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ARTICLE INFO ABSTRACT

Keywords:
Cementitious materials

This paper develops a novel lattice diffusive model to quantitatively study the chloride diffusion coefficient in
unsaturated cementitious materials, in which the pore voxels are redistributed to make a better representation of
a real microstructure of hardened cement paste. Considering the hierarchical microstructure and different
drying-wetting cycles, water distributions in multiscale pore structures are modelled and the structure charac-
teristics of water-filled pores, including water connectivity, water tortuosity and effective porosity, are
computationally extracted based on that. A lattice diffusion network is established to predict relative chloride
diffusion coefficient by combining the effect of both water saturation degree and pore structure characteristics.
The predicted results are validated against experimental data, and a concise analytical equation is proposed to
predict the relative chloride diffusion coefficient. The equation indicated that the relative chloride diffusion
coefficient is proportional to water connectivity but inversely proportional to the square of water tortuosity.
Besides, the lattice model’s quantitative results reveal that the water connectivity and water tortuosity are highly
related to pre-water loading processes, and influenced by the gel pore fraction, which in turn will affect the
relative chloride diffusion coefficient. Compared with existing equations and non-redistributed models, the
present model could improve the prediction accuracy significantly.

Lattice model
Drying-wetting process
Pore structure
Chloride diffusion

1. Introduction model [12,13]. As a result, it is important to determine the chloride

diffusion coefficient of cementitious materials accurately.

Chloride-induced corrosion of reinforcing steel is considered as the
main deterioration of reinforced concrete (RC) structures exposed to
marine and underground environments, and remains a hot topic related
to concrete structural durability [1-4]. Although various driven forces
can contribute to the chloride transport in cementitious materials (i.e.,
diffusion [5,6], migration [7,8], and convection [9,10]), diffusion
driven by the species concentration gradient is one of the most funda-
mental chloride transport types [11]. For cementitious materials, the
chloride diffusion coefficient is a major indicator for evaluating dura-
bility and an essential input parameter for the service life prediction

The chloride diffusion coefficient in cementitious materials highly
depends on cementitious materials’ pore structure characteristics and
heterogeneous microscopic features [14,15], such as porosity, pore size
distribution, connectivity, and tortuosity [16]. For saturated cementi-
tious materials, the effects of pore characteristics on chloride diffusion
have been well documented [17-19]. Page et al. [15] in 1981 observed
that the chloride diffusion coefficient in saturated coefficients almost
linearly increased with increasing total porosity. Tang and Nilsson [20]
proposed an approach correlating the profiles of total chloride content to
pore size distribution. An investigation in the previous work [21] also
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found that treating the chloride diffusion coefficient as a function of
pore size distribution could highly improve the predicting accuracy.
Neithalath and Jian [22] confirmed that pore connectivity had a higher
impact on ionic transport. Hornain et al. [23] found that increasing
tortuosity could be attributed to the reduction of chloride diffusion.
However, due to the alternate wetting and drying cycles by tidal and
splash, or by seepage of groundwater, cement-based structures in
practical environments are seldom absolutely dry or saturated. In
partially saturated cementitious materials, the relative chloride diffu-
sion coefficient D,. has often been used to describe chloride diffusion. It
is defined as a ratio of chloride diffusion coefficient at a specific satu-
ration degree to that at the saturated state. In the analytical investiga-
tion, a few previous works have contributed to quantifying the relative
chloride diffusion coefficient with relative humidity (RH). For example,
Saetta et al. [24] described D, as an S-shaped function of RH:

(€8]

D D(RH) _[
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"~ D(RH = 100%) 4

(1—RH,)

where RH_, is a predefined critical relative humidity at which D,, = 0.5,
and it was defined as 75 % in Saetta’s work. However, the previous
studies indicated that RH, is not a constant but may vary widely
depending on temperature and pore structure [25,26]. Nielsen and
Geiker reported a different value of RH, as 83 % [25]. By adopting
different RH,, the predicted D,. can be significantly influenced. More-
over, Eq. (1) is actually semi-empirical and cannot present specificities
of microstructure because materials with the same RH may have
different D, in a partially saturated system. Further investigation is
needed to improve its accuracy. Except for relative humidity, some
empirical equations were proposed with the saturation degree. Based on
the measurements of ionic diffusion in masonry materials, Buchwald
[27] related D, to the S and proposed an empirical power equation:

D(S)

Drc = /o _ 1nno
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= s (2)
where 1 is a fitting parameter, which is found as 6 by Baroghel-Bouny
et al. [28] and 4.5 by Olsson et al. [29]. Nevertheless, the above two
equations do not fully account for the differences in pore structures of
different cementitious materials as features of water-filled pores are not
considered. In the unsaturated condition, only water-filled pores can act
as transport medium for ionic diffusion while gas-filled phases will block
the diffusion channels at the unsaturated state. Thus, even though the
porosity, pore size distribution and the saturation degree are the same,
ionic diffusivity of unsaturated materials could vary a lot due to different
connectivity and tortuosity of water-filled transport channels [30,31].
Therefore, it is essential to investigate the chloride diffusion coefficient
by taking into account the influence of both saturation degree and pore
structure characteristics, especially water connectivity and tortuosity,
which are also more challenging to be experimentally determined than
porosity and pore size distribution [32,33].

Compared with the saturated state in which the pore structure effect
has been widely considered, increasing but still limited work gave the
quantitative analysis on the chloride diffusion considering unsaturated
pore structure characteristics. Recent years, appreciating the develop-
ment of computational technology, numerically modelling the ionic
diffusion in unsaturated porous materials has received more attention by
many scholars [34], in which the virtual microstructures are generally
generated and the relationship between pore structure characteristics
and ionic diffusivity can be directly determined [13,35,36]. For
example, Martys [37] studied the effect of S on the ionic diffusion co-
efficient in two classes of sphere porous materials composed of over-
lapping and non-overlapping spheres. Based on a diffusive lattice
network, a multicomponent lattice Boltzmann model (LBM) was used to
model the phase separation of liquid and gas. However, this model is
only available for the liquid-gas mixture with a density ratio of <58,
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which means the water-gas system with a density ratio of 1000 kg/m3/
1.29 kg/m® ~ 775 is beyond the capacity. To overcome the drawbacks, a
modified Shan-Chen LBM was proposed by Zhang et al. [38-40] based
on the regenerated microstructure by combining the equation of state
(EOS) and introducing the virtual density of the wall into the original
Shan-Chen model. The effective porosity and water connectivity of the
unsaturated system on D, were also discussed. He suggested a quadratic
polynomial equation with three empirical constants a,b, c:

D($)

—__— 4.8+ b-S 3
DS = 100%) ¢ Tt 3)

D, =

However, it was reported that de-percolation of capillary pores in
microstructures generated by the conventional growing sphere cement
hydration models won’t occurs until the porosity decrease to 4 % while a
gradual de-percolation in the real microstructure starts at 40 % porosity,
leading to the overestimation of the predicted ionic diffusivity compared
with experimental data [41]. To overcome the drawbacks, Perko et al.
[42] firstly proposed an improved growing sphere model which can
provide a good match between the pore de-percolation value (50 %)
with real materials by introduction a hollow shell mode of hydration.
But the authors also state that further research of this model is needed to
better match the connectivity of modelled and experimentally tested
capillary pores at different porosities. In addition to the capillary pores,
it has been demonstrated that the contribution of gel pores in C-S-H gels
to water saturation and chloride diffusivity in unsaturated concrete is
significant and cannot be ignored [43-45]. Although, some multiscale
models were proposed to thoroughly investigate the hierarchical
microstructure of partially saturated concrete on its ionic diffusivities by
adopting computational homogenisation methods [46,47]. However,
the pore structure characteristics of unsaturated concrete, which should
also consider its microstructural features at multiscale, have yet to be
investigated in their studies. The methodology to transform pore
structure characteristics of gel pores at micro-scale to mesoscale is also
unclear [48].

In addition to pore structure, chloride diffusion coefficient also de-
pends on the water distribution of pore structure. In an atmospheric
environment, the cement-based materials may undergo arbitrary dry-
wetting cycles, leading to water distribution changes in the pore struc-
ture. Cyclic drying-wetting processes and the initial pore structure are
fundamental factors influencing the water distribution and have to be
further considered to predict the D,. value. However, to the best of the
authors’ knowledge, there is no numerical study that considers both
water saturation degree and pore structure to propose a prediction
model for the relative chloride diffusion coefficient and takes into ac-
count the effect of arbitrary drying-wetting cycles on water distribution
and pore structure characteristics.

In this study, a numerical study is carried out to propose a novel
lattice model to investigate the ionic diffusivity in unsaturated cemen-
titious materials accounting for its hierarchical microstructures. Firstly,
the chloride diffusion process in unsaturated cementitious materials will
be thoroughly introduced. Subsequently, 3D representative volume el-
ements (RVEs) of C-S-H gels and cement paste will be numerically
generated. To avoid the inaccuracy of traditional grow-sphere hydration
model and to match the capillary porosities of real materials at which
de-percolation starts and ends, a redistribution process was applied to
the capillary pores of the initial pore structure, and can provide a good
match between connectivity of modelled and real microstructure at
different porosities. Based on the redistributed RVEs, water distributions
in pore structures at various saturation degrees, including gel and
capillary pores, are simulated with the consideration of different drying-
wetting processes. By converting the unsaturated RVEs into diffusive
lattice networks, the relative chloride diffusion coefficients with
different S will be predicted and validated against experimental results.
Combining predicted relative chloride diffusion coefficients and pore
structure features computationally extracted at multiscale, a pore
structure-dependent equation for describing the D,,—S relationship is
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established. The existing and present model are also compared to eval-
uate the accuracy of the proposed model, and the underlying mecha-
nisms of chloride diffusion in unsaturated cementitious materials are
also discussed in depth.

