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Abstract. The soil fabric can be expressed as a network model. Granular media
voids connectivity and constriction size distribution may lead to movement of
air, fluids, and solids in the soil, and therefore affect the chemical, physical and
mechanical properties of soils. Understanding the soil voids areas and their inter-
connection might be helpful in understanding different phenomena such as trans-
port in porous media, water retention, fluid flow in the soil, soil contamination,
internal erosion, suffusion, and filtration. In addition, specifying the soil voids
interconnectivity can help researchers and practical engineers to provide the best
rehabilitation and remediation approaches. The pore network was investigated
in the current study, assuming the soil particles to be similar to discrete spheres
and particles with different shapes. Also, based on the modelling techniques, the
profiles of pore connectivity and constriction size distribution were assessed.
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1 Introduction

The porous medium can be considered as the interconnected networks of bonds and
nodes. The nodes represent the pores, and bonds show constriction between these pores.
Fatt [1] pioneered to use of two-dimensional square and regular networks, including
cross-sectional pipes with various radii, to describe the stone pore structure [1]. The
physics of air and fluid flow and soil mass transport can be simulated using the network
model [2]. Network modelling is one of the methods that can be recruited to estimate
the transport in porous media [1-5], fluid flow in porous media and permeability [6, 7]
and the amount and size of eroded particles from soil skeleton [7-11]. A pore network
should specify the geometric characteristics and topology of porous media. In order to
conduct an accurate simulation of the porous media, the nature of the convergence and
divergence of pore distribution, multiple connectedness of pore space, and pore size
distribution should be considered [12]. In practice, a network model can be created by
average connectedness (coordination number), pore size distribution, and pore length
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distribution [3]. The regular networks, such as those comprised of square shapes or
honeycomb forms, cannot describe irregular soils and rock structures due to those real
amorphous and tortuous structures. By changing the length or removing some of the
constrictions, a network similar to the actual soil structure voids can be created. Voronoi
and Kylie lattice are two examples of these networks. Based on the network configuration
and the coordination number, different networks can be generated. Figure 1 illustrates
some examples of two-dimensional networks of soil and rock pore structures, bonds, and
nodes which are equivalent to the soil pores and the paths of their connectedness in these
networks, respectively. The coordination number (Cn) can describe this relationship,
which represents the bonds connected to each node [2].

(c) (@)

(d)

///1\

i ;
(i) (h) (2)

Fig. 1. Examples of the bi-dimensional networks, (a) square network, Cn = 4, (b) rectangle
network, Cn = 6, (c) irregular network, Cn = 3, (d) hexahedral network, Cn = 3, (e) Voronoi
lattice, Cn = 4, (f) intercept square network, Cn = 8, (g) Kylie lattice (simple graph), Cn = 3, (h)
Bethe lattice, Cn = 3, (g) cubic network, Cn = 6. [3, 13-16]

The shape of the pores can be spherical, cylindrical, incomplete conical, crossed,
bubble-shaped, similar to concrete pores, or flat such as mica or clay. However, pores



Particle Morphology Effect on the Soil Pore Structure 3

mostly have irregular shapes [17]. Pore geometry and its tortuosity and topology play a
significant role in the structure of porous media [18]. The coordination number can be
considered as the main feature of network topology. A network model should determine
the mean of the coordination number, the topology of pore connectivity on the micro-
scopic scale, and its distribution [14, 19]. The coordination number of the different
proposed networks ranges from 1 to 26. Raoof and Hassanizadeh [19] proposed a three-
dimensional cube network, in which each pore has 13 outputs in different directions, and
its coordination number is 26. The network models can be divided into quasi-static and
dynamic displacement types [20]. Quasi-static models create a capillary pressure in the
network and calculate the final static position of fluid-liquid interfaces. An inflow rate
is usually applied in dynamic models, which relates the transient pressure and interface
position.

