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ABSTRACT

Numerical investigations of pore characteristics in platelet particles with various macroscopic
structures were performed for fundamental understanding of transport properties in clay layers
composed of montmorillonite particles. The effect of macroscopic structures of particles on the
geometric characteristics of pore networks were examined, particularly focusing on the tortuosity
which represents the sinuosity of voids. Monte Carlo simulations of platelet particles under various
initial configurations were performed to obtain metastable structures with internal differences. A
random walk analysis was performed in extracted macropores of platelet structures. The tortuosity of
pore network in variously-structured platelet particles was evaluated from the results of the random
walk analysis. The numerical results showed that the macrostructures of particles form complicated
pore networks, which significantly influence the tortuosity. The “diffusional” tortuosity obtained from
the random walk analyses was compared with the existing “geometrical” tortuosity model. It was
found that configurational characteristics of platelets, such as size and orientation angle of particle
clusters, was vital to estimate the tortuosity. The obtained tortuosity was also compared with the
experimental results of the diffusion coefficient in clay layers obtained from previous studies. The
results suggested that a complicated density dependence of diffusivity in clay arises from the diversity

of macroscopic particle structures.

Key words: tortuosity, platelet particles, macroscopic structures, diffusivity
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1. Introduction

Transport phenomena in porous media is important for many processes in various engineering
fields, such as dispersion process of contamination in soil (Patil and Chore, 2014), engineered barrier
systems of repositories in TRU (Trans-Uranic) waste disposal process (Akesson, et al., 2010) and so
on. Many previous studies have shown that such transport properties are not simply dependent on
porosity alone, but are affected by various geometric characteristics of pores. For example, the fluid
permeability in porous media has been modeled as functions of the porosity, the specific surface area
and the tortuosity (Carman, 1937). In some cases, the diffusivity has been expressed by the tortuosity
and the constrictivity of pores (Holzer, et al., 2013, Keller, et al., 2015). These pore characteristics
vary significantly depending on the structure of media, for example, the particle size distribution or
packing structure in case of particulate beds.

Among the pore characteristics listed above, this study focuses on tortuosity, a crucial parameter
for quantifying pore sinuosity and complexity. As will be discussed later, the tortuosity in porous
media is variously defined in different fields, such as “geometrical” tortuosity, “diffusional” tortuosity,
and so on (Clennell, 1997). There have been various discussions on the validity of existing models
and the compatibility of different definitions of tortuosity (Ghanbarian et al. 2013), and in recent
years, there have been attempts to relate one definition of tortuosity to another (Fu et al. 2021).

In porous media composed of solid particles, the particle shape also influences macropore
characteristics including the tortuosity. For example, spherical particle layers have little variation in
pore sinuosity. For this reason, the tortuosity has been modeled as a simple function of porosity (or
apparent density) alone (Millington, 1959; Weissberg, 1963; Boudreau, 1996; Koponen et al., 1996;
Ahmadi et al., 2011). However, layers of anisotropic particles such as platelets and rods, contain
highly complex packing configurations, and consequently internal pore characteristics are also
complicated. Therefore, the tortuosity is not determined by the porosity alone. Accordingly, it is
crucial to account for macroscopic structural properties such as clustering features, when estimating
the tortuosity in anisotropic particle layers. For example, Daigle and Dugan (2011) established the
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tortuosity model in a cylinder-shaped particle bed, which assumed assemblies of platelet clusters, and
showed that the tortuosity greatly depends on the size and the orientation angle of clusters. Although
the validity of their model has not been fully verified, it illustrates the importance of particle
macrostructures for predicting the tortuosity.

Tortuosity in platelet structures is closely related to mass transfer in clay layers, which is important
in TRU waste disposal processes as stated above. Clay particles are well-known to typically exhibit
thin sheet-like shapes, and therefore they are often modeled as platelets in the structural analyses
(Dijikstra et al., 1997). Furthermore, as mentioned above, the tortuosity is related to the diffusivity in
the media, so that evaluating tortuosity in platelet structures aids in understanding the diffusivity in
clay layers. For example, Keller et al. (2011) discussed the diffusion anisotropy in clay layers by
examining the anisotropy of the tortuosity. They constructed a three-dimensional network of flow-
contributing voids in clay layers and quantified the vertical and horizontal tortuosities.

To evaluate the tortuosity in clay, it is important to understand the relation of the macrostructures
of particles to macropores in clay layers. Previous studies have shown that in nature, smectite-type
clays form clusters of several particles (Wong and Wang, 1997). Such clustering of particles may
bring heterogeneity in pore size, anisotropy in the flow path (Olsen, 1962), and dead-end pores (Hong,
2020), leading to complicated pore networks. In an attempt to assess how such intricate void
structures influence the transport properties, Bacle et al. (2016) simulated various platelet structures
and investigated the effects of structural differences on the diffusivity. They applied the Gay-Berne
potential to platelets assumed to represent clays and estimated the diffusivity in macropores, but the
validity of their analysis is unclear because their model allowed particles to overlap.

Further caution is needed to assess how pore networks facilitate mass transfer in clay layers
containing particle clusters. In general, the width of interlayer spaces in clay clusters are on the
nanometer scale, and it is unclear how such tiny gaps contribute to overall mass transport. For
example, Bacle et al. (2016) analyzed the diffusion coefficient in platelet bed and noted that
diffusivity within particle clusters is smaller than outside. Botan et al. (2011) performed molecular
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simulations assuming electrical interaction between clay particle surfaces and water molecules. They
found that fluids cannot be regarded as a continuum in pores smaller than a few nanometers. There is
thus evidence that transport phenomena in nanopores contrast with those in outer macropores and
they might be treated differently. For example, Wong and Wang (1997) reported limited water flow
through tiny pores in particle clusters that cannot be driven by the hydraulic gradient. In another
example, Li et al. (2018) separated voids into inner pores (micropores in particle clusters) and outer
pores (macropores between clusters). They evaluated the permeability in clays based on the outer
pore characteristics alone, assuming that the mass transfer in inner pores was negligible.

