D3Q19 model, illustrated in Fig. 4, which is a three-dimensional model with
nineteen microscopic velocity vectors ei (i = 0, 1, . . ., 18), listed by Eq. (2).

ei ¼
0 1 �1 0 0 0 0 1 1 1 1 0 0 �1 �1 �1 �1 0 0
0 0 0 1 �1 0 0 1 �1 0 0 1 1 1 �1 0 0 �1 �1
0 0 0 0 0 1 �1 0 0 1 �1 1 �1 0 0 1 �1 1 �1

2
64

3
75
ð2Þ

For the D3Q19 model, the equilibrium distribution function fi
eq is given by

f eq
i ¼ wiq 1þ ei � u

c2
s
þ ðei � uÞ2

2c4
s
� u � u

2c2
s

" #
ð3Þ

where q and u are the macroscopic density and velocity respectively, wi is the
weight factor associated with ith direction which is given as wi = 1/3 (i = 0), wi = 1/
18 (i = 1, 2, . . ., 6) and wi = 1/36 (i = 7, 8, . . ., 18).

In the SC model, the macroscopic local density (mass) q(x, t) and velocity u(x, t)
of each lattice node are related to the distribution function fi(x, t) and the force item
consisting of fluid–fluid interaction force Fint, fluid–solid adhesion force Fads and
external force Fg including gravity effects by

q ¼
Xn

i¼0

fi ð4Þ

u ¼ 1
q
Xn

i¼0

ðfi � eiÞ þ
s � ðF int þ Fads þ FgÞ

q
ð5Þ



Fig. 3. Computed micro-tomography of cement paste: (a) microstructure of 1-day old cement paste; (b) microstructure of 7-day old cement paste (red region denotes
anhydrous cement grains, light grey region represents hydration product and blue region is capillary pore); (c) segmented pore structure of 1-day old cement paste; (d)
segmented pore structure of 7-day old cement paste.

Table 1
Porosity of the VOI of specimens at different curing ages.

Specimens

WC50D1 WC50D7 WC50D28

Porosity (%) 27.3 18.9 13.5

Fig. 4. Lattice velocity direction of the D3Q19 model.
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Microscopically, the separation between two phases is the result of fluid–fluid
interaction force. In the SC model, the fluid–fluid interaction force Fint between the
fluid particles at lattice location x and its closest neighboring nodes at time step t is
given by [29]
F int ¼ �Gwðx; tÞ
X18

i¼1

wiwðxþ ei; tÞei ð6Þ

where G is the coefficient of attraction between fluid particles, representing the
intensity of inter-particle interaction, and W is the so-called ‘‘effective mass’’ which
is a function of local density W(q). The value of G is negative for attraction and posi-
tive for repulsion between particles. The ‘‘effective mass’’ function W directly relates
to the interaction force. The forms of W control the detailed nature of the interaction
potential and determine the EOS of the fluid system. W is expressed as

wðqÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðp� c2

s qÞ
c2

s g

s
ð7Þ

In this study, the SC model is modified by replacing the original SC EOS with the
Carnahan–Starling (C–S) EOS, which is given as follows

p ¼ qR0T
1þ bq=4þ ðbq=4Þ2 � ðbq=4Þ3

ð1� bq=4Þ3
� aq2 ð8Þ

where T denotes the absolute temperature of the gas. In simulations, the constants a,
b and R0 are generally set to 1, 4 and 1, respectively [30].

The adhesion force between liquid/gas phase and solid phase in the SC model
Fads is described as

Fads ¼ �Gwðx; tÞ
X18

i¼1

wiwðqwÞsðxþ eiÞei ð9Þ

where qw is the virtual density of the solid phase which is a free parameter applied
to denote different wettability, s(x + ei) is an indicator function which is set to 1 if the
neighboring lattice site (x + ei) is a solid node and to 0 otherwise. The adhesion force
emerges once the neighboring node of a fluid node is solid. By varying the value of
qw, the different contact angle between fluid and solid surface can be obtained
conveniently.

To validate the SCMPLBS module based on the modified SC model, two bench-
mark examples, i.e., bubble test and contact angle test, were carried out in a previ-
ous work [23]. It was observed that the SCMPLBS module had the capacity to
simulate the realistic multiphase flow phenomena such as liquid–gas phase
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segmentation (Laplace’s law) and variable wettability (contact angle). The SCMPLBS
module will be utilized to simulate the moisture distribution in partially saturated
cement paste.