In order to describe each network element, some parameters such as radius, shape
factor, volume, area, and length should be determined [21, 22]. It is difficult to measure
and calculate these parameters due to the complexity and amorphous of the porous
medium; however, these parameters are calculated for mono-spheres [23, 24]. Regular
and irregular models of the proposed pore network for simulating soil structure are shown
in Table 1. Some of these models were suggested to mimic fluid flow in porous media;
the model of the proposed network tube of Fatt [1], the ball and tube network model of
Chandler et al. [25], Raoof and Hassanizadeh [19], Indraratna & Vafai [8], Kovacs [7],
conical pore and tube Network Model of Toledo et al. [2].

Primary constrictions for fluid flow are through the pore throats, where pores inter-
connect with each other. In sediments, the dimension of the two interconnected pores
might specify the constriction size or the pore thought size (dinroar) 1S typically half of the
pore dimension (dpore). The following geometric relations apply to a simple cubic pack-
ing of monosized spheres: dpore = 0.73dgrain, dthroat = 0.4 1dgrain and dhroat = 0.56dpore. SO
the correlation between k-and-dpore can be extended to k-and-dgoat, applying an appro-
priate correction factor [30]. In the diagenetically altered, and sedimentary structures,
the pore and constriction size ratio may deviate apparently from dioar ~ 0.5dpore [311];
thus, considerations must be taken into account for the constriction size. For example, the
hydraulic conductivity of carbonates can be associated with the square of the maximum
constriction size (max[dthmat]z) and maintain the quadratic relation in Hagen-Pouseuille
[30]. The soil porosity relies on different parameters, including packing density, the
extent of the particle size distribution (polydisperse cases versus monodisperse ones),
the particles shape, and cementation conditions. Three-dimensional pore space networks
of the particles were obtained through direct imaging, usually through computed tomog-
raphy, micro-CT, use of a probabilistic method to produce a synthetic three-dimensional
structure that obtains its properties from two-dimensional thin sections, and the sim-
ulation of particle packing by using geological processes such as sedimentation and
compaction [32]. In the next section, a review of the previous studies including sedi-
mentation method, analytical method, numerical method and experimental methods are
presented. Additionally, CT scan image and replica technique are implemented in the
current research on the pore soil structure characterization.
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Table 1. Pore structure network model
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2 Methodologies

2.1 Sedimentation Method

Sherard et al. [33] estimated the diameter of the flow channels by collecting the suspended
particles in the water passing through the samples. Kenney et al. [9] also determined
the diameter of the particles passing through the filter by the dry-vibration method.
This method is effective for sand filters. Soria et al. [34] evaluated the performance of
a filter with the same materials and variable thickness. In this method, base materials
were suspended in the filter with a constant head, and passed particles were collected
and graded [10, 11]. The diameter of the passing particles might indicate the distance of
the particles moving within the filter, based on which Soria et al. [34] recommended a

method for specifying the constriction size distribution (CSD).
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2.2 Analytical Method

In the analytical method, CSD can be calculated by using PSD. A more realistic structure
of the pores can be estimated by considering the relative density and using a probabilistic
pattern for particles arrangement [35]. In this case, soil particles are often assumed as
spheres. Spherical particles can be considered due to the simplicity and applicability
of the calculations and modelling of a large number of particles. Silveira [36] provided
a model of spherical particle placement in the densest and loosest state and estimated
the size of the eroded particles from the filter. Soil porosity depends on several factors,
including density, particle size distribution, shape, and cementation [37]. By simulating
the soil with equal size spherical and geometric calculations, soil porosity, n, range
between 0.26 and 0.48 based on the arrangement of the particles.

2.3 Numerical Method

Uniform spheres packing has been commonly studied in conditions of random loose and
dense packing. However, due to a significant increase in the computation power recently,
modelling of more complicated and, simultaneously, realistic particles have become
widespread. Thus, large packs of irregular particles can be modelled and analyzed.
Utilizing the discrete element method (DEM), the samples with different porosity can
be constructed, and the pore network and soil structure are examined [38]. However,
creating samples with various shapes in the DEM method is rather difficult. Using the
clustering and clumped forms, it would be possible to create various complicated particle
shapes by putting spherical particles into a group.