If only outer pores affect mass transfer, as reported in previous studies, it is important to quantify
geometric characteristics of macrostructures of particles, which influences macropore characteristics.
Li et al. (2018) examined the aspect ratio and the orientation angle of particle clusters from existing
experimental results in clay layers, which were estimated to be approximately 2 to 3 and 30 to 60
degrees, respectively. Adams et al. (2013) observed resedimented clay structures with BSEM
(Backscattered Scanning Electron Microscope). The two-dimensional assessment revealed that the
aspect ratio of particle cluster was approximately 2 and the orientation angle was 30 to 50 degrees,
respectively. However, the structure of clay particles depends on their formation processes, it is
possible for various configurations to result even at a given density. Therefore, it is difficult to
generalize the type of macroscopic structures in clay layers and their internal pore network.

In this study, various structures of platelet particles, particularly clustered and almost-stacked
structures (e.g. Schneider et al., 2011), were simulated under simple assumptions to investigate the
macropore characteristics in particle layers. The tortuosity in these structures was calculated from a
random walk analysis. Furthermore, in comparison with the existing geometrical tortuosity model,
the compatibility of differently-defined tortuosities and the applicability of the model were examined.
Finally, the relationship between the diffusional tortuosity and macroscopic structures of clay
particles were investigated by comparing the results with diffusion experiments in clay layers under
specific density conditions, to gain physical insights of complicated diffusivity in clay, which has
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been reported in previous studies.

2. Numerical Method
2.1 Monte Carlo Analysis

In order to evaluate pore characteristics in clay layers, the internal structure, i.e., the arrangement
of clay particle have to be considered. However, details of actual clay structures have not been fully
understood. Therefore, this study modeled clay particles as platelets and computed various particle
structures with different density conditions using a Monte Carlo analysis, which was used to
investigate the relationship between macroscopic particle structures and pore networks. In this section,
the simulation method of platelet structures conducted in this study is described below.

Bentonite clays are mainly composed of montmorillonite particles that have charged surfaces. A
number of analyses of clay structure have been performed to explore the interaction between such
particles. For example, Dijkstra et al. (1997) performed structural analysis that assumed a quadrupole
potential for infinitely thin platelets. They reported that platelets at low densities exhibited edge-to-
face configurations and were locally aggregated into “house-of-cards™ structures, similar to those
observed in actual clay particles. In contrast, increasing density results in structures that approached
a nematic state with a parallel platelet arrangement. However, there may be thought practical limits
to calculations that assume certain electrical interactions in higher density conditions. Bacle et al.
(2016) applied the Gay-Berne potential to platelets with a finite thickness. They calculated the high-
density structures allowing for overlap of particles. Terada et al. (2018) performed a structural
analysis by assuming the rigid-body potential on infinitely thin platelets and examined the consistency
with those using a quadrupole potential at moderate to high density. As the density increased, nematic
structures were confirmed to occur due to stacking of platelets by excluded volume effects. Their
results suggested that the rigid-body potential would be applicable at high-density conditions.

In order to examine how macroscopic structures affect pore characteristics, a structural analysis

of platelet particles was performed using a Monte Carlo method. The details of the analyses is similar
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to those by Terada et al. (2018). The calculation methods for various structures at given density are
described later. The rigid body potential was applied to infinitely thin platelets with diameter o. The
cubic calculation region was considered and periodic boundary conditions were applied in all
directions. The size of the calculation region was chosen to be sufficiently large relative to the
structural formations, with an edge size L that was four times larger than the particle diameter o. By
setting the number of platelets N = 1920, 3200, 4480, 6400, 9600 and 10880, the analyses were
performed using values of the non-dimensional density No*/L? ranging from 30 to 170. To calculate
the dry density, the platelet was assumed to be monodisperse montmorillonite with a diameter o=
320 nm, a thickness d = 1 nm and a density p=2.7 Mg/m?>. The corresponding dry density conditions
pa = pro*dN/4L? are ranging from 0.20 to 1.13 Mg/m>. In general, the range of dry densities of clays
is considered from 0.2 Mg/m? to 2.0 Mg/m>. There are two reasons why the analyses were performed
only for low to moderate density conditions. The first reason is that the Monte Carlo simulation at
large density takes an enormous computation time, since the present analysis does not allow
overlapping of particles. The second is that it is difficult to form different macrostructures of platelet
particles, because the number of possible configuration states of particle is very few at large densities
(>1.0 Mg/m®) by excluded volume effect. However, the present analysis captures the discontinuous
change of pore characteristics of platelet layers with the density increase, as described later.

The initial state was made by randomly generated platelet positions and normal vectors.
Geometric calculations were used to verify the intersections of each particle to avoid overlap. The
position and orientation of each particle were then updated by random numbers, and the post-
transition state was determined based on the Metropolis method. In this step, particle intersection was
checked to avoid overlap. The maximum movement per translation was set to Ar = 0.020 and the
maximum variation for each normal vector component was Av = 0.02.

In this study, diverse structures under conditions of a given density were fabricated. Monte Carlo

analysis is generally used to determine thermodynamic equilibrium states, so that even in simulations
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with different initial platelet arrangements, they should in principle converge to a single equilibrium
state. In practice, Terada et al. (2018) performed structural analyses at various density conditions and
calculated a single equilibrium structure for each condition. However, structures that vary from the
equilibrium states may form, depending on the number of particles and the initial configurations.
Therefore, various metastable structures were computed in this study, in which configurational
changes became minute when calculating equilibrium states. Fig.1 shows examples of metastable
structures of platelet system. 3D snapshots and cross-sectional views of platelet with different initial
conditions at the same density are shown in Figs. 1(a) and (c). The Monte Carlo analysis conducted
from these initial states yielded metastable structures, particularly clustered and almost-stacked
structures (e.g. Schneider et al., 2011), which are shown in Figs. 1 (b) and (d).