3.2. Perc3d module: Degree of pore connectivity

The connectivity is arguably the key pore structure characteristic controlling
transport in porous media. In order to estimate the connectivity of the phase of
interest (e.g. liquid and gas) in partially saturated cement-based materials, a perco-
lation analysis is performed in this study. Based on the cluster-labeling algorithm
proposed by Hoshen and Kopelman [31], an in-house programme, Perc3d, was
developed and applied to analyze the connectivity of the water-filled and gas-filled
pore network.

In the 3D digital image system, each voxel (except the edge voxels) has six
neighbors. The criterion of the connectivity of pore voxels in the 3D digital image
system is shown in Fig. 5. On one hand, adjacent voxels are judged as connected
voxels when they share a common surface (as shown in Fig. 5a). On the other hand,
if adjacent voxels make contact with each other by an edge (as shown in Fig. 5b) or
a vertex (as shown in Fig. 5c), they are not connected. The programme scans the
whole image system in two steps. A 2D binary image example is shown in Fig. 6a
to demonstrate the entire procedure. In the binary image, ‘‘0’’ and ‘‘1’’ represents
the solid and pore pixel respectively. Firstly, the scan starts from the left top corner
to right bottom corner along the scan direction slice by slice to check the connec-
tivity. If a pore pixel make face-to-face contact with the neighboring pixel (left,
top), they are labeled with the same cluster number. If a pore pixel is not connected
to any of the neighboring pixels, it is labeled with a different cluster number. After
the first step, each pore pixel has a respective cluster, as shown in Fig. 6b. Secondly,
the different clusters are checked if the corresponding pixels are connected or not. If
they are connected, the clusters are merged into one which assumes the smaller of
the two previous indices, as shown in Fig. 6c. The implementation for 3D cases is
similar. After the cluster-labeling is complete, the labeled pixels that are not con-
nected to both ends of the specimen (x-, y- and z-axis) are identified as isolated
pores. The volume fraction of the labeled pore voxels that are connected to both
ends of the specimen is defined as connected porosity.

The degree of pore connectivity is defined as the ratio between the number of
voxels in the connected porosity and the total number of pore (labeled) voxels. A
degree of pore connectivity of one means that all the pore voxels are interconnected
to each other. Inversely, a degree of pore connectivity of zero demonstrates that dis-
connection happens. The Perc3d module produces a pore network that has a con-
nection to both ends of the specimen. This pore network is assumed to have the
most significant contribution to the fluid and ion transport in cement-based mate-
rials. By means of cluster-labeling technique, the programme is able to detect how
the different pore voxels are connected into a pore network and how many pore
voxels are interconnected between one surface and the opposite surface of 3D
microstructure.

3.3. Modelling and simulation procedure

The entire modelling and simulation procedure consists of the following three
steps.

Step I: Water and gas phases are randomly distributed in the 3D pore network
obtained by X-ray micro-CT, subject to a prescribed degree of water saturation. A
generator of uniformly distributed random numbers between 0 and 1 is used to
assign water or gas to individual pore voxels. As a result, the pore space in the
cement paste is saturated with a homogeneous mixture of water and gas phases
with a given volume ratio (degree of water saturation). Fig. 7 shows an example
of the initial random distribution of water and gas phases with degree of water sat-
uration of 50% in 3D microstructure and pore network of cement paste with curing
age of 1 day (the microstructure and pore structure of which are plotted in Fig. 3a
and c, respectively).

Step II: The SCMPLBS module, based on the modified Shan-Chen multiphase lat-
tice Boltzmann model, is used to simulate the water–gas and water/gas–solid inter-
actions, and to establish the equilibrium distribution of water and gas phases
Fig. 5. Possible configurations of adjac
(moisture) in the hardened cement paste. The physical density ratio between water
and gas is 1000/1.29 = 775. Therefore, a suitable value for T, present in Eq. (8),
should be chosen in order to meet the requirement of such density ratio of water
and gas in lattice Boltzmann units. As shown in the bubble test for a water–gas sys-
tem [23], a value of T = 0.585 yields a density ratio of liquid and gas phases of
0.4152/0.00053 = 783. So, the initial water and gas densities in lattice Boltzmann
units are set to be 0.4152 and 0.00053, respectively. In addition, it is commonly
assumed that the contact angle between water and solids in cement-based materi-
als is zero. For this reason, the virtual density of solid nodes qw, present in Eq. (9), is
set to close the density of the water phase, which results in a zero contact angle and
the solid is completely wetted by water [23]. The interaction between water, gas
and solid phases is assumed to have reached an equilibrium state once the relative
difference of the macroscopic density of water phase in the system at time step t
and (t � 1000) calculated by Eq. (4) is less than 10�5.