2.4 Experimental and Imaging Techniques

Mercury porosimetry is one of the most common methods for measuring the pore struc-
ture of porous materials. This method only characterizes the pore size distribution con-
nected to the mercury reservoir and does not measure the closed pore. This method is
usually used to measure pore sizes of 3 nm to 100 wm [3]. The gas absorption method is
another approach, which works based on surface absorption and pore surface measure-
ments. This method measures lesser pore size ranges compared with mercury porosime-
try [39]. Larger pores of porous media can be measured using 3D imaging or replica
technique, by which the results are transferable to finer soils because of the similarity of
structure and shape of grains [40]. The samples’ three-dimensional imaging can be imple-
mented using a 3D laser scan or micro CT scan (WCT). wCT is a non-destructive method
that can determine pore space topology and the skeleton using computed tomography
[5]. In addition, nuclear magnetic resonance can be used to quantify the pore structure
[41]. Also, three-dimensional images of pores can be created by using statistical recon-
struction of two-dimensional images of the thin section of the sample. Several 2D view
images of cross-sections from a 3D image can also be produced (as shown in Fig. 2).
These images show pore space topology, pore-connectivity, and porosity of samples.
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Fig. 2. CT scanning 3D image and cross-sectional 2D images, (R: right, L: left, T: top, B: bottom)

3 Experiments Using Replica Technique

In order to make a model of the coarse-grained pore structure, the liquid resin with high
elastic properties enters into the pore until it is saturated. When the resin is hardened,
the particles can be removed from the elastic structure, and thus a trace remains from the
pore structure. It can also be submerged with resin, slurry, or ceramic powder, deposited
in the fluid or immersed in the paste [40]. Sherard et al. [33] filled gravel pores with
molten wax and cut the sample after the wax was hardened to examine the channel pores
of the gravel.

Following the mentioned pore network modelling using replica technique, an imprint
of the pore space for four uniformly graded gravel includes Spherical, Angular, Suban-
gular, and flaky particles, replicated as shown in Fig. 3. Patterns or imprints of the pore
network and individual pores show pore geometry, pore number per volume, pore size
distribution, and constrictions number per pore (coordination number).

4 Result and Discussion

The acquired results indicated that the particles sphericity or roundness reduction might
lead to mean pore length decrease, the tortuosity increase, and constriction sizes reduc-
tion [10]. In the case of dealing with flaky and elongated particle samples, the particle
arrangement had a higher contribution to pore size distribution than that of specimens
with rounded or crushed grains. In these samples, grains’ flatness and orientation affected
the pores network, whether the grains are placed on their largest, medium, and smallest
face or oriented.
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Fig. 3. Pore space imprint for various particle shape

The average coordination number, pores connection and constriction size distribu-
tion, pore length, and the tortuosity coefficient should be determined for soil structure
description. These parameters are measured using three methods: computed tomogra-
phy, modeling by discrete element method, and laboratory tests. The shape of most soil
particles can be simulated with spherical, pyramidal, cubical, and flaky particles. The
soil structure was evaluated by assuming that particles were spherical, rounded, angular
(cubical, pyramidal), and flaky [42]. Analytical methods examined the soil structure for
spherical particles of different sizes and densities. Nevertheless, the structure of soils with
hetero-shaped particles is complex. Determining pore size distribution becomes impos-
sible by increasing the coefficient of uniformity of the soil (Cu) and density changes.
However, by probabilistic methods, an equivalent soil structure can be estimated.

For monospherical particles, the coordination number is between 6 and 12, and the
centres of the layers vary between 1.41 and 2.0 times the radius of the particles. The length
of the path is a function of the diameter of the particles. In addition, porosity is 25.55 and
47.64 for the densest and loose conditions, respectively. Regarding spherical particles
with two-size, three-size, and four-size, both the sample density and the arrangement
of particles are essential. The pore network of these materials is similar to spherical
particles, although the probability of the placement of the particles near each other
makes it impossible to calculate the soil structure accurately. As the angularity of the
particles increases, the irregularity of the soil structure and the tortuosity path increase. In
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addition, the probability of such phenomena as particle bridging and particle breakage in
high-pressure increases. Specific surface area (SSA) and shape coefficients differences in
flaky specimens can be associated with variations in particle thickness, where thickness
increase leads grains SSA to be reduced.