2. Chloride diffusion in unsaturated cementitious materials

Compared with cement paste, which contains a pore structure, ag-
gregates and sands can be treated as impermeable composites during the
chloride diffusion in concrete [33,49]. Thus, to investigate the intrinsic
transport properties of concrete from a microscopic perspective, the
representative volume element (RVE) of cement paste is selected, as
shown in Fig. 1.

As presented in Fig. 1(a), typical pores in cement paste have a wide
range of sizes, including C-S-H gel pores, small capillary pores, and large
capillary pores [12,50]. Except for capillary pores, gel pores also play a
critical role in the ionic diffusion process and cannot be ignored
[44,51,52]. Therefore, the pore-scale investigation of chloride diffusion
should take into account the effect of different pore-size groups. Besides,
in most environmental conditions, cement paste is commonly unsatu-
rated owing to the complex water loading history, such as alternative
drying-wetting cycles and cyclic atmospheric conditions, as displayed in
Fig. 1(b). Compared with the saturated state, the chloride transport
process in unsaturated cement paste becomes more complex, and chlo-
ride diffusion coefficient varies at different saturation degrees as D(S).
At specific saturation degree (S), D (S) can be expressed as Dy (S) X Dcio.
D, (S) is the relative ionic diffusion coefficient, which is defined as the
ratio of current diffusivities in the unsaturated state to the diffusivity in
the saturated state (D). D (S) ranges from O to 1; generally, D o can be
predicted by many analytical or numerical methods [12].

Due to the different shapes of pores, the water distribution in un-
saturated pore structures will be affected according to the so-called ink-
bottle or pore throat effects [32,53]. As shown in Fig. 1(c), compared
with the saturated condition, in which the pore structure is fully satu-
rated with water and can be treated as effective diffusion path for
chloride, some pores are occupied by the gas phase in unsaturated
porous systems, and the water-filled pores (diffusion path) are partially
continuous or partially discontinuous. Therefore, except for saturation
degree (S), the chloride diffusion coefficient in unsaturated cementitious
materials is highly dependent on various characteristics of pore struc-
ture, such as water tortuosity (z(S)), water connectivity ((S)) and water-
saturated porosity. Water tortuosity is the ratio of the shortest distance
that ions or molecules must travel to a direct distance in the diffusion
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Fig. 1. Representative volume element (RVE) of cement paste.
(a) Different pore-size groups (b) Water distribution considering pore shapes (c)
Illustration of pore structure characteristics.
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direction at an unsaturated state [33]. The water connectivity presents
the connected water fraction in unsaturated pore structure [54,55]. At
different saturation degrees (S), the water tortuosity (z(S)) and water
connectivity (5(S)) of the transport channels vary. From the microscopic
perspective, D,.(S) should be analysed with different pore structure
characteristics, which however are affected by water distribution in
capillary and gel pores according to the water loading processes.
Therefore, the following sections propose a novel lattice model to
improve the prediction accuracy of the chloride diffusion in unsaturated
cement paste. Fig. 2 illustrates the modelling procedures. As present in
Fig. 2(a), to investigate the transport properties of cement paste
considering its hierarchical microstructures, RVEs of different levels are
developed in Section 3. A novel redistributed lattice model is proposed
to better represent the de-percolation phenomenon of capillary pores,
which influence the transport channels significantly. In Section 4, given
that D,. is closely related to the water distribution at the unsaturated
state, by taking into account the pore throat effect in gel and capillary
pores, repeated drying-wetting cycles are simulated to model the water
distribution of pore structure in C-S-H gels and cement paste as shown in
Fig. 2(b). With the help of computer-based methods, pore structure
characteristics at different levels are determined in Section 5 (Fig. 2(c)).
Then, Section 6 introduces a lattice diffusive network based on the novel
redistributed RVEs to predict the relative chloride diffusion coefficient
under different saturation degrees. The predicted results are compared
with experimental data obtained from the literature (Fig. 2(d)). Based on
the quantitative pore structure characteristics, the relationships be-
tween pore structure and chloride diffusivity in unsaturated cementi-
tious materials and the effect of water distribution on chloride
diffusivity are further analysed in Section 7, as listed in Fig. 2(e). A
concise prediction equation for the relative chloride diffusion coefficient
is also put forward based on the quantitative data. Besides, the proposed
model is also compared with existing equations and models in Section 7.

3. Modelling of representative volume elements at different
levels

As illustrated in Section 2, except for capillary pores, the contribu-
tion of gel pores in C-S-H gels to ionic diffusivity in cementitious ma-
terials cannot be ignored. Herin, in this section, the 3D representative
volume elements (RVEs) of both C-S-H and cement paste are simulated.
To better match the de-percolation effect of capillary pores in hardened
cement paste, a novel redistributed lattice model is proposed.

3.1. C-S-H level

Based on previous literatures [12,56,57], C-S-H gel can be classified
into two types according to their porosity: the high-density (HD C-S-H)
gel in the inner layer C-S-H layer and the low-density (LD C-S-H) gel in
the outer layer. Following the results reported by Ulm et al. [58], Con-
stantinides and Ulm [43], the gel porosity of these two C-S-H gels are
determined as:

Oupcsu = 0.24 and @rpesu = 0.37 ()

To generate the desired RVEs of C-S-Hs with defined porosities, the
take-and-place algorithm reported by [47,59] was adopted. The indi-
vidual C-S-H particle was assumed to be a sphere with a diameter of 5
nm with an impenetrable hardcore surrounded by a softshell. During the
generation process, the soft shell of a newly introduced C-S-H particle
can overlap freely with soft shells and hard cores of other existing C-S-H
particles. To model the C-S-H growing phenomenon [60], the hard core
of a new particle should overlap with the softshell of existing C-S-H
particles but leave any hardcore of existing particles non-overlapped.
According to Liu et al. [59], the size ratio between the soft shell and
hard core was set as 3:2. Nano-crystal hydrates are considered as a part
of C-S-H particles and the RVE sizes of both HD and LD C-S-H were set as
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Fig. 2. The flowchart of the modelling procedure.

100 x 100 x 100nm® with resolution of 0.5 nm/voxel according to
[61,62]. Typical microstructures of HD and LD C-S-H gels are shown in
Fig. 3. The pore structure of LD C-S-H gel with higher porosity, which is
illustrated by blue areas, shows a more porous structure compared with
HD C-S-H. The gel pore radius of these two kinds of C-S-H gels ranges
from 1 nm to 5 nm, comparable to 2.5-5 nm reported in [63,64].

3.2. Cement paste levels

Various computer-aided technologies are proposed to obtain cement
paste’s 3D microstructure, such as computer-based models and X-ray
computed microtomography techniques. Among them, several helpful
software is widely used, e.g. CEMHYD3D, HYMOSTRUC3D and pic.
With the pic platform, users can model the microstructural development
by defining materials, particles and reactions, and the hydrated cement
clinkers will be modelled as coated layers [12,46]. In this study, the
cement hydration process is coded through XML files and run through
the pic platform, which is highly customisable. A more detailed platform
introduction can be found in [65]. Previous literature has provided
many comparisons between modelled results by the platform and by
experiments on hydration properties such as hydration degree (a) and
volume fraction of hydration products, showing an acceptable accuracy
[66,67]. A schematic illustration of simulated RVE at the cement paste
level is shown in Fig. 4(a).

However, as a kind of particle-based cement hydration model, it was

- Gel pore

CSH particles

reported that the connectivity of the capillary pore structure modelled
by it would be too high [36,41], leading to the significant over-
estimation of diffusivity in the cementitious materials. To avoid this
inaccuracy and to match the capillary porosities of real materials at
which de-percolation starts and ends, this study proposed a novel
redistributed lattice model (inspired by [42,68]) by redistributing the
capillary pores in the original RVEs simulated by the pic platform.
Through this, the “real” pore structure of hardened cement paste can be
better represented by the redistributed RVEs. Specific processes are as
follows. According to the research done by Achour et al. [12] and Ma
et al. [69], the capillary pores can be divided into small and large
capillary pores, where smaller groups can be regarded as embedments in
outer hydration products (generally including crystals and LD C-S-H).
The porosity of small capillary pores can be estimated by an empirical
equation [69]:

0.712a — 0.255;—/1
%)

Dscp =
(O 37 4+ 0.226 W/C> (14+3.15w/c)

Based on this proportion, the original capillary pores can be redis-
tributed. As shown in Fig. 4, the voxel presenting small capillary pores
will be randomly selected and embedded into the outer layers individ-
ually. The replaced voxel in the outer layer will then be relocated to the
pore network and substitutes pore voxel. During the process, the volume
fraction of both capillary pores and hydration products remains

Fig. 3. Typical microstructures of HD and LD C-S-H gels.
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Redistribution

HD C-S-H

Fig. 4. A schematic illustration of the redistribution process of original RVEs.
(a) Original RVE (b) Novel redistributed RVE.

constant. This procedure will continue until the porosity of redistributed
capillary pores equals the porosity calculated by Eq. (5). Besides, it
should be noted that the new positions which hydration product voxels
removed to should have at least one surface connected with other
existing hydration products voxels. Otherwise, the outer layer will be
completely dispersed, and the embedding phenomenon will disappear.
After the redistribution process, it can be seen pore structure of the
original capillary pores (the area shown by dark blue) in Fig. 4(b) is
obviously denser compared with Fig. 4(a).