In Fig. 1 (a), platelet angles were randomly assigned with the maximum angle 6ni =84.3 degree
(cos 6ni=0.1) from the vertical direction in the initial state. Under these conditions, the platelets may
be random at first, but random placement is significantly restricted when the number of platelets
increases as much as excluded volume of each particle overlaps. Consequently, the particles are
repositioned along with other platelets without assuming any specific potential. When the Monte
Carlo simulation was started from these initial conditions, each particle moves seeking to increase
the number of possible states at first, but the structures cease to change after plenty of Monte Carlo
steps (Fig. 1b). That is, the structures other than the equilibrium states may form during the
computation process depending on initial configurations. Such states are considered as metastable
structures and they are defined as one with sufficiently little configurational change after a sufficient
number of steps. Fig. 1(c) shows the initial platelet structure in which the initial orientation limiting
angle was @i =25.8 degree (cos &ni=0.9). Calculations starting from this state produced a metastable
structure with laminated platelets (Fig. 1d). It is an entirely distinct structure compared to that shown
in Fig.1(b), although they are the same density conditions. In this way, platelet structures with

different internal configurations were fabricated.
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(c) The initial state with &= 25.8 deg. (d) The metastable structure obtained from (c)

Fig. 1 3D snapshots and cross-sectional views of initial and metastable structures at a dry density of 0.33 Mg/m°.

2.2 Extraction of Macropores

This study examined the influence of platelet structures on the macropore contributions to mass
transport. As mentioned above, it is known that clay particles form clusters in nature. To capture the
features of the macropores in such clusterized platelet structures, it is essential to investigate whether
nanometer-sized micropores within particle clusters influence the overall mass transfer.

In previous studies, Wong and Wang (1997) distinguished water in clay layers as free water or
intra-cluster water, where the former was present in macropores and could move along hydraulic
gradients, whereas the latter occurred within particle clusters, and had restricted flow. Similarly, Li et
al. (2018) separated the inner pores (inside particle clusters) from external pores and they categorized
inner pores as solid phases and estimated the clay permeability solely from external pores.
Nevertheless, it is challenging to precisely distinguish such pore types in clays. For example, mass
transfer may differ depending on the width of the flow path and the size of molecules, with molecules

behaving individually or collectively, similarly to the Knudsen flow for gases. In terms of pore
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networks, it is also unclear whether molecules in dead-end pores affect the overall mass transfer or
fluid permeability (Hong, 2020). In addition, electrical interaction problems may arise from the
formation of immobile water layers (Singh and Wallender, 2008) that can impede the motion of
molecules. Thus, it is difficult to estimate the distinguished pores that contribute to transport
phenomena from those that do not.

To provide a clue to these issues, Botan et al. (2011) numerically evaluated the width of flow
paths in which fluids can be regarded as continuous. Specifically, they performed molecular dynamics
simulations of water in clay nanopores in which electrical interactions were assumed and presented
the results of fluid velocity and viscosity for various micropore widths. They concluded that fluids
could be regarded as continuous for pore widths of 3 nm or more if slip boundary conditions were
assumed. However, the velocity distribution results indicated that Poiseuille flow disturbed near the
surface even for pore widths of 6 nm. These findings suggest that 3 nm to 6 nm may be the minimum
pore width for a fluid continuum.

Like previous studies, this study assumed that nanometer-sized micropores do not contribute to
transport phenomena in the context of continuous transfer. However, as described above, it is not easy
to distinguish between inner and outer pores strictly based on physical evidence. For this reason, the
analysis in this study did not classify inner and outer pores and extracted macropores by void size
only. Specifically, we conducted a local averaging procedure that “filled” the space of a few
nanometers from the particle surfaces to obtain macropores. The filling width was approximately 3
to 6 nm, based on the results by Botan et al. (2011). The detailed procedures are described as follows.

Macropores in a metastable platelet structure obtained by a Monte Carlo analysis were sterically
isolated. First, the cubic calculation region was divided into 400x400x400 elements and a particle
existence function p(x, y, z) (= 0 or 1) was mapped for each voxel. Next, a local averaging was
performed on the particle existence function to calculate the continuous particle concentration fields.
This operation excludes tiny pores between platelets that do not contribute to mass transfer. In this

study, the following three-dimensional Gaussian function was used as a weight function of the local
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averaging:

1 X2+ yr+ 27
g(x,y,2) :—36"1{_7] (1)
(27012)2

where A is the deviation parameter that determines the extent of the local averaging. Using Eq. (1),

the particle concentration fields c(x, y, z) were calculated as follows:

c(x,3,2) = [ gx—x,y=y.,z=2)p(x, ', 2 )dx'dy'dz’ @)
The kernel size of each voxel was 5x5x5, and voxels with particle concentrations of less than 0.001
were regarded as voids. Figure 2 shows the calculation results of the local-averaged particle
concentration field along with some values of the deviation parameter A. The black areas represent
voids while the bright areas are solid phases. For a small A value (Fig. 2a), each platelet existed
individually with tiny pores present between particles. However, large A values (Fig. 2¢) “filled” the
spaces between particle layers to eliminate micropores. Thus, the parameter selection is significant
because the voids extracted from the results differ substantially. In this study, an optimal deviation
parameter was decided as A= 0.003, which corresponds to the extraction of micropores with a width
of 3 nm to 6 nm. By the local averaging, micropores in particle clusters was filled, consistent with
previous studies that assumed that interlayer pores do not contribute to mass transfer in clays (Wong
and Wang, 1997; Li et al., 2018). It is noted that the exclusion of micropore does not result in the

fragmentation of macropores, as described later.