On the other hand, gravity plays another role in packing flaky particles than elongated
particles, mainly due to the centre of mass finding lower energy states more easily [43].
The arrangement of the particles in these types of soils plays the most significant role in
the pore structure. The placement of the particles on the largest, medium, smaller side
or its inclined placement greatly influences the pore network.

5 Conclusion

An imprint of pore space of four uniformly graded gravel includes spherical, angular,
subangular, and flaky particle produced, and pore geometry has been evaluated. The
analytical method usually can be used for spherical particles, for natural soils, analytical
methods should consider and qualify the angularity elongation and roughness of grains.

In the current study pore structure of granular soils and methods to visualize, ana-
lyze, simulate and describe the structure of porous media by assuming the soil particle
similar to the discrete sphere and particles with different shapes have been presented and
discussed. Further, pore network and constriction size distribution were studied using
experimental replica technique, and CT-Scan imaging.

An imprint of pore space of four uniformly graded gravel includes spherical, angular,
subangular, and flaky particle produced, and pore geometry has been evaluated. Imprints
of the pore network and individual pores show pore geometry, pore number per volume,
pore size distribution, and constrictions number per pore (coordination number). As the
sphericity of the particles decrease, the irregularity of the soil pore structure and the
tortuosity path increase.

References

1. Fatt, I.: The network model of porous media, III. Dynamic properties of networks with tube
radius distribution. Trans. Am. Inst. Min. Met. Pet. Eng. 207, 164-177 (1956)

2. Berkowitz, B., Ewing, R.P.: Percolation theory and network modeling applications in soil
physics. Surv. Geophys. 19, 23-72 (1998)

3. Sahimi, M.: Flow and Transport in Porous Media and Fractured Rocks. (2011)

4. Blunt, M.J.: Flow in porous media pore-network models and multiphase flow. Curr. Opin.
Colloid Interface Sci. 6, 197-207 (2001)

5. Mostaghimi, P.: Transport phenomena modelled on pore-space images. PhD thesis, Imp. Coll.
London (2012)

6. Witt, K., Brauns, J.: Permeability-anisotropy due to particle shape. J. Geotech. Eng. 109,
1181-1187 (1983)

7. Kovidcs, G.: Seepage Hydraulics. Elsevier Scientific Pub. Co., New York (1981)

8. Indraratna, B., Vafai, F.: Analytical model for particle migration within base soil-filter system.
J. Geotech. Geoenviron. Eng. 123, 100-109 (1997)

9. Kenney, T.C., Chahal, R., Chiu, E., Ofoegbu, G.I., Omange, G.N., Ume, C.A.: Controlling
constriction sizes of granular filters. Can. Geotech. J. 22, 32-43 (1985)



11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Particle Morphology Effect on the Soil Pore Structure 9

. Maroof, M.A., Mahboubi, A., Noorzad, A.: Effects of grain morphology on suffusion sus-

ceptibility of cohesionless soils. Granular Matter 23(1), 1-20 (2021). https://doi.org/10.1007/
s10035-020-01075-1

Maroof, M.A., Mahboubi, A., Noorzad, A.: Particle shape effect on internal instability of
cohesionless soils. In: Rice, J., Liu, X., Mcllroy, M., Sasanakul, I., and Xiao, M. (Eds) Pro-
ceedings of the 10th International Conference on Scour and Erosion (ICSE-10), Arlington,
Virginia, USA, 18-21 October 2021, pp. 1-12 (2021)

Thauvin, F., Mohanty, K.: Network modeling of non-Darcy flow through porous media.
Transp. Porous Media. 31, 19-37 (1998)

Berkowitz, B., Ewing, R.P.: Percolation Theory and Network Modeling, pp. 23-72 (1998)
Chatzis, 1., Dullien, F.A.L.: Modelling pore structure by 2-D and 3-D networks with
applicationto sandstones. J. Can. Pet. Technol. 16, 97-108 (1977)

Joekar-Niasar, V., Hassanizadeh, S.M.: Analysis of fundamentals of two-phase flow in porous
media using dynamic pore-network models: A review. Crit. Rev. Environ. Sci. Technol. 42,
1895-1976 (2012)