Step III: The Perc3d module, based on the cluster-labeling algorithm, is used to
estimate the degree of connectivity of water-filled and gas-filled pores. The equilib-
rium distribution of water and gas phases in cement paste with various degree of
water saturation obtained from the SCMPLBS module (example in Fig. 7) is regarded
as the initial conditions for percolation analysis. On one hand, each gas voxel is con-
verted to a solid-like voxel. Thus, a new domain consisting of water-filled pore vox-
els, solid-like voxels and solid voxels is created. Using the Perc3d module, the
connected and isolated water-filled pore voxels in the new domain are identified,
and the connectivity of water-filled pore voxels under various saturation degrees
is quantified. Furthermore, the critical degree of saturation at which the water-filled
pores become disconnected is obtained. On the other hand, the connectivity of gas-
filled pore voxels is estimated in a similar way.

4. Results and discussion

4.1. 3D equilibrium distribution of moisture

Fig. 8a and b show the 3D equilibrium distribution of moisture
(i.e., water–gas mixture) in the microstructure and pore network of
1-day old cement paste (as plotted in Fig. 3a and c) with degree of
water saturation of 50%. The red region denotes the solid phase
which is comprised of anhydrous cement grains and hydration
products. The blue region represents the water phase and the light
grey region stands for the gas phase. It can be seen that the liquid
water covers the surface of the solid phase and tends to fill the
pores with smaller size in terms of capillary condensed water. In
contrast to liquid water, the gas phase tends to occupy the central
region of bigger pores and forms many gas phase clusters, which
actually act as obstacles to ion transport and provide possible
paths for diffusion of gas, e.g. carbon dioxide and oxygen, in par-
tially saturated cementitious materials.

To clearly demonstrate the distribution of liquid and gases in
pore network, the water-filled pores and gas-filled pores are
extracted and shown in Fig. 8c and d, respectively. Note that the
water-filled pore network is rather complex, consisting of a num-
ber of small pores. Because the liquid water lies mostly on the solid
surface, the network of water-filled pores is highly dependent on
the surface tortuosity of the solid phase. Compared to the water-
filled pore network, the gas-filled pore network contains less clus-
ters and has more big pores. The obtained water-filled and gas-
filled pore network is used as input to estimate the degree of con-
nectivity, the results of which are presented in the following
section.
ent voxels in a 3D image system.



Fig. 6. A 2D example of the implementation of cluster-labeling program: (a) 2D binary image; (b) labeled clusters after first step; (c) labeled clusters after second step.

Fig. 7. Initial random distribution of water–gas system with degree of water saturation of 50% in 3D microstructure andpore network of 1-day old cement paste
corresponding to Fig. 3a and c (red region is solid phase, blue region denotes water phase and light grey region is gas phase). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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4.2. Degree of connectivity

Fig. 9a and b show the continuous water and gas phases, respec-
tively, through the pose space with a saturation of 50%. These cor-
respond to the water-filled and gas-filled pore networks given in
Fig. 8. It is observed that most of water-filled pores are intercon-
nected with a degree of connectivity of about 73%. On the contrary,
the gas-filled pores are mostly isolated and the corresponding
degree of connectivity is only about 16%. The main reason for this
is that the liquid water typically forms thin layers along the solid
surface, while the gas phase lies in the middle of the pores. When
the volume fraction of solid phase is high (in this case, 72.7%) and
the degree of water saturation is moderate (here, 50%), the water
phase is easier to form a continuous path through the pore space
compared to gas phase.