(a) 1=0.001 (b) 1=0.005 (c) A=0.01

Fig. 2 Particle concentration fields of metastable structure after local averaging with various deviation parameters

A.
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2.3 Random Walk Analysis

In order to characterize the pores in terms of tortuosity, random walk analyses for various
metastable structures were performed. The tortuosity represents the sinuosity and complexity of voids
and has been previously used in various engineering fields. Intuitively, the tortuosity is expressed as
the ratio of the pore channel length L. to the length L along the flow direction in porous media. While
"hydrological" tortuosity was originally introduced to describe fluid permeation (Carman, 1937),
tortuosities with different definitions have been used when evaluating other transport properties
(Clennell, 1997). For example, "diffusional" tortuosity (Satterfield and Sherwood, 1963), which is
related to molecular diffusion, "electrical" tortuosity (Tye, 1983), which describes electrical
conduction, and "geometrical" tortuosity (Adler, 1992), which characterizes the microstructure of
porous media, have been defined. The compatibility of these tortuosities has not been well understood.
Ghanbarian et al. (2013), for example, reviewed existing models and their compatibility of
differently-defined tortuosities. Fu et al. (2021) classified various types of tortuosities into physical
and geometrical ones. The former describes different transport processes in porous media, including
hydraulic, electrical, diffusional, and thermal tortuosity, while the latter characterizes the
morphological properties of pore structures. They investigated the compatibility of such properties in
sandstones composed of isotropic particles. The results suggested differences between physical and
geometrical tortuosities, and in some cases, a comparison among physical tortuosities may even
reveal different values. In addition, the tortuosity of particle layers is highly dependent on the
microstructure, such as the size, shape, orientation, and spatial distribution of particles and voids
(Vervoort and Cattle, 2003), and the results may differ significantly depending on the system under
investigation.

In this study, the "diffusional" tortuosity in platelet layers in the compaction direction was
calculated from the results of random walk analyses. In general, diffusion in porous media, such as
rocks and clays, is strongly influenced by complicated geometric void structures, such as porosity
and tortuosity. The relationship between the apparent diffusion coefficient D, in a porous medium
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and the self-diffusion coefficient Do in free water was proposed (Garcia-Gutiérrez, 2004):

6 5

-— % %D
¢+ded sz ’ (3)

a

where ¢ is the porosity, pa is the dry density, Ku is the distribution coefficient, d'is the constrictivity,
and 7z is the diffusional tortuosity. The constrictivity is a parameter that characterizes the so-called
bottleneck effect in porous media (Holzer et al. 2013; Keller et al. 2015). As indicated in Eq.(3), the
diffusion coefficient is a linear function of the constrictivity, while it is inversely proportional to the
square of the tortuosity. In this study, 0 was simply assumed to be 1, because the tortuosity shows a
large value in the platelet system, as described later. Furthermore, in the case of non-sorbing diffusion,
Ka can be regarded as 0. Therefore, the apparent diffusion coefficient D, and the self-diffusion

coefficient Do can be represented using the diffusional tortuosity 7z as follows:

R )

In general, molecular diffusion is governed by the Langevin equation or the Fokker-Planck
equation and is sometimes analyzed using a random walk model, in which the mean-square
displacement of many walkers at the long-time limit is proportional to the number of time steps.
random walk analyses in macropores in platelet layers were calculated to statistically calculate the
diffusion coefficient and the tortuosity via Eq. (4). The analyses were performed by similar method
to Fu et al. (2021). The first step is to randomly place several walkers in voids at the initial state ( =
0). Then the walker positions are updated to selected neighboring voxels by random numbers. The
walker position remains constant if the selected voxel is a solid phase. Repeating these steps yields
the mean-square displacement with increasing time steps. Fu et al. (2021) computed the tortuosity of
pores in sandstones in all x, y, and z directions. Such calculations are practical for isotropic systems
with relatively straight flow paths, however, platelet structures have large bending channels and
consequently the tortuosity varies greatly depending on the direction. The tortuosity was calculated
from the mean-square displacement of walkers (from bottom to the top of Fig. 3). The mean-square

displacement in z direction in free space where all regions are voids can be expressed as follows:
13
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(@), = %Z [2.(6) = z,(0)] (5)

where N is the number of random walkers, z: (¢) is the position of the i-th walker at a given time, and
( ) represents the ensemble average. The self-diffusion coefficient Do can be calculated from the

mean-square displacement by the following equation.

D _1<Zz(t)>free 6)

2 a4t

Similarly, for random walkers in pore spaces, the mean square displacement in z direction

(compaction direction of platelets) and the apparent diffusion coefficient D, can be expressed as

follows:
) 1 & 2
(z (t)>pm :FZ[Zi(t)—Zi(O)] (7
2
t
D :l<z ()>pore (8)
2 dt

The diffusional tortuosity 7z in z direction can be expressed from these ratios using Eqs. (6) and (8).

b, d<zz(t)>m/dt
fa = Fz_ d(f(r)}f / dt ©

pore

The calculation was performed over 10,000,000 time steps with 10,000 random walkers. Periodic
boundary conditions were applied in the analysis. Figure 3 indicates the trajectories of three random
walkers over 500,000 time steps as examples. The positions at each of the 500,000 time steps are
shown as spheres connected by lines. At first glance, the three trajectories appear to be disconnected,
but in fact they are all connected. This is because the trajectories that cross periodic boundaries are
not connected by lines for the sake of clarity. Therefore the trajectories of walkers moving back and
forth near the periodic boundary appear to be isolated.

As can be seen in Fig. 3 (a), walkers move between clustered platelets at random. This indicates

that the relatively large macropores between clusters, which can be visually confirmed, are connected
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(c) viewpoint #3

Fig. 3 Random walker trajectories observed from different viewpoints; (left) overview, (right) trajectories.
Trajectories of three walkers are indicated as examples. For the sake of clarity, trajectories that cross periodic
boundaries are not connected by lines.

in three dimensions, allowing walkers to pass through them sufficiently. From checking the walker
trajectories, it was confirmed that macropore is not fragmented by the exclusion of micropores in the
process of the local averaging. In order to recognize the trajectory easily,Fig.3(b) shows the

trajectories of three random walkers without indication of platelets. As shown in Fig.3 (b), there was

sufficient movement in the computational domain even during 500,000 time steps.
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2.4 Cluster Judgement

Because macroscopic configurations of clay particles are highly complicated and often unclear,
various efforts have been made to quantitatively evaluate clay structures. Adams et al. (2013)
conducted BSEM characterization of resedimented mudstones to estimate particle structures from
image analysis. Their two-dimensional evaluations found a particle cluster aspect ratio of
approximately 2 with orientation angles of approximately 30 to 50 degrees. Li et al. (2018) developed
a theoretical model relating the angle and size of particle clusters to evaluate permeability in a
smectite mudstone. Based on the previous study of clay swelling (Wong and Wang, 1997), they
constructed a model relating particle angles to porosity and applied their model to mudstones used in
previous studies (Gautam, 2004; Chalindar, 2010; Schneider et al., 2011), for which they obtained
the angle and aspect ratio of particle clusters. According to the summarized data, the orientation angle
of the smectite mudstone was approximately 30 to 60 degrees with a cluster aspect ratio around 2 to
3. Although the validity of these values still needs to be verified, it underscores the importance of
knowing the size and configuration of clusters in order to estimate particle structures in clay
quantitatively.