Regarding RVE size, as indicated in [70], the minimum size for
determination of diffusivity in cement paste is 100 x 100 x 100 pm®.
Accordingly, the cubic size of cement paste was chosen as 100 x 100 x
100 pm® in this study. A continuous cement particle size distribution
with a minimum size of 1 pm and a maximum size of 50 pm is used [38].
The curing temperature is defined as 293 K. The cement used for
modelling is Portland cement CEM I 42.5 N, and its mineral phase mass
ratios are mc,s = 0.6353,mc,s = 0.13,mc,a = 0.0843,mc,ar = 0.09,
Mgypsum = 0.0117 which is provided in [26,38]. To better present the de-
percolation effect of capillary porosities, the resolution of RVE at the
cement paste level is elected according to the comparison of the
modelled connected fraction of capillary pores with different resolutions
and natural material reported by Bentz et al. [71,72]. Fig. 5(a) shows the
connected fraction of capillary porosity in redistributed RVEs with four
different resolutions (1, 0.5, 0.4, 0.25 pm/voxel) at three capillary po-
rosities (0.25, 0.3, 0.4). As the resolution accuracy increases, the con-
nected fraction of capillary pores rises, consistent with the finding
reported in [39,40]. Selecting the resolution of 0.5 pm/voxel, it can be

1um/voxel
0.5um/voxel:Most Suitable
0.4pm/voxel

Connected porosity fraction

EMMIIHITIHITHTHH Hh

o
~

0.3
Capillary porosity

(a) With different resolutions

LDC-S-H [ Hydrated crystals

Connected porosity fraction

b
) Dense Pore structure

9

I  Aohydrous clinkers I  Original capillary pores

seen in Fig. 5(b) that there is a good match between the calculated
fraction and data reported by Bentz et al. Fig. 5(b) also illustrated that
the redistribution process enables a more accurate spatial distribution of
capillary pores compared with the original simulated RVEs. Based on the
modelled results, the resolution of 0.5 pm/voxel will be adopted in this
study, which is the same as that employed by Zhang et al. [38] and Lin
etal. [73]. Besides, it should be noted that only the conception that small
capillary pores are embedded in hydration products is considered, the
actual pore size of small capillary pores is not clarified due to the limi-
tation of resolution.

After determining the size and resolution of RVEs, Fig. 6 showed the
simulated microstructure of cement paste at three hydration degrees
with 0.50 w/c. With the increased hydration times, the pore structures
become denser. It can also be seen that the generated microstructure is

a=66%
Oep = 24.77%

a=82%
Bep = 17.98%

a=91%
B = 13.87%

Fig. 6. RVEs of hardened cement pastes at three different hydration degrees
100 x 100 x 100 pm3, 0.5 pm/voxel, w/c = 0.5.
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Fig. 5. Connected porosity fraction at different capillary porosity.
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an assemblage of pores, anhydrous particles and solid hydrated prod-
ucts. After seven days of hydration, the hydration degree reaches 66 %,
consistent with the experimental data reported in [69] as 67 %. As the
hydration process evolves, the pore structure is condensed by the solid
hydration products. The capillary pores are seldom connected when the
hydration degree increases from 66 % to 91 %, as displayed in Fig. 5(b).
In this situation, the transport channels may transform from the con-
nected capillary pores to the serial connections of capillary pores
entrapped by gel pores [42], which will be analysed later. This also
indicates the importance of considering gel pores’ effect during the
diffusivity prediction in cementitious materials.

4. Modelling of unsaturated water distribution at different
levels

Due to the alternative drying-wetting cycles in the atmospheric
environment, cementitious materials are often unsaturated. At this
stage, water distribution in unsaturated pore structure, which is influ-
enced by a wide range of pore groups, including gel and capillary pores,
can play a critical role in determining ionic diffusivity. This section will
simulate the 3D water distribution in unsaturated C-S-H gels and cement
paste using a computer-aided technology based on the redistributed
saturated RVEs obtained in Section 3. The dynamic water loading his-
tory and the water trapping effect were also considered.

4.1. Modelling procedures of single wetting and drying process

4.1.1. C-S-H level

Compared with gel pores, the solid C-S-H particles can be regarded as
an impermeable phase at the C-S-H level. At the unsaturated stage, it is
reported that the pore structure characteristics, such as pore size dis-
tribution and pore throat, will influence the water distribution [32,74].
Thus, it is reasonable to first analyse irregular pore structure’s pore size
before modelling the water distribution at different saturation degrees
[75]. Taking LD C-S-H as an example, Fig. 7(a) shows the pores of the
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1lu = 0.5nm
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reconstructed C-S-H gels by using the pore size extraction method
(largest sphere method) [76-79]. Here, the application procedure is
briefly listed as follows. Firstly, the shortest distances of any voxel in the
pore space from the solid wall are marked to form a distance map.
Secondly, the marked number for each pore voxel is selected as the
radius of the sphere, which is centralised on the voxel. Through this, the
pore space can be regarded as a connection of different sizes of pores, as
shown in Fig. 7(b). All these spheres just touch the edge of the solid, and
the overlapping areas between larger and smaller spheres are considered
to belong to larger spheres. Finally, the largest sphere is obtained for
each voxel, and the pore size can be extracted. More details can be found
in the author’s latest work [21].

After determining the pore size distribution by the largest sphere
method, the water filling/wetting procedure in a porous medium can be
modelled by the pore geometry method, which assumes the filling
procedure is only dependent on the pore network of the porous materials
without any pre-set parameters [80-83]. During the single water-filling
process, according to the Kelvin-Laplace eq. [64,84,85], the water
adsorption in the pore structure is solely dependent on the pore size in
the case of idealised moisture distribution. Only the pore radius smaller
than a critical pore diameter d. can be filled at a specific relative hu-
midity. With the increase of relative humidity (the filling process) from
the inlet surface, the water phase will fill the pore structure from smaller
to larger pores until a pre-defined water saturation degree S is reached,
as illustrated in Fig. 7(c).

However, as schematically illustrated in Fig. 8, desorption can result
in water trapping because of the small pore blocking. Fig. 8(a) shows the
saturated channel consisting of two kinds of pore groups (diameter d;
and diameter dy, dy>d; ). At specific conditions, if the critical pore size is
dy, Fig. 8(b) shows a desorption process, the larger pores d; at two ends
(Part A and Part C) can be drained. However, the medium part B is
trapped by the small pores. In this situation, the pore group with
diameter d; is not totally drained, and the water trapping effect will
strongly influence the water tortuosity (z(S)) and water connectivity
(5(S)) of transport channels at specific saturation degrees. In the present

2D slice

(c) Water filling process
Original pore structure

Fig. 7. Schematic illustration of the water-filling process at the C-S-H level.

Fill the small pores firstly

Larger pores remain dry

(a) Pore size of gel pores (labelled by lattice units, lu, 1lu = 0.5 nm) (b) 2D slice (c) water filling process in LD C-S-H.
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Solid

(a)

study, considering that the surface water is located within <1 nm and
strongly bound to the surface of the C-S-H layer, the thin water film is
neglected due to the current resolution limitation. The difference re-
ported by Cohan et al. [86] in critical pore radius and meniscus between
the drying and wetting processes is also not distinguished, as this paper
focused on the order of pore size during adsorption or desorption pro-
cedures. The criterion for completing the wetting or drying procedure is
whether the desired saturation degree is reached.

4.1.2. Cement paste level

At the cement paste level, except for large capillary pores, redis-
tributed small capillary pores (which are “embedded” into LD C-S-H)
and gel pores in LD/HD C-S-H should be considered together when
modelling the water distribution at unsaturated conditions. Still,
following the Kelvin-Laplace equation, the single wetting process of
cement paste will gradually fill the pore structure, following an order
from gel pores in LD/HD C-S-H to small/large capillary pores. This
filling method has been successfully used to investigate the saturation-
related properties of concrete considering hierarchical pore structure,
e.g., water sorption isotherm [61] and water permeability [87]. But, in
the drying procedure, the water-trapping effect should be considered,
and the drying process can be divided into three steps, as shown in
Fig. 9.

In the first step, from the surface exposed to the surrounding envi-
ronment, connected capillary pores will dry firstly from larger to small
pores until all the remaining water-filled capillary pores are trapped by
C-S-H gels, as shown in Fig. 9(a). Then in the second step, the C-S-H gels,
next to the gas-filled pores or C-S-H voxels under threshold saturation
degree, begin to dry. The present study defines a threshold when a gas-
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Desorption

(b)

Fig. 8. The illustration of the drying process at C-S-H level (a) saturated (b) drying.

filled pore is percolated in LD/HD C-S-H gels (Fig. 9(b)), and connected
gas-filled channels can provide releasing channels for trapped water.
When the saturation degree of the C-S-H voxel is below the threshold,
adjacent voxels, including water-filled capillary pores or C-S-H gels, can
release water through this channel, as shown in Fig. 9(c). In the third
step, the RVEs will repeat step two and keep drying until the defined
saturation degree is achieved.

4.2. Setting of drying-wetting cycles and model results

After introducing a single drying-wetting process at C-S-H and
cement paste levels, alternative drying-wetting cycles are applied to
obtain the desired water distribution in the pore structure. At the cement
paste level, to get stable results and reduce the impact of random water
distribution on the chloride diffusivity prediction caused by arbitrary
water loading cycles, water distribution in RVEs of cement paste was
modelled as relatively uniform in the present study. Initially, the RVEs
are set as saturated, and then the drying-wetting cycles of cement paste
are randomly chosen until the saturation of each slice is within a limited
range. Fig. 10 displays the saturation degree of each slice in modelled
RVEs corresponding to that shown in Fig. 6. In the present study if the
aimed saturation degree is S, the upper limit is S + 0.05, while the lower
limit is set as S - 0.05. Through this, the water saturation in each slice of
RVEs is generally uniform. The stability of this uniformly distributed
method will be discussed with pore structure characteristics in the next
section, and the effect of unevenly distributed water on cement paste’s
transport properties will be later analysed in the discussion section.