In a similar way, the equilibrium states of moisture distribution
in the specimen with different degrees of saturation are derived
and the corresponding degrees of connectivity are calculated.
Fig. 10 shows the degree of connectivity of the water and gas
phases as a function of degree of water saturation for cement paste
with curing age of 1 day. It can be seen clearly that there is a strong
dependence of degree of connectivity of both phases on the water
saturation. The degree of water phase connectivity reduces gradu-
ally with reduction in water saturation until around 60%. Below
this value it becomes more difficult for the water phase to form a
continuous path, since liquid water typically forms a thin film on
the solid surface. As a result, the degree of water phase connectiv-
ity is reduced rapidly until a saturation of about 34%, below which
the water phase through the pore space does not form a percolat-
ing network. This degree of water saturation is commonly defined
as the critical saturation. The result from our simulations is in a
very good agreement with the experimental values reported by Cli-
ment et al. [8] and de Vera et al. [9] for the critical water saturation
for cementitious materials being around 33%. For the case of gas



Fig. 8. Equilibrium distribution of moisture in the microstructure and pore network of cement paste with degree of water saturation of 50% corresponding to Fig. 7 (red region
is solid phase, blue region denotes water phase and light grey region is gas phase). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Continuous network through the pose space with a saturation of 50%: (a) water phase; (b) gas phase.
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phase, the degree of connectivity decreases gradually with increas-
ing water saturation until about 34%. This is followed by a rapid
decrease with the increase of water saturation and degree of water
phase connectivity. At a water saturation of about 55%, the equilib-
rium gas phase in the pore space becomes disconnected. Above this
value there is no effective pathway for gas to diffuse and the exist-
ing gas pockets act as isolated obstacles to ion transport in the per-
colating water phase.

It is worth pointing out that the image resolution might affect
the simulation results of percolation since the generated pore
structure of a sample with various resolutions would be different.
For more details about the influence of image resolution, the reader
is referred to [17].

4.3. Influence of microstructure

As shown in the previous two sub-sections, the equilibrium dis-
tribution of moisture in partially saturated cementitious materials
depends not only on the liquid phase content, i.e. the degree of
water saturation, but also on the geometry of the porous network
shaped by the distribution of the solid phase. The latter informa-
tion is included in the 3D microstructure of cementitious materials.



Fig. 10. Degree of connectivity of water-filled and gas-filled pores as a function of
water saturation level.
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In order to investigate the influence of the microstructure on the
water phase connectivity and critical saturation, cement paste
specimens with curing ages of 1, 7 and 28 days, i.e. WC5OD1,
WC50D7 and WC50D28, obtained by X-ray micro-CT are analyzed.
The microstructure and pore structure characteristics of these
samples are given in Fig. 3 and Table 1 respectively.

Fig. 11 shows the connectivity of water-filled pore in WC5OD1,
WC50D7 and WC50D28 as a function of water saturation degree.
Note that at 100% water saturation, there is a significant difference
in the degree of pore connectivity at different curing ages. The pore
connectivity is reduced from about 96% at 1-day aged (WC50D1) to
87% at 7-days aged (WC50D7) and 60% at 28-days aged
(WC50D28) sample. This is attributed to the difference in porosity,
pore size distribution and tortuosity of pore network in these spec-
imens. As the degree of water saturation decreases, the connectiv-
ity of water phase in all specimens decreases. Eventually the water
phase form disconnected thin films along the solid surface so that
it no longer percolates. Compared to WC50D1, the decreasing trend
of connectivity of water-filled pores for WC50D7 and WC50D28 is
more obvious, since they have a lower porosity and a more refined
pore network with higher proportion of smaller pores. In the
regime of low water saturation, the water phase tends to fill in
the smallest pores and the gas phase prefers to occupy the central
part of larger pores (as shown in Fig. 8), which leads to a more tor-
tuous water-filled pore network. For WC50D28, this effect is more
pronounced, which results in a much more rapid decrease in the
connectivity of water-filled pore network as the water saturation
decreases compared to WC50D1 and WC50D7. Over the entire
Fig. 11. Degree of connectivity of water-filled and gas-filled pores as a function of
degree of water saturation.
range of water saturation, the difference in the connectivity of
water phase between WC50D28 and WC50D7 is more noticeable
compared to that between WC50D7 and WC50D1.