In order to evaluate the shape and size of particle clusters in the metastable structures obtained by
Monte Carlo analysis quantitatively, a cluster judgment of platelets was performed. This judgment
determined the clusters to which each platelet belonged, using procedures similar to those by
Wouterse et al. (2007). Firstly, candidate particles that could form the center of each cluster were
identified. The location vectors of particles i and j are r; and rj, and the normal vectors are u; and uj,
respectively. The correlation of the normal vector with adjacent particles at each particle location was

then calculated using a normalized Gaussian function as follows:

J#

Y (r,—r)’
C(’?):ZGXP{—T“;}(%'”,) (10)
where «is the spread of correlation. The particles were then sorted at the highest C(r:) value, selecting
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higher particles as candidates for the center of each cluster. Furthermore, we verified whether the
particle orientation was aligned from Eq. (11), whether the normal distance between particles was
close using Eq. (12), and whether the tangential distance between particles was small using Eq. (13)

for candidate particles and adjacent particles:

‘ui-uj‘>l—5pc (11)
‘(rl.—rj)-uj‘<5nc (12)
=)= =) ]+ =r) =) | <8, (13

where e, e, and & are the cluster judgment parameters and dc = 0.06, 0.0750 < o < 1.00; and
0.20 < & < 0.250, respectively (o: platelet diameter). Figure 4 shows an example of the cluster
judgment results for a metastable structure at a dry density of 0.33 Mg/m>. In the figure, platelet
particles identified as the same cluster are shown in identical colors and isolated platelets are shown
in black. As shown in Fig.4, clusters of different size and orientation can be observed in a single
platelet structure. These cluster characterizations make it possible not only to clearly visualize the
structural properties but also to quantitatively estimated of cluster geometric properties such as the

aspect ratio. The details of the calculation method for the aspect ratio is described below.

(a) 3D snapshot (b) cross-sectional view

Fig. 4 Cluster judgement for metastable structure at dry density 0.33 Mg/m’>.
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3. Results and Discussion
3.1 Platelet Structures from Monte Carlo Analysis

This aim of this study is to investigate the influence of platelet configurations on pore networks
and their contribution to mass transfer. In order to obtain metastable structures with differing internal
geometries, Monte Carlo analyses were performed under various initial conditions. Then macropores
in the platelet structures were isolated by local averaging procedures. Figure 5 shows partial cross-
sectional views of macropores (white part) and solid phase with micropore (blue part) for various
platelet structures (dry density from 0.20 to 1.13 Mg/m®). As seen in the figure, various platelet
structures are fabricated even at the same dry density by the Monte Carlo analyses with different
initial configurations. If the initial orientation angle of the platelets is large, only a few possible
particle states exist at a high density and a considerable amount of time is required to randomly
arrange the particles. Accordingly, only a stacked structure is shown for conditions with dry densities
greater than 0.99 Mg/m? in Fig.5.
The characteristics of the solid phases with micropores (blue part) reveal that the size and angle of
platelet clusters are entirely different for the various initial states at each density condition. For
example, when the initial orientation angle limit was large, platelets became aggregated into clusters
of various sizes and angles, while smaller initial angles produced flat clusters with aligned
orientations. Of course, it is unknown which structures are similar to those of actual clay layers at this
stage. Concerning macropores (white part), large voids are connected between clusters in the
structures containing large-angled clusters (upper column), constituting pore networks that extend in
various directions. Although the macropores appear to be partially isolated in the 2D cross-sectional
view, the random walk analysis confirmed that they are connected in 3D. In the structures with small-
angled clusters (lower column), tiny voids are connected along the lamination direction of the
platelets and pore networks exhibit significant anisotropy.

The discussion given here highlights how remarkably different pore characteristics can develop
depending on the macroscopic structural properties of particles, such as size and orientation of.
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0£4=0.20 Mg/m* ) £4=0.46 Mg/m® | p,=0.66 Mg/m® | p,=0.99 Mg/m® | p,=1.13 Mg/m?

(II1) (V) (IX) (XII) (X1I) (X1V)

Fig. 5 Results of extraction of macropores in metastable structures at various density conditions. The white part
represents macropores and the blue part is solid phase with micropores. The initial orientation limiting angle &
=84.3 deg. (upper), 60.0 deg. (middle) and 25.8 deg. (lower), respectively.

clusters These results may significantly influence the tortuosity which represents the sinuosity and
complexity of voids. The above results implies the importance of knowing the macroscopic internal
structures, including macropores, on estimating transport properties in clay layers. It should be noted
again that, it is not clear which platelet structure represents actual clay layers because the

macrostructures of clay are still unspecified at respective density conditions.

3.2. Tortuosity from Random Walk Analysis

Considering that the pore characteristics are affected by macrostructural differences within
platelet structures, the tortuosity also varies with the internal structure under the same density
conditions. In this section, the relationship between the tortuosity from a random walk analysis and
the platelet structure is discussed. The mean-square displacements of walkers in one direction (z

direction) were computed from a three-dimensional random walk simulation both in macropores of
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platelet structures and free space. The tortuosity can be obtained by substituting these results into Eq.
(9). It corresponds to “diffusional” tortuosity among various definitions of tortuosity as described
above.