However, the relatively homogeneous water distribution is no longer
applicable at the C-S-H level. Although the water distribution of cement

[Trapped water in <___-i-.
Caplllnry pores .. LD C-S-H capillary pores ....: (a)
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Fig. 9. Schematic illustration of the water-drying process at cement paste level.
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Fig. 10. Water distribution of different slices.

paste is uniform, the water distribution in each HD/LD C-S-H voxel is
hard to determine. Even though the saturation degrees of different
voxels are known, the applied drying-wetting cycles are unclear and
may strongly affect the transport properties [74]. To solve the problem,
20 RVEs are generated for HD and LD C-S-H, respectively. For each RVE,
water distributions of gel pore structure at 9 saturation degrees (100 %,
90 %, 80 %, 70 %, 60 %, 50 %, 40 %, 30 %, 20 %) are modelled. 10
randomised cyclic drying-wetting loops for each saturation degree. In
total, 20 x 2 x 9 = 360 different 3D RVEs with different saturation de-
grees or water distributions were simulated. Fig. 11 shows one of the
modelled water-gas distributions in the C-S-H gels. It can be seen that
water tends to cover the C-S-H surface and fill the small pores, while gas
tends to fill the large pores and form the gas clusters. This finding is also
consistent with the modelled results done by [47,78]. Besides, as
demonstrated by HD C-S-H at 30 % saturation, it can be found that due
to the random drying-wetting cycles, the water distribution among
different slices is not uniform compared with cement paste.

Fig. 11. Water-gas distribution in C-S-H gels.
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Based on the data obtained from these 360 RVEs, the prementioned
threshold of the releasing channel is set as 0.8 and 0.5 for LD and HD C-
S-H respectively (detailed data can be found in Appendix A: Fig. A.1).
Fig. 12 shows the modelled water-gas distributions of cement paste at
saturation 90 %, 60 % and 30 %, RVE1 with w/c ratio 0.5 and hydration
degree 66 % are taking as an example. As displayed in 3D microstruc-
tures (Fig. 12(a-1,2,3)), gas tends to form clusters in the pore structure
with decreasing water saturation. At this stage, the water-filled capillary
pores may be trapped by the gel pores in C-S-H gels, and the transport
channels become serial connections of capillary pores linked by water-
filled C-S-H matrixes [83]. 2D slices can illustrate the three drying
steps clearer and show the trapped water. As seen at the saturation of 90
% (Fig. 12(b-1)), the C-S-H gels remain saturated and capillary pores
gradually lose their water. When saturation drops to 60 %, as shown in
Fig. 12(b-2), the C-S-H begins to dry, but the threshold is not reached.
Thus, some water is trapped in the redistributed capillary pores, as
highlighted in red in Fig. 12(c-1). When the saturation keeps decreasing
to 30 % (Fig. 12(b-3) and Fig. 12(c-2)), the trapped water is released,
and the C-S-H matrix also loses its water. The inhomogeneous water
distribution in the C-S-H matrix shown in Fig. 12(c-2) also informs the
necessity of stochastic modelling of drying-wetting processes at the C-S-
H level.

5. Determination of pore structure characteristics at different
levels

As a typical porous material, chloride diffusivity of unsaturated
cementitious materials is highly dependent on various characteristics of
pore structure, such as water tortuosity (), water connectivity () and
water-saturated porosity. In this section, water tortuosity (zcsu(S),
Tpaste(S)) and connectivity (1csy(S); fpasie (S)) of both C-S-H and cement
paste at different saturation degrees are determined. A multiscale
computational homogenisation method is adopted to upscale the pa-
rameters from C-S-H to cement paste levels.

Uneven water distribution
due to drying-wetting cycles

(Bule, white, and yellow represent water, gas, and C-S-H particles, respectively). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 12. Water- gas distribution in cement paste (RVE 1, a = 66%).
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5.1. C-S-H level

Based on the simulated unsaturated C-S-H gels’ RVEs, water tortu-
osity (zcsu(S)) and connectivity (5cgy(S)) at the C-S-H level can be
quantified. As illustrated in Section 4, C-S-H particles can be considered
as impermeable phases compared with gel pores. Therefore, from the
inlet side to the outlet side, only connected water-filled gel pore voxels
are available to form channels for chloride diffusion, as shown in Fig. 13
(a). For each pore voxel (orange cube), the connected voxels are defined

Current voxel

X Outlet

V|

Connected and
saturated voxel -

=1Ly =1 Porm

It
=

Connected but
unsaturated voxel

7, =0,y =0 (a)

as 6 face-to-face ones, and the voxel connectivity of each water-filled
(n,) voxel is defined as 1, while the voxel connectivity of gas-filled
ones is defined as 0. Similar to the modelling procedures done by
Zhang et al. [38], the water connectivity (5c54(S)) of the C-S-H gels at a
specific saturation degree (S) is calculated by dividing the number of
connected water-filled voxels by the total number of water-filled voxels.
Generally, 5. (S) is smaller than 1. 7-44(S) = 1 indicates all the water-
filled pores are interconnected. If the 5.¢;(S) is 0 but the S is non-zero,
the water-filled pores in the domain are disconnected and randomly

0Outlet Steps
/’ 300
50 y 250
o
Solid 7| 200
hases100
P 150
. Stcp n 100
150
50
200 0
0 50 100 150 200
©

Fig. 13. Schematic illustration of the determination of pore structure characteristics.

(a) Connectivity (b) Tortuosity (c) Travelled distance of the outlet.
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dispersed. The effective porosity of C-S-H (@gl,) which presents the
connected fraction of water-filled pores, is calculated by multiplying the
degree of water connectivity by the porosity of C-S-H and saturation
degree, as @y = flcsu(S)-S-Pesu-

For the water tortuosity, as shown in Fig. 13(b-c), the steps travelled
by ions from the inlet to the outlet can be computationally determined.
For example, Fig. 13(c) shows the needed steps that ions diffuse through
water-filled pores from the inlet to the outlet. It can be seen that the
distance travelled by ions (>250 steps) is bigger than the lattice size of
the sample (200). Therefore, the water tortuosity (zcsu) of the C-S-H gels
at a specific saturation degree (S) is calculated by dividing the averaged
steps of the outlet by the lattice size of the C-S-H sample. Generally,
7csu(S) is >1. If the modelled steps on the outlet are empty, it means that
ions cannot diffuse through the sample, and the 7csu(S) is defined as
infinity (c0).

Fig. 14 shows the extracted results of water connectivity and tortu-
osity in HD and LD C-S-H gels against saturation degree. Solid lines
present the averaged values obtained based on the 360 RVEs applied to
randomised cyclic drying-wetting processes, as illustrated in Section 4.2.
Detailed results are provided in Appendix A. The results indicate that the
connectivity of water-filled pores gradually decreased with the decrease
of saturation degree in both HD and LD C-S-H. In contrast, the water
tortuosity shows an opposite trend. Compared with LD C-S-H, the
decreasing trend of water connectivity for HD C-S-H, which owns lower
porosity, is more prominent. Besides, as circled in Fig. 14(a), the water
connectivity decreases slightly within a specific range and drops sharply
after a critical saturation degree. This is because water tends to fill
smaller pores while the gas phase prefers to occupy the central part of
larger pores. Only going down a critical saturation degree, the gas phase
can form clusters and obstacle the diffusion pores, leading to a sharp
drop in water connectivity [83]. Similarly, once the water saturation
degree reaches the critical saturation degree, the gas clusters will block
the diffusion path, resulting in a more tortuous water-filled pore struc-
ture. The water tortuosity will go up quickly.

The averaged values in Fig. 14 are also compared with the results
determined based on the RVEs with uniformly distributed water (the
dashed lines), and show relatively lower values in connectivity. Ac-
cording to the detailed results in Tables A1-A2, the connectivity of HD
C-S-H with randomised cyclic process has higher fluctuations. It may
even drop its connectivity to 0 even the saturation degree is 80 %. But
the randomised results are stabler with larger porosity in LD C-S-H.
Therefore, the difference shown in LD C-S-H is relatively minor. In the
present study, the averaged values can consider the complex water
loading history and present the local information. Thus, using the
computational homogenisation method, the averaged value will be
upscaled to the cement paste level.

Cement and Concrete Research 176 (2024) 107351
5.2. Cement paste level

Basic procedures to find the connected voxels of the water- partially
filled voxels by face-to-face searching at the cement paste level,
including C-S-H voxels or capillary voxels, are similar to those illustrated
at the C-S-H level. However, to calculate #p,4.(S), the connectivity of
each voxel (1,) at cement paste should be classified as C-S-H (55(S))
and capillary pores (5P) as shown in Fig. 15. For C-S-H voxels with
different saturation degrees, the connectivity 7, for C-S-H gels is no
longer a constant value 1 but determined according to the averaged
results #$SH(S) = averaged 5jc(S). At the cement paste level, the
overall connectivity of the pore structure at a specific saturation degree
(S) is calculated by the following equation:

S (S (81) S x )+ 0, % 4,
Mpase(S) == = Q]
S (455) + Ve

i=1

where n, N are is number of connected C-S-H voxels and capillary pores

voxels, respectively; 7S3H(S;) means the connectivity of water-filled gel

pores in C-S-H voxels with saturation degree S;; 7", is the connectivity of

pore voxels, with value 1 for water-filled ones, 0 for gas-filled ones. ¢S5

is the original porosity of C-S-H voxels, which is 0.24 for HD C-S-H and
0.37 for LD C-S-H; 4", is the porosity of capillary pore voxel, and is set as
1. While #¢g;(S) corresponds to the connected fraction of water-filled
pores, it should be noted that #p,.(S) presents the connected fraction
of pore structure and reflects the transport properties of pore structure.
Although the tortuosity (zpase(S)) is still calculated by dividing
averaged steps of the outlet by the size of the cement paste sample, the
step of each voxel is no longer 1 at C-S-H gels. It should be determined
according to the results calculated at the C-S-H level. Similarly, zpagie (S)
can be calculated by:
-t @)

Fraste (S) B Noutler X me

where ngyer is the number of connected voxels on the outlet surface;
step, ; is the modelled steps similar to the Fig. 13(c), Lsi is the lattice size
of the sample, which is 200 in the present study.