From Fig. 11 the critical saturations for WC5OD1, WC50D7 and
WC50D28 are found to be 34%, 45% and 61%, respectively. This
result indicates that the critical saturation depends strongly on
the specimens’ microstructures. Specifically, the critical saturation
increases with the decrease of porosity and pore size, and the
increase of the tortuosity of the pore space. These outcomes are
in agreement with the experimental findings by Mercado-Mendoza
et al. [13], who measured the chloride diffusion coefficient in
unsaturated cement pastes and concretes cast with either Portland
cement or blended cement. They argued that the change of chlo-
ride diffusivity with degree of water saturation depends critically
on the pore structure properties, e.g. porosity and pore size distri-
bution. Our simulations support this argument and show that the
structure of the solid phase also plays a significant role.

We define a critical water-filled porosity as the product of the
critical saturation and the cement porosity. This is useful for estab-
lishing a relation between the connectivity of water-filled pore and
porosity. The values of critical water-filled porosity for WC5OD1,
WC50D7 and WC50D28 are 9.4%, 8.5% and 8.3%, respectively.
Below these values ion transport cannot occur. This result is con-
sistent with the observations of Ye [15] and Zhang et al. [20] that
the percolation threshold of the capillary porosity in cementitious
materials is about 9% porosity.

It should be mentioned that the above simulations are only
compared with the macroscopic experimental data, e.g., critical
saturation, due to a lack of available 3D moisture distribution in
microstructure from experiments. To further validate the proposed
pore-scale modelling scheme, transport properties (e.g. water per-
meability, chloride diffusivity, gas diffusivity) in partially saturated
cementitious materials based on the obtained moisture distribu-
tion in this work are needed to estimate and compare with the
experimental results recently reported in the literature, e.g.
[32,33]. This is a subject of ongoing work and will be presented
in a future publication. Furthermore, the obtained equilibrium
moisture distribution can be used to analyse the shrinkage-
induced cracking in early-age concrete, and freeze–thaw-induced
damage in cementitious materials. This will be carried out based
on a complementary mechanics model for micro-crack generation
and evolution, the recently proposed site-bond model [34,35].

In general, the presented methodology applied to experimen-
tally-acquired 3D images yields results in excellent agreement
with macroscopic experiments. This lends confidence in the theo-
retical basis of the methodology and suggests that it can be used in
predictive manner for studies of structure-properties relations. The
simulations presented here are constrained to the microstructures
formed naturally as the cement paste cures in terms of pore space
and solid phase characteristics. Clearly, the methodology can be
applied to a larger class of microstructures with different varia-
tions of these characteristics, in particular by using synthetic mod-
els. This can also reduce the potential bias in the results introduced
by the selection of the volumes of interest imaged.
5. Conclusions

Three-dimensional equilibrium distributions of moisture (a
mixture of liquid phase and gas phase) in unsaturated cementi-
tious materials have been simulated using a modified Shan-Chen
multiphase lattice Boltzmann model. The corresponding evolutions
of connectivity of the two phases with the water saturation level
have been determined quantitatively and the critical water satura-
tions have been calculated. The methodology has been developed
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for the pore scale and applied to 3D experimental images of micro-
structures. The following main conclusions can be drawn:

� The pore-scale modified lattice Boltzmann model, implemented
in the SCMPLBS module, can simulate realistically multiphase
flow phenomena such as water–gas phase segmentation
(Laplace’s law) and variable wettability (contact angle).
� Water phase is found to cover the surface of solid phase and fill

the smaller pores in the three-dimensional pore network pref-
erentially. In contrast, the gas phase is found to occupy the cen-
tral parts of large pores and to act as obstacle to the transport of
ions.
� With reduction of water saturation level, the degree of water

phase connectivity is found to decrease, initially gradually and
then rapidly until a critical saturation is reached. For degree
of the gas phase connectivity decreases with the saturation
level in a more pronounced way than that of water phase.
� The water saturation level is not the sole key factor for the con-

nectivity of the phases; the geometry of the porous network
shaped by the arrangement of the solid phase plays also a crit-
ical role.
� The critical water saturation increases with the decrease of

porosity. The critical water saturations for cement paste speci-
mens with curing ages of 1, 7 and 28 days are 34%, 45% and
61%, respectively. These correspond to water-filled porosities
of 9.3%, 8.5% and 8.3%, respectively, which is in a very good
agreement with the existing knowledge that the percolation
threshold of the capillary porosity in cementitious materials is
around 9% porosity.
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