Table 1 shows the diffusional tortuosity in the z direction 7z determined by a random walk
simulation. The roman numerals in the table correspond to the metastable structure numbers (see Fig.
5). The effective porosity ¢, the average orientation angle @, and the aspect ratio of the particle
clusters meq for each platelet structure are also summarized. These values are needed to compare the
results with the existing tortuosity model, as given in the later section. The specific methods used to
calculate meq and G are also described later.

The effective porosity ¢ was calculated by computing the percentage of void voxels after the
local averaging procedure, in which macropores were obtained by “filling” nanopores. It corresponds
to the ratio of “external” pore volume which contribute to mass transfer in clays if the assumptions
are valid (Wong and Wang, 1997; Li et al., 2018). Table 1 indicates that the effective porosity
decreases as particle density increases and varies somewhat with the structures even at the same

density condition. It is especially small in the stacked structures (see the lower column of Fig.

Table 1 Various structural and pore characteristics for each metastable structure

Structure Diffusiqnal Effect?ve Average orientation Aspect ratio of
number tortuosity porosity angle particle clusters
7z (-) ¢ () 6 (deg.) Meg (=)

) 1.58 0.52 57.4 2.93
(II) 2.34 0.49 30.1 2.85
111y 6.11 0.43 6.9 7.38
av) 1.71 0.42 54.6 2.95
V) 2.18 0.39 35.7 3.17
(VD) 5.60 0.31 10.0 6.05
(VID) 1.75 0.38 52.5 2.57
(VII) 2.08 0.36 40.8 3.15
(IX) 5.53 0.26 11.5 5.75
X) 1.77 0.33 55.4 2.05
(XI) 2.26 0.31 40.8 2.65
(X1D) 5.97 0.20 12.5 5.63
(X110) 6.07 0.19 12.8 5.80
(XIV) 6.85 0.20 12.6 5.71
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5), because many tiny pores present between platelet clusters. Estimating the effective porosity in
actual clays is not easy because its definition is somewhat arbitrary. A few previous studies have
attempted to determine it, such as Li et al. (2018), who reported that the effective porosity of natural
smectite clays is approximately 0.25 to 0.6. The present results agree with their findings reasonably,
supporting the validity of the local averaging procedure used here.

Next the diffusional tortuosity 7z which is shown in Table 1 is discussed. As is well-known, the
tortuosity in clay layers shows the anisotropy (Keller et al., 2011). However only the tortuosity
perpendicular to the platelet orientation (platelet compaction direction) was considered in this study.
Under the calculation conditions, the tortuosity obtained from a random walk simulation is
approximately from 1.5 to 6.0. As described earlier, the tortuosity is expressed as the ratio of flow
path length to the system length geometrically. Compared these values with the observation of white
part in Fig.5, the results shown here are intuitively agreement with the geometrical definition of
tortuosity. For example, the geometrical tortuosity (pore length relative to system length) can be
visually estimated as approximately 1 to 2 in platelet structure X (see white areas in Fig. 5), while the
diffusional tortuosity 7zzz= 1.77. Conversely, pores in platelet structure XII has substantial curvature,
while the diffusional tortuosity 7z = 5.97 in this structure. Although the discussion given here is
qualitative, the results given here suggest that the diffusional tortuosity sufficiently represents the
geometrical tortuosity which is based on the curvature of flow path.

The effects of macroscopic particle cluster structures on tortuosity are summarized as follows. In
the upper and middle structures shown in Fig. 5, particles formed relatively large clusters with small
aspect ratios. As a result, the void channels exhibit little curvature and the tortuosities are accordingly
small. Conversely, the lower structures in Fig. 5 contain flattened particle clusters with large aspect
ratios with substantially bent pore networks, resulting in significantly large tortuosities. The tortuosity
in the platelet structures varied by several times even at the same density conditions. It suggests that

particle structures do greatly influence transport properties in platelet particles like clay layers.
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3.3 Macrostructures in Platelet Particles from Cluster Judgement

Pore networks are greatly affected by the macroscopic configurations of particles, and it is
therefore vital to quantify such structural properties, as done by Li et al. (2018), who estimated aspect
ratios and orientation angles to characterize clay structures. Therefore, these parameters are evaluated
to quantitatively describe the structural characteristics. As it is not clear which particles belong to the
same cluster within the platelet structures shown in Fig. 5, the size and shape of the clusters could not
be explicitly determined. Accordingly, a cluster judgment was performed for all metastable structures,
which allowed us to examine the parameters mentioned above.

Figure 6 shows the results of the cluster judgment and geometric structural properties for platelet
structures X, XI and XII at a dry density of 0.66 Mg/m?. Figs. 6 (a) and (b) indicates 3D snapshots
and cross-sectional views of clustered platelets visualized by color. As shown in the figure, structures
X and XI (upper and middle column) contain clusters which vary in size and orientation. In contrast,
many flat clusters formed in the stacked structures XII (lower column), which had relatively uniform
angles.

The aspect ratio (diameter/thickness) of each cluster was calculated to examine the size
characteristics. Fig.6 (c) indicates histograms of the aspect ratios for the metastable structures. The
results are only shown up to a value of 20. Structures X and XI (upper and middle column) had a
large fraction of clusters with small aspect ratios, while few such clusters were found in structure XII
(lower column), which had a relatively large number of clusters with large aspect ratios. Thus, entirely
different cluster size features were observed even at the same density.

From the results of Fig.6(c), the averaged aspect ratio of each structures was calculated. Following

the procedure of Daigle and Dugan (2011), the averaged aspect ratio meq is calculated as follows;

1 nf
—=Zi’z (14)

meq i=l mi

where fi is the fraction of particles with an aspect ratio m:. The averaged aspect ratios for each

metastable structure are summarized in Table 1. Significant differences in cluster size can occur under
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the same density conditions. Compared among the platelet structures shown in Fig.6, the values of
meq are 2.05 for structure X, 2.65 for structure XI, and 5.63 for structure XII, respectively. These are
consistent with the aspect ratios of clusters observed visually from the cross-sectional views in Fig.
6 (b).