Herein, the calculated connectivity and tortuosity of unsaturated
cement paste at different saturation degrees are demonstrated in Fig. 16
(a). Compared with water tortuosity, which increased with increasing
hydration degree, the water connectivity of different RVEs at different
hydration degrees is almost the same. This finding differs from the re-
sults reported by Zhang et al. [38], in whose study the connectivity of
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Fig. 14. Pore structure characteristics in unsaturated C-S-H gels.
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pore structure drops significantly with the increased hydration degree as
C-S-H level. This is mainly because their research does not consider the
diffusivity of gel pores in C-S-H gels. Taking a = 82% with @, =
17.98% as an example, as illustrated in Fig. 5(b), if only capillary pores
are considered, the connected fraction of capillary pores is nearly 0. This
means the cement paste is impermeable even if it is saturated. This is
unrealistic. Thus, this finding also indicates the importance of consid-
ering the gel pores at the unsaturated stage.

The RVEs of C-S-H gels are applied with randomised cyclic drying-
wetting processes. Section 5.1 has compared the differences between
averaged values and results based on RVEs with uniformly distributed
water. However, at the cement paste level, the water distributions of
different slices are modelled as relatively homogeneous. Repeated
simulation results are shown in Fig. 16(b) to discuss the stability of this
method. Taking RVE1 as an example, 100 repetitions were simulated to
model the uniform water distribution at saturation degrees 90 %, 60 %,
and 30 %. Based on the listed mean and standard variance, the data
indicates that relatively stable results can be obtained based on the RVEs
with uniformly distributed water. Considering that the transport prop-
erties of unsaturated cement paste are highly related to their pore
structure characteristics, such as water connectivity and water tortuos-
ity, it is reasonable to estimate that such unsaturated RVEs can give
relatively stable results in diffusivity prediction, and the prediction of
chloride diffusivity will be discussed in the next section.

Tortuosity of pore structure
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6. Prediction of chloride diffusivity at different levels

The simulated unsaturated RVEs of C-S-H gels and cement paste
consist of different hydration products and clinkers, which own specific
chloride diffusion coefficients at different saturations. By converting the
voxel-based RVEs into a lattice diffusion network, the chloride diffu-
sivity of unsaturated C-S-H gels and cement paste at a specific saturation
degree (S) can be predicted. To achieve that, the lattice diffusive pre-
diction model will be introduced and validated in this section.

6.1. Lattice diffusive prediction model

Fig. 17 illustrates the procedures to convert the generated RVEs of C-
S-H gels and cement paste into the lattice diffusion networks (2D slice).
To predict the chloride diffusion coefficient at a specific saturation de-
gree, the following assumptions are addressed in the modelling: (1)
Chloride ions can only diffuse within the continuous water-filled pores
of voxels in the prediction, and diffusion occurs between the face-to-face
voxel as pre-mentioned in Fig. 9(a); (2) C-S-H particles, anhydrous
clinkers, micro crystals and voxels with saturation 0 % are converted
into a solid-like node, which is considered impermeable; (3) No ionic
flux is allowed to pass through the other four surfaces except for the inlet
and the outlet.

For each voxel, it relates to a lattice node. The node presents a spe-
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cific phase and links to a node diffusion coefficient D;. For the diffusive
element i — j which connects node i and node j, the diffusion coefficient
D;_j is given as:

2

i =TT
D,+,

D, (8)

=

where D; and D; is the diffusion coefficient of lattice node i and j,
respectively. In this study, each lattice node’s chloride diffusion coeffi-
cient corresponds to its representative phase. Besides, it should be noted
that either D; or D; is zero, D;_j should be zero. As shown in Fig. 17(a, b),
diffusivities of water-filled gel pores are defined as Dy at the C-S-H
level, and diffusivities of water-filled capillary pores are considered as
Dy,. As reported by [88], the results obtained from molecular dynamics
(MD) simulations on tobermorite and nuclear magnetic resonance
(NMR) measures on cement pastes have evidenced that the diffusive
transport in confined pores can be lower than in bulk water. Based on the
electrical double layer (EDL) theory, a study by Nguyen and Amiri [89]
conducted that a pore radius smaller than 2-3 nm will affect the diffu-
sivities of chloride, while this effect can be neglected for larger pores.
What’s more, MD simulation in the capillary pores has been reported as
2 x 107°m?/s, which is only slightly below the chloride diffusivity of
bulk water (2.03 x 10~°m? /s) [56,88]. Based on these results, it seems it
is more appropriate to assume that the diffusion coefficient in water-

Cement paste

D Capillary pores with D; = D,
(] Gas-filled phase with D; = 0

filled capillary pores D, is close to that in bulk water Dy, and to
consider the slow-down effect in gel pores. According to the inverse
analysis done by Achour et al. [12], the chloride diffusivity in gel pores
Dy is defined as 0.0246Dy, in the proposed model. Similar to deter-
mining pore structure characteristics, chloride diffusivities of C-S-H
voxels at the cement paste level with different saturation degrees are
obtained through a multiscale computational homogenisation method,
as shown in Fig. 17(b).

To investigate the intrinsic effect of pore structure characteristics on
unsaturated cementitious materials, the steady-state diffusion process is
considered in the present study, and the chloride binding effect is not
taken into account, which is also adopted in [17,73]. In this situation,
the diffusion process in cementitious materials is satisfied with Fick’s
first law. The flow along the element i — j can be described as [73]:

gi-j= —Di;Vei 9
where g;_; is the flow density between node iandj, Vc;_; is the con-
centration gradient between the face-to-face lattices. During the
modelling, g;_; is positive for inflow and negative for outflow. It is
known that the diffusion process converts from a non-steady-state to a
steady state, and the chloride flux through the outlet surface will achieve
a constant value when a steady state arrives. Thus, for each node at
steady-state, the inlet flux equals outlet flux and does not change with
time. As displayed in Fig. 18(a), at steady state, the concentration of the
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Fig. 18. A schematic diagram of (a) concentration calculation at each node (b) iterative process for steady-state chloride diffusion prediction.
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node i can be calculated as:

D, (C; —C)+Dy (Cy — C)+D3" (C2 = C)) + Dy (C,— C)) =0 (10)

_ D,"C,+D,"C,+D;"C; + D, C,

G = = - -
D, +D, +D; + Dy

(1)

1, 2, 3 and 4 present four neighbouring nodes around the node i; D; ",
D,",D3" and D," are the diffusivities between nodes 1 and i, nodes 2 and
i, nodes 3 and i, nodes 4 and i, respectively as shown in Fig. 18(a). The
steady-state can be achieved by iterating the concentrations until the
outlet flux reach unchanged, as presented in Fig. 18(b). To initialize the
iterative procedures, the initial chloride concentration of each node in
the lattice model is set as zero, and the concentration of inlet and outlet
are set as C; and Co, which are 10 mol/m® and 0 mol/m® in present
study, respectively. Conjugate gradient method (CGM) [73] is adopted
in present study to accelerate the computation speed. After the steady-
state is achieved, the modelled diffusion coefficient D (mz/s) of C-S-H
gels and cement paste at specific S, can be obtained by:

0 L

D(S):Xcl—c0

(12)

where Q is total flux through the outlet surface (mol/s), L is the length of
sample (m), and A is the area of outlet surface (mz). So, the relative
chloride diffusion coefficient can be calculated as:

D(s)

D) = b5 = 100%)
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Considering that the impermeable and gas-filled phases have no
contribution to the diffusion process, it is efficient to identify and
remove them from the iterative domain to reduce the memory demand
and improve the computational efficiency.

6.2. Validation of predicted results with experimental data

6.2.1. C-S-H level

Fig. 19 displays the steady-state ionic concentration distribution in
unsaturated C-S-H gels corresponding to those shown in Fig. 11. The
tortuosity of water-filled pores in HD C-S-H at saturation degree 30 % is
. Hence the RVE of C-S-H at saturation degree 30 % becomes
impermeable.

Cement and Concrete Research 176 (2024) 107351

The averaged chloride diffusivities in unsaturated C-S-H gels against
the water saturation degree is presented in Fig. 20. At saturated stage,
the predicted results of chloride diffusivity in HD and LD C-S-H are
found to be equal to 4.53 x 10~*Dy, and 1.34 x 103Dy, respectively.
This result shows an acceptable agreement with the results reported by
Achour et al. [12] (Dupcsn = 4.4 x 10™*Dpyik, Dipcsal.6 x 107>Dpyi)
and the results by Bary and Béjaoui [90] (Dupcsu = 3.7 X 10~*Dpyy,
Dipcsy = 1.5 x 1073Dyyy). It can be seen in Fig. 20 that the ionic dif-
fusivities gradually decrease with the dropping of water saturation de-
gree, which corresponds to the decreasing connectivity of water-filled
pores as illustrated in Fig. 14. When the saturation degree reduces to 30
% in LD C-S-H and 60 % in HD C-S-H, the partially water-filled C-S-H
gels are impermeable. Fig. 20 also indicates that finer pore structure
owns a relatively lower ionic diffusivity at the same saturation degree.

6.2.2. Cement paste level
To verify the proposed lattice model at the cement paste level,
herein, third-party tested relative chloride diffusion coefficients D,. of

1.34 —& HDC-S-H

—@—LD C-S-H

1.4

04 05

Saturation degree

07 08 09

0.3

0.6 1.0

Predicted chloride diffusion coefficient

Fig. 20. Predicted chloride diffusivity of HD/LD C-S-H gels against different
saturation degree.

i Normolized concentration
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Fig. 19. Steady-state chloride concentration distribution of RVEs at C-S-H level.
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cementitious materials with w/c 0.5 at different water saturation de-
grees are compared with the predicted relative chloride diffusion co-
efficients, which are obtained based on the uniform water distributed
microstructure. The RVEs of cement paste used for relative chloride
diffusion coefficient prediction are consistent with that discussed in
Sections 3, 4 and 5. Detailed parameters of these three RVEs are listed in
Table 1. The experimental results used to validate the proposed model
are listed in Table 2.

