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ABSTRACT: The understanding of the hydraulic properties of granular materials is of fundamental importance in
geotechnical engineering. These macroscopic properties are fundamentally influenced by their micro-structure. However,
the understanding of the link between the microstructure and the permeability is still limited, especially for granular
assemblies of irregular shapes. This study bridges the gap using a framework that incorporates Discrete Element Method
(DEM) simulation, image processing, and pore-network analysis. Five assemblies of natural sand grains with different
sphericity and roundness are generated in DEM based on images of real geomaterials. The 3D geometries of the assemblies
are processed in OpenPNM to build their pore networks, with pores represented as nodes and pore throats represented as
edges that are weighted by local hydraulic conductance. Based on complex network theory, pore network features are
extracted and analysed for insight into the intrinsic links between particle shape and hydraulic properties such as permeability
and tortuosity. The result shows the hydraulic properties such as permeability, tortuosity and pore structures including pore
size, throat size, and weighted closeness centrality of the pore network are intrinsically influenced by the particle shape.

RESUME: La compréhension des propriétés hydrauliques des matériaux granulaires est fondamentale dans l'ingénierie
géotechnique. Ces propriétés macroscopiques sont fondamentalement influencées par leur micro-structure. Cependant, la
compréhension du lien entre la microstructure et la conductivité hydraulique est encore limitée, en particulier pour les
assemblages granulaires de différentes formes de grains. Cette étude comble cette lacune en utilisant un cadre qui incorpore
la simulation par la Méthode des Eléments Discrets (MED), le traitement d'image et l'analyse du réseau de pores. Cing
assemblages de grains de sable naturels avec différentes sphéricités et rondeurs sont générés en MED a partir d'images de
véritables géomatériaux. Les géométries 3D des assemblages sont traitées dans OpenPNM pour construire leurs réseaux de
pores, les pores étant représentés comme des nceuds et les gorges entre les pores comme des arétes pondérées par la
conductance hydraulique locale. Sur la base de la théorie des réseaux complexes, les caractéristiques du réseau de pores sont
extraites et analysées pour comprendre les liens intrinséques entre la forme des particules et les propriétés hydrauliques telles
que la perméabilité et la tortuosité. Le résultat montre que les structures de pores, y compris la taille des pores, la taille de la
gorge et la centralité de proximité pondérée du réseau de pores, sont influencées par la forme des particules.
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1 INTRODUCTION between the pore structures, grain shapes, and the
hydraulic properties are largely unknown.

In this study, the micro-geometries of natural sand
particles are obtained from CT scanning based on an

The hydraulic properties of porous media are of great
importance in engineering applications such as dam
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links between the microstructures and the hydraulic
properties, which is one of the first studies of its kind.

2  METHODOLOGY

2.1 Discrete element assemblies

To investigate the influence of particle shape on the
microstructure and the resulting hydraulic properties,
five particle shapes from CT-scanned natural sand are
selected as the input for the framework proposed by
this study (Table 1). Sphericity was adopted as shape
descriptors to quantify the irregularity of particle
shapes. In this study, only the contribution of particle
shape to the microstructures of the assemblies was
considered. All the particles are normalised to the

same equivalent diameter of 3mm to create
monodisperse assemblies.
Table 1. Particles with different sphericity.
ID Gl G2 G3 G4 G5
Sphericity  0.895 0.863 0.790 0.719 0.588
Shape O Cj = =
The monodisperse granular assemblies are

generated based general-shape DEM within the open-
source code Mechsys (Galindo-Torres, 2013). DEM
particles are generated in a rigid box with a dimension
of XxYxZ=60x36x36mm. The irregular particles are
initially placed in 6x6 horizontal matrices with
random orientations and then drop to the bottom of the
box driven by gravitational forces (Figure 1 (a)).

Subsequently, the generated assemblies are
compressed (Figure 1 (b)) by a rigid plate from the top
at a (relatively slow) speed of 0.0 1mm/s until reaching
the target initial porosity n =0.4. Next, particles in the
assembly were fixed to form a rigid assembly after
particles stabilised.

¢
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(a) Generating
Figure 1.General-shape granular assemblies (a) DEM
particle generation; (b) assembly compaction.

(b) Compaction
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2.2 Pore-network construction

The pore network generator, Open-PNM, requires
sequential images as inputs. Firstly, the granular
assemblies generated in DEM were exported as STL
meshes to obtain the geometry of the void space within
the assemblies. Next, Boolean operations are
conducted in Blender by subtracting the assembly
meshes with a solid cube, which creates a pore
geometry cube in the form of STL meshes (Figure
2(a)). The pore geometry cube was further sliced in
Blender by horizontal planes along the vertical
direction with evenly distributed intervals, which
creates a stack of pore images (Figure 2 (b)) for the
subsequent pore network construction.

(a) Pore geometry
Figure 2. Pore information extraction (a) pore space
geometry; (b) pore binary slicing.

(b) Binary slices

To build the pore network models, the binary
images (Figure 3 (a)) are processed with Open-PNM
in Python. The SNOW algorithm (J. Gostick et al.,
2016; J. Gostick, 2017) was applied to segment and
recognize the pores (Figure 3 (b)).