The platelet orientations are also evaluated by calculating the vertical orientation angles € of
platelets and then averaging them arithmetically. The histograms of orientation angles for structures
X, XI, and XII are shown in Fig. 6 (d). As seen in the figure, structure X displays considerable
variations in angle, but with a relatively uniform frequency with average angle g, of 55.4 degree (see
Table 1). Structure XI exhibits a hill-like distribution with an average angle of 40.8 degrees. In
structure XII, approximately 70% of the platelets fell in the range of 10 to 20 degree with an average

angle of 12.5 degrees. These results demonstrate a wide variety of angle distributions that can result

even at a given density.
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(a) 3D snapshots (b) cross-section (c) aspect ratio (d) orientation angle

Fig. 6 Results of cluster judgment and geometrical structural properties for various platelet structures at dry density
£4=0.66 Mg/m>. Structural numbers are X (upper), XI (middle) and XII (lower), respectively.
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In structures X and XI, which is shown in the upper and middle columns of Fig. 6, the averaged
aspect ratio meq 1s approximately 2 to 3, and the average orientation angle G is approximately 50
degrees. These structures are visually similar to those of clay layers described in previous studies (e.g.
Pusch, 1983). More quantitatively, Li et al. (2018) reported that the aspect ratios and orientation
angles of particle clusters in smectite clays are approximately 2 to 3 and 30 to 60 degrees, respectively.
The clustered structures described here are again comparable with their findings, although speculative,
this comparison suggests that such structures may be found in clay layers in nature.

In structure XII, which is shown in the lower column of Fig. 6, the averaged aspect ratio me, are
approximately 6 and the orientation angle f. are around 10 degree. As noted earlier, for particle
density above a certain level, the number of possible states is reduced and it is difficult for clustered
structures to form, so that stacked structures may better represent clays that have experienced

compaction.

3.4. Comparison with Tortuosity Model

The previous sections demonstrated that configurational properties significantly affect the
tortuosity in platelet layers. In order to predict the tortuosity in platelet layers quantitatively, it is
important to characterize such macroscopic structures. This section refers to the existing tortuosity
models of particulate beds and describes the necessary parameters for tortuosity models of platelet
layers.

As previously described, tortuosities may be defined in different ways. For isotropic particle
layers such as spherical particulate bed, various models have been developed to represent each type
of tortuosity. For examples, Millington (1959) theoretically systematized diffusional tortuosity and
Koponen et al. (1996) modeled hydraulic tortuosity. Various other models have also been proposed
from different perspectives (Weissberg, 1963; Boudreau, 1996; Ahmadi et al., 2011). In most studies,
tortuosity in spherical particle bed has described as a function of porosity alone. In other words, the
effects of macroscopic structures on tortuosity are expected to be small for isotropic particle beds.
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In contrast, tortuosity in platelet layers cannot easily be described solely in terms of porosity
because of the strong dependence on the macroscopic configuration. For example, Daigle and Dugan
(2011) proposed a geometrical tortuosity model in platelet structures based on simple assumptions:
they placed disk-shaped objects representing clay cluster at regularly spaced intervals and calculated
the lengths of macropores geometrically. The resultant model is described as follows:

&m [91+92j . [91+92j
——C08| ——= |+sin| —=
9 2 2

T, =1+

& RY/4

(15)

where 7: is the geometrical tortuosity perpendicular to the platelet orientation, m is the aspect ratio
of the particle cluster, ¢ is the porosity, and & and 6 represent the minimum and maximum
orientation angles, respectively. They compared this model with the results of hydraulic tortuosity
from lattice-Boltzmann simulations and confirmed the validity of their model. It means that they
suggested a correspondence between the hydraulic and geometrical tortuosities. They also performed
the geometric consideration of the tortuosity in polydispersed particle clusters using the averaged
aspect ratio described in Eq.(14).

However, it is unclear whether the model in Eq.(15) can be used to express the tortuosity in more
complicated structures. Therefore, the model validity was examined by comparing the diffusional
tortuosity from a random walk analysis with that from geometrical tortuosity model, and additionally
examined the influences of platelet structures to these tortuosities. Figure 7 shows comparisons
between the present analyses and the model by Daigle and Dugan (2011). The black lines represent
model results in which the averaged aspect ratio and orientation angle of each structure (see Table 1)
was substituted into Eq. (15), and the red plots represent the tortuosity obtained from random walk
analyses. As can be seen in Fig.7, the tortuosity increases gradually as porosity decreases and it varies
greatly depending on the structure even at the same density condition. For example, as shown in Fig.
7 (d), the tortuosities in structure X ranged from approximately 1 to 4, while those in structure XII
ranged from 1 to 9 even though the density conditions are the same. These variances are obviously
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Fig. 7 Comparison of diffusional tortuosity and geometrical tortuosity model for each metastable structure.
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the averaged angle from arithmetic average of minimum and maximum orientation angles, but
actually the platelet angles have a wide range, as shown in Fig.6 (d). For example, the orientation
angles ranges widely in clustered structures (see upper and middle columns of Fig. 6), suggesting that
the above considerations may have produced differences between the model and the analysis. In
contrast, stacked structures (see lower column of Fig. 6) exhibits only slight angle variations. In this
case, the above effect is minor and the model results agree well with the results of random walk
analysis. These results suggest as follows. First, the simple tortuosity model constructed by Daigle
and Dugan (2011) could sufficiently evaluate the tortuosity in complex platelet structures for low to
moderate density conditions. Their model expresses the tortuosity in both cluster and almost-stacked
structures as shown in Fig.5. This implies that the model can be applied to more dense platelet layers
with nematic structures, which is not shown here. Secondly, although the geometrical and diffusional
tortuosities are defined differently, there might be a correspondence between them. Importantly, to
estimate the tortuosity in platelet structures, it is vital to consider the macroscopic characteristics,

such as the aspect ratio and the orientation angle of particle clusters.