Fig. 21 displays the steady-state chloride concentration distribution
of different RVEs at saturation degrees 90 %, 60 %, and 30 % in cement
paste. The chloride concentration distributions in the capillary pores
were also isolated and demonstrated in Fig. 21. When the saturation
degree is high, e.g., 90 %, it can be found that a large part of capillary
pores plays a role in chloride diffusion. However, with the saturation
degree decreasing, the main diffusion channels have been transformed
from the capillary pores to partially water-filled C-S-H gels. The RVE
with a higher hydration degree shows this trend more pronouncedly.

With the modelled results, the relative chloride diffusion coefficients
(Drc(S)) can be calculated. Fig. 22 shows the relative chloride diffusion
coefficients of three RVEs against different water saturation degrees
with a w/c ratio of 0.5. Obviously, the relative chloride diffusivity is
highly related to the water saturation degrees. It can be observed that
the increasing saturation degree can prompt chloride diffusion in
cement paste. Increasing hydration degree can make the pore structure
denser and reduce porosity, leading to a low diffusion coefficient at the
same saturation degree. There is a significant decrease in diffusion co-
efficient when the water saturation degree reduces from 100 % to
approximately 70 %, followed by a less sharp decline with the range 70
% to 40 %. When the saturation degree drops to approximately 40 %, the
chloride diffusion coefficient approaches zero because no connected
path is available. Fig. 22 also compares predicted and experimental re-
sults, showing a similar trend. It suggests that the relative chloride
diffusion coefficient of cement paste can be predicted through the pro-
posed lattice diffusion model. However, some specimens tested in ex-
periments are mortars. Since mortar consists of cement paste and sand,
the chloride diffusion coefficient of mortar can be adjusted by a
parameter called f;, which is related to the volume fraction of sand
[46,94]. Assuming that sand is impermeable, the value of f; will remain
constant at different saturation degrees. Therefore, at an unsaturated
state, the relative chloride diffusivity D,. of the mortar can is equal to the
relative diffusion coefficient of cement paste. Based on this point, the
experimental results of mortar in Table 2 were used for model validation
[38,39,66]. After model validation, the effect of pore structure charac-
teristics and the water distribution caused by the water loading process
on the chloride diffusivity of unsaturated cement paste will be further
discussed in the next section.

7. Results and discussion

7.1. Effect of gel pores on chloride diffusivity at different hydration
degrees

The gel pores in C-S-H gels play a critical role in chloride diffusivity
in unsaturated cementitious materials. To further explore the relation-
ship between the volume fraction of gel pores in pore structure and
chloride diffusivity, RVEs at different hydration degrees with a satura-
tion degree of 50 % were generated. Water contents at different slices
are modelled as uniformly distributed, as illustrated in Section 4.2.

Table 1
The parameter of simulated samples.
Index w/c Days Hydration degree Capillary porosity
RVE 1 0.5 7 66 % 0.2477
RVE 2 0.5 14 82 % 0.1798
RVE 3 0.5 28 91 % 0.1387
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Table 2
The third-party experimental results.
Authors w/c Binder type Specimen Curing
ages
Guimaraes et al. 0.5 CEM II/A-L 32.5R; CEM  Mortar 28 days
[91] II/A-L 42.5R
Olsson et al. [92] 0.5 CEMI1425N Mortar 6 months
Olsson et al. [26] 0.53 3 months
Zhang et al. [55] 0.5 CEM I Cement 1 year
paste
Rajabipour [93] 0.5 ASTM Type I Cement 3 months
paste
Nielsen and 0.5 Rapid Hardening Mortar ~4.6
Geiker [25] Portland Cement months

Fig. 23(a) displays that the predicted chloride diffusivity decreases with
increasing hydration degrees, and there is a sharp decline within the
range of 14 % to 39 % and keeps almost constant after 48 %. On the one
hand, this is related to the denser pore structure caused by evolved
hydration. On the other hand, this can be further explained based on the
water proportion distributed in pore structures. Fig. 23(b) shows the
water proportion distributed in gel and capillary pores at different hy-
dration degrees. With the hydration degree increasing, the water
distributed in capillary pores generally decreases. As highlighted by
green and red columns (First four RVEs), at relatively lower hydration
degrees, the water distributed in capillary pores is significantly higher
than water distributed by gel pores, corresponding to the larger chloride
diffusivity shown in Fig. 23(a) (red points). Since the hydration degree
reaches 48 %, the main diffusion channels transform from the connected
capillary pores to the serial connections of capillary pores entrapped by
gel pores and finally to the partially saturated C-S-H network. A sharp
decline appears because the chloride diffusivity in capillary pores is
>1000 times higher than in gel pores [12].

Besides, Fig. 24 displays that the volume fraction of gel pores in the
original pore structure grows steadily with the hydration evolved.
Combined with the predicted relative chloride diffusion coefficients in
Section 6, it can be found that there is a good match between the volume
fraction of gel pores and the critical saturation degree at D,.<10 %.
Water tends to fill smaller pores, while gas prefers larger ones. There-
fore, when the saturation degree is below the volume fraction of gel
pores in the pore structure, the main diffusion channels are mainly the
partially saturated C-S-H network with trapped capillary pores, which
results in a constrict to chloride diffusion.

7.2. Effect of water distribution on chloride diffusivity considering drying-
wetting processes

As briefly illustrated in Fig. 14, the averaged pore structure charac-
teristics of C-S-H gels applied to randomised cyclic drying-wetting cycles
differ from those determined based on RVEs with uniformly distributed
water. Due to the complexity of the pore structure, different drying-
wetting processes will influence the water distribution of the pore
structure in hardened cement paste, resulting in a variance in chloride
diffusivity even if the saturation degree remains constant. This section
will model the water distribution applied to a single wetting or drying
process and compare the predicted chloride diffusivity with the data
obtained in Section 6 (with uniformly distributed water). It should be
noted that the drying-wetting cycles are applied just to simulate water
distribution instead of applying to the chloride diffusion process, which
needs further investigation in the future.

RVE1 and RVE2 are selected as examples to present two conditions:
better connectivity of capillary pores and Poor connectivity, as discussed
in Fig. 5(b). Fig. 25 show the modelled water saturation at different
slices during progressive wetting of these two RVEs. As displayed in
Fig. 24, the pore structure of RVE1 is composed of 35 % gel pores, and
RVE2 contains 48 % gel pores by volume. Since the water phase tends to
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Fig. 21. Steady-state chloride concentration distribution of RVEs at cement paste level.
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Fig. 22. Comparison of predicted and tested D,. of unsaturated cement paste
against different saturation degrees.

fill the small pores in porous media [64]. Thus, when the saturation
degree is below 35 % in RVE1 and 48 % in RVE2, there is no water phase
in capillary pores and gel pores become partially saturated. Beyond the
fraction, the water will gradually fill the capillary pores from the sur-
face, as indicated by the arrow in Fig. 25(a). The volume fraction of gel
pores increases with the increasing hydration degree, as indicated by the
arrow in Fig. 25(b).

Water saturations at different slices during progressive drying of
RVE1 and RVE2 are shown in Fig. 26. During the drying process, the gas
phase prefers to fill the larger pores. Considering the water trapping
effect, the water drying process first occurs through the connected
capillary pores. RVE1 comprises 65 % capillary pores in which 54 % is
connected (illustrated in Section 3.1). Thus, in RVE1, the C-S-H gels
remain saturated until the saturation degree below 1 — 65% x 50% =
64.9% as highlighted in Fig. 26(a). Due to the relatively better con-
nectivity of capillary pores, there are more or less C-S-H gels at each slice
in contact with the dried capillary pores and can begin to dry when
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continuously decreasing saturations. So, all slices could dry more uni-
formly, and no obvious dry-wet interface exists. On the contrary, the
connectivity of capillary pores in RVE2 is poor, most capillary pores are
trapped by C-S-H gels. Therefore, there is an obvious dry-wet interface,
as shown in Fig. 26(b). Only the former slice has lost its water, and the
latter can then begin to dry. In this condition, the slice saturation away
from the surface is much larger than the slice saturation near the surface.

Fig. 27 shows the saturation degree of capillary pores during pro-
gressive wetting and drying in RVE 1 and RVE2. The gap between the
two lines indicates the fraction of trapped water in capillary pores. The
fraction of trapped water in RVE2 is higher than in RVE1 due to the poor
connectivity of capillary pores. Considering the relatively coarser pore
structure in RVE1, higher saturation of capillary pores at the same
saturation degree can promote chloride diffusion. As shown in Fig. 28
(a), the tortuosity of transport channels during a single drying process is
relatively lower than that during progressive wetting. On the contrary,
the almost dried surface in RVE2 leads to a significant rise of tortuosity
at a lower saturation degree, as shown in Fig. 28(b). Considering that the
uniformly distributed water is applied with a cyclic drying-wetting
process, the tortuosity also lies between the single wetting and drying
process. The predicted chloride diffusivity shows consistent trends with
predicted tortuosity, as shown by the right y-axis in Fig. 28. In conclu-
sion, when the connectivity of capillary pores is comparatively good,
higher saturation of capillary pores can lead to higher chloride diffu-
sivity, with Dy < Dy < Dp. Otherwise, the drying process of dense pore
structure will cause the surface to dry out quickly, leading to the
decrease of chloride diffusivity, with Dw > Dy > Dp.