To construct the pore network model, pores are
represented by their maximum inscribed spheres,
while the throats connecting the pores are represented
by cylinders (Figure 3 (c)). By implementing these
representations, the three-dimensional pore networks
including the distribution and connectivity
information are thus extracted from the granular
assemblies (Figure 3 (d)).

Binary images
(a) (b) (c) (d)
Figure 3. Construction of pore networks.

Segmentation

3 RESULTS

3.1 Pore and pore throat size distributions

To investigate the influence of particle shapes on the
pore network structures, the probability distributions
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of pore and throat sizes within assemblies of different
particle shapes are statistically calculated (Figure 4).
Particle shape has been observed to have a significant
influence on the statistical distributions of the
equivalent diameter of both the pores and throats.
Rounded particles, such as Gl1, generally exhibited
higher probability at larger equivalent diameters for
both pores (0.8mm) and throats (1.7mm), compared
with platy particles, such as G5.
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Figure 4. Pore networks size distribution:(a) pore size
distribution; (b) throat size distribution.

3.2  Pore throat orientation

To further understand the impact of particle shape on
pore network orientations, the edges in the networks
are considered as vectors and are thus projected onto
the horizontal (XY) and vertical (XZ) planes (Figure 5
(a)). The probability distribution of the orientations
from the projected vectors are calculated, and here
only the results for Gl and G5 are compared for
simplicity. The particle shape has induced a larger
difference on the XZ plane (Figure 5 (b)) compared
with that on the horizontal XY plane (Figure 5 (b)).
The platy particle G5 has induced structural anisotropy
in pore networks, with pores having better
connectivity along the horizontal direction compared
to the vertical direction. Such phenomenon reals the
particle shape has a significant influence on the
orentation of pore networks.

3.3 Network features

Complex networks theory was uses to characterise the
pore network structures. A network consists of
multiple nodes connected by edges. In certain
circumstances, the weights are assigned to the edges to
describe the strength or importance of the connection.
In this study, the pores are treated as nodes and the
throats as edges. The edges are weighted by the local
hydraulic conductance (Van der Linden et al., 2018)
calculated from the equivalent cylindrical pores and all
the connecting throats.

Network features are calculated following complex
network theory, to quantify the pore networks. The
closeness centrality measures the proximity of a node
to other nodes, which has been proved to have a strong
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corelation with the hydraulic properties of sphere
assemblies (Van der Linden et al., 2018), and thus was
employed to characterise the pore network structures.

(a) (b) (c)

Figure 5. Pore network orientation (a) schematic of pore
network projection; (b) frequency on XY plane; (c)
frequency on XZ plane.

The node closeness centrality for each pore and
their probability distribution are calclulated (Figure
6 (a)), which exhibits minor varation induced by
particle shape. To link the pore networks with the
macroscopic hydraulic properties, weighted closeness
centrality was calculated from the local hydraulica
conductance weighted pore network model (Figure
6 (b)). It is observed that the particle shape has a
significant impact on the weighted closeness centrality
distribution. Rounded particles, like G1, generally
have higher weighted closeness centrality compared

with platy particles such as G4 and GS5.
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(a) (b)
Figure 6. Probability distribution of pore network features.
(a) closeness centrality (b) weighted closeness centrality
from local hydraulic conductance.
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3.4 Hydraulic properties

The influence of particle shape on the hydrolic
properties are further investigated. Permeability along
the horizontal and vertical directions was directly
derived from the local hydraulic conductance within
pore networks (Figure 7 (a)). Tortuosity, which
quantifies the extent of distortion in flow paths along
the macroscopic flow direction, was calculated from
the effective diffusion path length devided by the
straight-line distance along specific direction (Figure
7 (b)). Particle shape influences the permeability and
tortuosity in both directions. Anisotropy was observed
in permeability and tortuosity along both the
horizontal and vertical directions. The platy particles
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such as G5 have induced more significant anisotropy
in both hydraulic properties.

&, 4.5E-04 -k z L
§ ==K _x > .. --Tx
5 R 3
Z 3.0E04 TToegoo®e | 502 '--..,‘_____-
R el 1 . et
4 15604
4
06 0.7 0.8 09 0.6 0.7 0.8 0.9
Sphericity Sphericity
(a) (b)

Figure 7. Influence of particle shape on hydraulic
properties (a) permeability (b) tortuosity.

4 CONCLUSIONS

Based on DEM simulation, images processing, and
pore network analysis, this study reveals the influence
of particle shapes on the pore network and hydraulic
properties of monodisperse granular assemblies.

The pore structures of granular assemblies are
intrinsically influenced by the shapes of the constituent
particles. Assemblies composed of more rounded
particles generally exhibit larger pore and throat sizes.

The structural and hydraulic anisotropy induced
particle shape are observed, which was more intensive
for more platy particles such as G5.

Weighted edge closeness centrality could reflect
the influence of particle shape on pore structures and
hydraulic properties.

Future studies could expand the investigation to
include a broader range of particle shapes, sizes and
more detailed network features for pore network
insight.
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