3.5 Comparison with Diffusion Experiments

The diffusional tortuosity in the platelet structures was compared with the diffusion coefficient
for actual clay layers. As described in Eq.(4), diffusional tortuosity is uniquely related to the diffusion
coefficient of non-sorbing materials. Tritium (HTO) is used to experimentally determine diffusivity
in clay layers without the influence of sorption effects. Bacle et al. (2016) summarized the relationship
between dry density and diffusion coefficients from previous experiments in clay layers. Figure 8
shows the diffusion coefficients of tritium in the same direction as clay consolidation from their cited
data (Choi and Oscarson, 1996; Garcia-Gutiérrez et al., 2004; Sato and Suzuki, 2003; Suzuki et al.,
2004; Gonzalez-Séanchez et al., 2008; Glaus et al., 2010; Tachi and Yotsuji, 2014; Melkior, 2009; Sato
et al., 1992; Kozaki et al., 1999; Nakashima, 2004; Nakashima and Mitsumori, 2005; Nakashima,

2001). The horizontal axis is dry density of clays and the vertical axis represents the ratio of the
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apparent diffusion coefficient D, to the self-diffusion coefficient Do.

Experimental results in Fig. 8 indicate the complicated density dependency of the diffusion
coefficient. At low density (ps < 0.6 Mg/m?), the diffusion coefficient monotonically decreases with
increasing density. At moderate density (04> 0.6 Mg/m?), the diffusion coefficient displays significant
variations of around one order of magnitude for a given density. Bacle et al. (2016) numerically
analyzed diffusion coefficients in clay layers in comparison with experimental results at various
density conditions. They applied the Gay-Berne potential to thick plates and computed the results for
high-density conditions. However, their structural analysis allowed for overlap between particles, and
it is difficult to determine whether the macropores resulting from the excluded volume effect
associated with the clustering of platelet particles were appropriately modeled.

The diffusional tortuosity in macropores formed by the excluded volume effect was compared
with existing experimental results, similar to Bacle et al. (2016). The colored plots in Fig. 8 indicate
the diffusion coefficient converted from the tortuosity of structures I to XIV obtained from a random
walk analyses using Eq. (4). It should be noted that, all structures do not represent the actual structure
of clay layers, because these are parametrically prepared in the analysis. At low density conditions
(pa=0.20-0.46 Mg/m?) shown in Fig. 8, the diffusion coefficient in stacked structures (structures III,
VI and IX) differed strongly from the experimental results, while those for clustered structures
(structures 1, I1, IV, V, VII and VIII) were in good agreement with the experiments.

As indicated in Tablel, these clustered structures have the aspect ratio meq of around 2 to 4 and
an orientation angle @. of 30 to 60 degree. These values are relatively consistent with smectite
structures reported by Liet al. (2018). At high density (psz =0.66—1.13 Mg/m?), the diffusion
coefficient in stacked structures (structures XII, XIII and XIV) approaches those of the experiments.
Such agreements indicate that the actual clay particles may have nematic structures under high density
conditions that would increase the number of possible particle states.

These results suggest that the density dependence of the diffusivity in clay layers would result

from the diversity of particle structures with anisotropic shapes. At low density conditions, only slight
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variations in the diffusion coefficient from the experiments occur, which tend to decrease
monotonically. In this density range, the values are quantitatively consistent with the diffusion
coefficients in clustered structures, such as those found in common clay layers. However, at moderate
density conditions, the significant variations in the diffusion coefficient are quantitatively consistent
with the tortuosity in clustered structures at the upper limit and with the tortuosity in stacked structures
at the lower limit. As mentioned earlier, clay structures depend on the formation process and
conditions, therefore various internal structures are presumed to have formed under these density
conditions. The diffusion coefficients are expected to convert to the values found in nematic structures
at high density conditions. This result is likely due to the excluded volume effect, which limits the
number of possible platelet states. Accordingly, the macroscopic particle structure significantly
influenced the pore characteristics, particularly the tortuosity which directly relates to the diffusional
transport. As mentioned above, the present analysis was performed only for low to moderate density
conditions. Although the results shown here do not cover all of the dry densities of clays
generallyconsidered, they capture the discontinuous changes in tortuosity (diffusion coefficient) that

occur at moderate density conditions. This could be a possible scenario explaining the complicated
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Fig. 8 Comparison of diffusion coefficients from random walk analysis and previous diffusion experiments in
smectite type clays.
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diffusivity in clay layers.

4. Conclusion

For fundamental understanding of pore characteristics in clay layers composed of
montmorillonite particles, the relationship between the tortuosity which represents the sinuosity and
complexity of pores and macroscopic structures of platelet particles was examined. Monte Carlo
analyses of platelet structures were performed using various initial configurations to investigate how
macroscopic particle structures influence pore networks. Various metastable platelet structures
containing particle clusters were computed for low to moderate density conditions. The pore
characteristics were examined by extracting only those macropores that would contribute to mass
transport.

A random walk analysis was also performed on the macropores to estimate the diffusional
tortuosity in the platelet compaction direction. The results indicate that the structural characteristics
of particles, such as the size and angle of platelet clusters, significantly influence the tortuosity. These
results suggest that pore networks in platelet structures may vary depending on the internal
configuration. Therefore, it is important to fully characterize the macroscopic structure of particles
when evaluating mass transport properties such as permeability and diffusion.

The effective porosity, orientation angles, and aspect ratios of particle clusters were quantitatively
estimated for each platelet structure. The diffusional tortuosity obtained from random walk analyses
was compared with an existing geometrical tortuosity model. The results indicate a general agreement
between the previous model and the present analysis under specific density conditions, supporting
the validity of the model. This finding indicates a correspondence between diffusional and
geometrical tortuosities, which are differently defined. Based on these results, the macroscopic
structural characteristics are essential parameters for evaluation of tortuosity in platelet structures.

The obtained tortuosity from random walk analyses was converted into the diffusion coefficient

and compared with those of previous diffusion experiments in clay layers. Good agreement was
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observed between the analytical and experimental results at structures with specific aspect ratio and
orientation angle of clusters for low to moderate density conditions. The structural consistency differs
depending on the density condition, indicating that complex diffusivity in clay layers may result from

the diversity of particle structures.
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