Predicted chloride diffusivity during progressive wetting Dy; during
progressive drying Dp; with uniformly distributed water Dy,

7.3. Relative diffusion coefficient based on multiple-typed pore structure
characteristics

In unsaturated hardened cement paste, not only saturation degree
but also pore structure characteristics can influence the chloride diffu-
sion properties. In this Section, a prediction equation for D,. will be
proposed based on multiple-typed pore structure characteristics. The
comparisons of existing and novel models on the predicted D, -value are
also further analysed.
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7.3.1. An analytical equation for relative diffusion coefficient prediction

Generally, the diffusivities of cementitious materials decrease with
the increasing water tortuosity because more diffusion distance is
needed to pass, and with the drop of water connectivity due to less
connected channels are accessible. As mentioned in the introduction,
some previous work tried to clarify the dependence of the relative
diffusion coefficient on moisture content or saturation degree. However,
these equations cannot fully account for the dependence of ionic diffu-
sion on pore structure.

It was well known that the relationship between diffusion coefficient
and pore tortuosity can be given by effective media theory (Eq. (14))
[33,95].

Spas

__ Upaste
DPasle ) Dbu]k

Paste

14)

where, Dp,se is the apparent chloride diffusion coefficient of cement
paste, Spase is the constrictivity of pore structure, thus the D,.-value at
different saturation degree (S), should be described as:
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Fig. 25. Saturation degrees at different slices during the progressive wetting process.
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where 55, (S) = S 5100 and 75, (S) = - T%50%) Besides, as RVE2

0.89_A- rvE3
Fitted values

derived in Zhang’s work [55], D, can be expressed as the function of
saturation degree (S) and connectivity (yp,y.). Inspired by these two

equations and based on the modelled results, a new prediction equation RVEI
for D,. is inspired with the consideration of saturation degree (S), water 0.6 RVE2
connectivity (i7p,q (S)) and relative water tortuosity (%, (S)) as: ——RVE3
S pasie(S)
Dy (§) = —Rue = (16) 0.4 -
Tpaste (S)Z

Npaste aNd 7h,. can be extracted based on the redistributed RVEs as RMSE; =0.0119

illustrated before, f is a fitting parameter. The pore system character-
istics of three RVEs and fitted relative chloride diffusion coefficient by
Eq. (16) are listed in Table 3.

Since the D, obtained from the lattice diffusive model through Eq.
(13) has been experimentally validated as shown in Fig. 22, so, the D,.
(Eq. (13)) is treated as approximate experimental data in this section,
and shown by the blue columns in Table 3. The green columns show the
fitted D,. by Eq. (16). Fig. 29 shows the comparison of modelled and
fitted values. Based on root-mean-square error (RMSE), it can be seen
that Eq. (16) can achieve good fitting accuracy. This concise equation
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Fig. 29. Comparison of modelled and fitted D,-value.

can characterise the effect of pore structure on the relative chloride = =
diffusion coefficient, including the gas blocking and tortuous diffusive 0.12 4 N - Eq.(15) with fitted
N [ 1EqQ)
channels.
Bl EQ) =45

.10 1 _

7.3.2. Comparison between existing and proposed models 0.10 H Eq'(? r . th6f tted A
The relationship between saturation degree (S) and relative chloride q.(2) with fitte

diffusion coefficient (D,.) can be predicted by existing empirical equa- m 0.08 Q‘o’\b‘
tions (Egs. (2) and (3)) and novel proposed prediction equations (Eq. N Q &
(16)). The RMSE obtained based on different equations or parameters 5
are shown in Fig. 30. Compared with quadratic polynomial equation

(Eq. (3)), the novel proposed model always indicates a better fitting
accuracy. If defining the 1 as 6 [28] or 4.5 [26] in the power equation, it
can be seen that the RMSE shows a significant fluctuation in different
RVEs. If better accuracy is desired, 4 should be 3.472, 4.838 and 5.480
for three RVEs, respectively. However, accuracy aside, neither the
quadratic polynomial nor the power equation can fully account for the
dependency of ionic diffusion on the pore structure and the water dis-
tribution at an unsaturated state.

In the present study, original capillary pores are redistributed to

A=3.472 2=4.383 2=5.480

Fig. 30. Calculated RMSEs based on different equations or parameters.

Table 3
The pore system characteristics and their relationship between relative diffusion coefficient.
Specimen RVE 1 RVE 2 RVE 3
Pore structure characteristics and relative diffusion coefficient (modelled and fitted)
S DI‘C 17 ‘L’rc DTC DI‘C 7] ‘L’rc Drc DTC 7] ‘L’rc Drc
Eq.(13) e P poae) | Beas o T piae) [ Eean o PR g e
B B=2 B=3 B=4
1 1.0000 1.00 1.00 1.0000 | 1.0000 1.00 1.00 1.0000 | 1.0000 1.00 1.00 1.0000

0.9 0.6841 090 1.03 0.6882(0.6124 0.88 1.02 0.6089 [ 0.5719 0.89 1.02 0.5627
0.8 0.4561 0.78 1.07 0.4422 | 0.3818 0.79 1.05 0.3654 [ 0.2888 0.77 1.05 0.2864
0.7 02762 0.66 1.10 0.2645]0.2196 0.69 1.08 0.2030 [ 0.1447 0.69 1.08 0.1411
0.6 0.1723  0.57 1.15 0.1568 [ 0.1067 0.59 1.12 0.1004 [ 0.0413 0.58 1.12 0.0594
0.5 0.1066 0.48 1.19 0.0847 [ 0.0398 0.47 1.21 0.0400 [ 0.0261 0.42 123 0.0174
0.4 0.0742 037 1.26 0.0377 | 0.0247 0.33 1.30 0.0124 [ 0.0259 0.31 1.41 0.0040
0.3 0.0197 0.23 1.43 0.0059 | 0.0214 0.20 1.92 0.0015 [ 0.0123 0.23 2.04 0.0004
0.2 0.0065 0.13 2.11  0.0000

Note: Dx means that the data is obtained through Eq. (X).
Blue columns: Modelled relative diffusivity by Eq. (13) Green columns: Fitted relative diffusivity by Eq. (16)
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Fig. 31. Comparison between original RVEs and novel RVEs.

better represent the natural connectivity of capillary pores in hardened
cement paste. By uniformly distributing the water at different slices in
original and novel RVEs, Fig. 31(a) shows the proportion of water
distributed in capillary pores. At higher saturation, the water content
distributed in capillary pores in novel RVEs is lower than in original
RVEs. However, at lower saturation, the fraction of water in capillary
pores in novel RVEs is much higher due to the trapping of C-S-H gels.
Fig. 31(b) shows the predicted chloride diffusivity at a saturation of 50
% based on the RVEs with or without redistribution of capillary pores.
By modelling the steady-state diffusion, it can be seen that the predicted
diffusivity based on the RVEs without redistribution can be nearly 8 to
10 times larger than that with redistribution. This is due to the higher
connectivity of capillary pores in the original RVEs. A review by Patel
[41] also reported that chloride diffusivity prediction based on spheres-
based hydration models can overestimate experimental data by up to a
factor of ten. But interestingly, it is also reported the relative diffusion
coefficient at different saturation degree can be predicted in good ac-
curacy by using undistributed microstructures and without the consid-
eration of gel pores [19,38,73]. While disregarding the presence of C-S-
H gels will underestimate the diffusivity, the overestimation caused by
non-redistributed capillary pores may counteract the underestimation.
This may be why these model shows relatively reasonable results in
predicting relative chloride diffusivity at an unsaturated state. Based on
the above comparison with the existing equations and traditional
sphere-based model, it can be concluded that the novel proposed model
can better demonstrate the actual microstructure of hardened cement
paste and can predict the ionic diffusivity more accurately by taking into
account the characteristics of unsaturated pore structure.

8. Conclusion

A numerical model for predicting the relative chloride diffusion co-
efficient in unsaturated cementitious materials is proposed in this paper.
Based on the RVEs generated by pic, the capillary pores are redistributed
to better represent the natural microstructure of hardened cement paste.
The water distributions at unsaturated pore structures are modelled by
applying cyclic drying-wetting loading processes, and the presence of
gel pores in C-S-H gels is also considered. By transforming the voxel-
based network into a diffusive network, chloride diffusivity is pre-
dicted based on the novel redistributed model. The predicted diffusion
coefficient as a function of water saturation degree and pore structure
characteristics agrees with experimental results obtained from the
literature. Based on the present model, the following conclusions can be
drawn:

(1) As the decreasing of saturation degree, the main transport
channels for chloride diffusion will transform from the connected

19

capillary pores to the serial connections of capillary pores
entrapped by gel pores and finally to the partially saturated C-S-H
network. Thus, the volume fraction of gel pores in pore structure
can be an efficient indicator to estimate the critical saturation
degree at D, < 10%.
Different drying-wetting processes applied to cement paste will
influence the water distribution in unsaturated pore structure,
further affecting the pore structure characteristics and chloride
diffusivity. The saturation of capillary pores during the progres-
sive drying process is higher than during the progressive wetting
process due to trapping by gel pores in C-S-H gels.

(3) When the connectivity of capillary pores is comparatively good,
higher saturation of capillary pores can lead to the higher chlo-
ride diffusivity, with Dy < Dy < Dp. If the connectivity of
capillary pores is poor, the drying process of pore structure will
cause the areas near the surface to dry out quickly, leading to the
decrease of chloride diffusivity, with Dw > Dy > Dp.

(4) The ionic diffusion coefficient is strongly influenced by the water
saturation degree and pore structure characteristics. The diffu-
sion coefficient decreases significantly when the saturation de-
gree drops from 100 % to 70 % approximately, and the declining
trend becomes slow between 70 % and 40 %.

(5) A new D,.—S relationship is expressed as an analytical equation
with the consideration of multiple kinds of pore structure char-
acteristics. Compared with existing empirical equations and
traditional sphere-based models, the calculated RMSE indicates
that the novel proposed model can better demonstrate the
microstructure of hardened cement paste and predict the ionic
diffusivity more accurately. This phenomenon proves the idea
again that the multiple kinds of pore structure characteristics
should be considered when predicting D,.-value, and can over-
come the inaccuracy of previous models based on single satura-
tion degree or relative humidity.

(2
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Appendix A. Detailed pore structure characteristics at the C-S-H level

Table Al
Calculated connectivity of water-filled pores in HD C-S-H gels.

WSSDH S) RVE1 RVE2 RVE3 RVE4 RVES RVE6 RVE7 RVES8 RVE9 RVE10
100 % 1 1 1 1 1 1 1 1 1 1

90 % 0.9942 0.9863 0.9947 0.9854 0.9879 0.9964 0.9616 0.9927 0.9879 0.9854
80 % 0.9648 0.9075 0.9675 0.0116 0.9642 0.9691 0.9693 0.9642 0.9657 0.0017
70 % 0.9241 0.0017 0.9185 0.0061 0.0017 0.9195 0.8515 0.9238 0.9317 0.0142
60 % 0.7475 0.0099 0.0018 0.0122 0.0052 0.0037 0.0006 0.7733 0.7724 0.0015
50 % 0.0022 0.0195 0.0061 0.0207 0.0038 0.0071 0.0017 0.0027 0.0525 0.0232
40 % 0.0077 0.0086 0.0051 0.0075 0.0058 0.0046 0.0052 0.0128 0.0113 0.0052
30 % 0.0023 0.0011 0.0010 0.0020 0.0066 0.0074 0.0032 0.0044 0.0003 0.0072
20 % 0.0036 0.0000 0.0038 0.0023 0.0045 0.0010 0.0029 0.0057 0.0000 0.0057
7]??1_[ S) RVE11l RVE12 RVE13 RVE14 RVE15 RVE16 RVE17 RVE18 RVE19 RVE20
100 % 1 1 1 1 1 1 1 1 1 1

90 % 0.9980 0.9921 0.9966 0.9922 0.9839 0.9949 0.9863 0.9928 0.9872 0.9976
80 % 0.0005 0.9307 0.0020 0.9483 0.9637 0.9432 0.9515 0.8729 0.9577 0.9627
70 % 0.8610 0.9114 0.8589 0.9049 0.9143 0.0035 0.8961 0.9036 0.9154 0.0025
60 % 0.0175 0.0213 0.1187 0.6727 0.6053 0.6990 0.0018 0.0011 0.0032 0.0201
50 % 0.0454 0.0000 0.0061 0.0057 0.0175 0.0008 0.0153 0.0018 0.0031 0.0128
40 % 0.0002 0.0062 0.0006 0.0015 0.0116 0.0084 0.0008 0.0117 0.0095 0.0021
30 % 0.0000 0.0027 0.0061 0.0070 0.0000 0.0027 0.0059 0.0013 0.0074 0.0052
20 % 0.0016 0.0026 0.0056 0.0029 0.0038 0.0042 0.0054 0.0015 0.0024 0.0050

Table A2
Calculated connectivity of water-filled pores in LD C-S-H gels.

;7[(;2” S) RVE1 RVE2 RVE3 RVE4 RVES RVE6 RVE7 RVES8 RVE9 RVE10
100 % 1 1 1 1 1 1 1 1 1 1

90 % 0.9985 0.9980 0.9981 0.9979 0.9986 0.9981 0.9980 0.9980 0.9981 0.9968
80 % 0.9965 0.9965 0.9925 0.9918 0.9967 0.9946 0.9966 0.9966 0.9935 0.9956
70 % 0.9862 0.9860 0.9809 0.9873 0.9865 0.9451 0.9853 0.9853 0.9675 0.9416
60 % 0.9428 0.9268 0.9282 0.9290 0.9337 0.9333 0.9211 0.9247 0.9270 0.9161
50 % 0.8569 0.8547 0.8466 0.8530 0.8684 0.8587 0.8569 0.8573 0.8589 0.8599
40 % 0.6656 0.7818 0.6647 0.6356 0.6805 0.6277 0.7580 0.7782 0.7589 0.6417
30 % 0.0082 0.0000 0.0126 0.0012 0.0039 0.0007 0.0160 0.0093 0.0154 0.0124
20 % 0.0041 0.0014 0.0022 0.0031 0.0036 0.0028 0.0006 0.0059 0.0039 0.0058
17'5'531_1 S) RVE11 RVE12 RVE13 RVE14 RVE15 RVE16 RVE17 RVE18 RVE19 RVE20
100 % 1 1 1 1 1 1 1 1 1 1

90 % 0.9901 0.9980 0.9981 0.9979 0.9980 0.9981 0.9974 0.9978 0.9986 0.9980
80 % 0.9964 0.9966 0.9960 0.9843 0.9966 0.9967 0.9958 0.9964 0.9879 0.9966
70 % 0.9572 0.9851 0.9677 0.9876 0.9867 0.9693 0.9866 0.9849 0.9751 0.9853
60 % 0.9387 0.9217 0.9301 0.9150 0.9431 0.9205 0.9177 0.9210 0.9216 0.9131
50 % 0.8469 0.8750 0.8495 0.8596 0.8525 0.8667 0.8554 0.8534 0.8506 0.8549
40 % 0.7697 0.7576 0.6518 0.7613 0.6910 0.7477 0.6822 0.6695 0.5946 0.6294
30 % 0.1909 0.3625 0.0085 0.0031 0.3891 0.0197 0.0160 0.0006 0.0043 0.5571
20 % 0.0003 0.0016 0.0018 0.0047 0.0032 0.0039 0.0006 0.0035 0.0066 0.0055
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Table A3
Calculated tortuosity of water-filled pores in HD C-S-H gels.

7800:(S) RVE1 RVE2 RVE3 RVE4 RVES RVE6 RVE7 RVES RVE9 RVE10
100 % 1.4792 1.4719 1.4749 1.4697 1.4795 1.4841 1.4762 1.4756 1.4756 1.4692
90 % 1.5530 1.5612 1.5575 1.5770 1.5728 1.5559 1.6609 1.5528 1.5623 1.5752
80 % 1.6804 1.9690 1.6769 Inf 1.6798 1.6790 1.6625 1.6707 1.6648 Inf
70 % 1.8805 Inf 1.8896 Inf Inf 1.8646 2.1478 1.8678 1.8354 Inf
60 % 2.4338 Inf Inf Inf Inf Inf Inf 2.4018 2.3856 Inf
50 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
40 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
30 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
20 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
T&E’H (S) RVE11 RVE12 RVE13 RVE1l4 RVE15 RVE16 RVE17 RVE18 RVE19 RVE20
100 % 1.4812 1.4661 1.4661 1.4827 1.4619 1.4664 1.4664 1.4676 1.4769 1.4657
90 % 1.5379 1.5525 1.5357 1.5699 1.5690 1.5482 1.5607 1.5534 1.5607 1.5409
80 % Inf 1.7839 Inf 1.7394 1.6691 1.7776 1.7536 2.8421 1.7095 1.6787
70 % 2.1044 1.8541 2.0480 1.8774 1.8841 Inf 1.9819 1.9265 1.9082 Inf
60 % Inf Inf Inf 2.5190 3.4627 2.5060 Inf Inf Inf Inf
50 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
40 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
30 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
20 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
Table A4

Calculated tortuosity of water-filled pores in LD C-S-H gels.

r’C“EH (S) RVE1 RVE2 RVE3 RVE4 RVES RVE6 RVE7 RVES RVE9 RVE10
100 % 1.2798 1.2770 1.2828 1.2852 1.2792 1.2816 1.2790 1.2767 1.2798 1.2806
90 % 1.3207 1.3227 1.3164 1.3193 1.3222 1.3150 1.3197 1.3114 1.3192 1.3402
80 % 1.3702 1.3749 1.3889 1.3861 1.3586 1.3840 1.3736 1.3650 1.3926 1.3694
70 % 1.4662 1.4659 1.4681 1.4655 1.4675 1.4821 1.4684 1.4605 1.4751 1.4829
60 % 1.5989 1.5988 1.6031 1.6166 1.5559 1.5889 1.6007 1.5861 1.6097 1.5832
50 % 1.6849 1.6881 1.7384 1.7546 1.6882 1.7039 1.6750 1.6799 1.7258 1.6670
40 % 1.8695 1.8678 1.8594 1.9787 2.0261 1.9396 2.0471 1.8192 1.8660 1.8220
30 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf

20 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf

T’(:.IS)H (S) RVE11l RVE12 RVE13 RVE14 RVE15 RVE1l6 RVE17 RVE18 RVE19 RVE20
100 % 1.2867 1.2785 1.2760 1.2850 1.2785 1.2779 1.2752 1.2813 1.2845 1.2831
90 % 1.3477 1.3196 1.3131 1.3192 1.3183 1.3136 1.3220 1.3164 1.3283 1.3177
80 % 1.3764 1.3752 1.3780 1.4026 1.3710 1.3674 1.3739 1.3742 1.4043 1.3745
70 % 1.4603 1.4647 1.4713 1.4702 1.4676 1.4680 1.4684 1.4717 1.4723 1.4645
60 % 1.6107 1.6086 1.6085 1.5734 1.5975 1.5755 1.5878 1.5893 1.6101 1.5468
50 % 1.7566 1.6641 1.7145 1.6548 1.7023 1.6857 1.6758 1.6753 1.7851 1.7564
40 % 1.8834 1.8595 1.8006 2.0340 1.8069 2.0309 1.8342 1.8032 2.1364 1.9586
30 % Inf 2.3446 Inf Inf 2.3457 Inf Inf Inf Inf 2.0663
20 % Inf Inf Inf Inf Inf Inf Inf Inf Inf Inf
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Fig. A.1. Percolated fraction of modelled RVEs: the ratio of the number of RVEs in which gas-filled pores can percolate the RVE to the total number of RVEs.
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