Pozrikidis, C.: Creeping flow in two-dimensional channels. J. Fluid Mech. 180, 495 (1987)
Dullien, F.A.L., Batra, V.K.: Determination of the structure of porous media. Ind. Eng. Chem.
62, 25-53 (1970)

Ghanbarian, B., Hunt, A.G., Ewing, R.P., Sahimi, M.: Tortuosity in porous media: A critical
review. Soil Sci. Soc. Am. J. 77, 1461-1477 (2013)

Raoof, A., Hassanizadeh, M.: A new method for generating pore-network models of porous
media. Transp. Porous Media. 81, 391-407 (2010)

Celia, M., Reeves, P., Ferrand, L.: Recent advances in pore scale models for multiphase flow
in porous media. Rev. Geophys. 33, 1049-1057 (1995)

Joekar-Niasar, V., Prodanovi¢, M., Wildenschild, D., Hassanizadeh, S.M.: Network model
investigation of interfacial area, capillary pressure and saturation relationships in granular
porous media. Water Resour. Res. 46, 1-18 (2010)

Raeini, A.Q., Bijeljic, B., Blunt, M.J.: Generalized network modeling: Network extraction as
a coarse-scale discretization of the void space of porous media. Phys. Rev. E. 96, 1-17 (2017)
Sufian, A., Russell, A.R., Whittle, A.J., Saadatfar, M.: Pore shapes, volume distribution and
orientations in monodisperse granular assemblies. Granular Matter 17(6), 727-742 (2015).
https://doi.org/10.1007/s10035-015-0590-0

To, H.D., Scheuermann, A., Galindo-Torres, S.A.: Probability of transportation of loose par-
ticles in suffusion assessment by self-filtration criteria. J. Geotech. Geoenvironmental Eng.
142 (2016)

Chandler, R., Koplik, J., Lerman, K., Willemsen, J.F.: Capillary displacement and percolation
in porous media. J. Fluid Mech. 119, 249-267 (1982)

Dullien, FA.L.: Porous Media: Fluid Transport and Pore Structure. Academic press,
Cambridge (1992)

Dullien, F.A.L.: New network permeability model of porous media. AIChE J. 21, 299-307
(1975)

Witt, K.J.: Reliability study of granular filters. In: Filters in Geotechnical and Hydraulic
Engineering, pp. 35-41. Routledge, Rotterdam (1993)

Toledo, P.G., Scriven, L.E., Davis, H.T.: Pore-space statistics and capillary pressure curves
from volume-controlled porosimetry. SPE Form. Eval. 9, 46-54 (1994)

Ren, X.W., Santamarina, J.C.: The hydraulic conductivity of sediments: A pore size
perspective. Eng. Geol. 233, 48-54 (2018)

Saar, M.O., Manga, M.: Permeability-porosity relationship in vesicular basalts. Geophys. Res.
Lett. 26, 111-114 (1999)

Dong, H., Blunt, M.J.: Pore-network extraction from micro-computerized-tomography
images. Phys. Rev. E - Stat. Nonlinear, Soft Matter Phys. 80, 1-11 (2009)


https://doi.org/10.1007/s10035-020-01075-1
https://doi.org/10.1007/s10035-015-0590-0

10

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

M. Ali Maroof et al.

Sherard, J.L., Dunnigan, L.P., Talbot, J.R.: Basic properties of sand and gravel filters. J.
Geotech. Eng. 110, 684-700 (1984)

Soria, M., Aramaki, R., and Viviani, E.: Experimental determination of void size curves. In:
Filters in Geotechnical and Hydraulic Engineering, pp. 43—48. Balkema, Rotterdam (1993)
Locke, M., Indraratna, B., Adikari, G.: Time-dependent particle transport through granular
filters. J. Geotech. Geoenvironmental Eng. 127, 521-529 (2001)

Silveira, A., de Lorena Peixoto, T., Nogueira, J.: On void size distribution of granular materials.
In: 5th Panamerican Conference on Soil Mechanics and Foundation Engineering, Buenos
Aires, Argentina, pp. 161-176 (1975)

Maroof, M.A., Mahboubi, A., Vincens, E., Noorzad, A.: Effects of particle morphology on
the minimum and maximum void ratios of granular materials. Granul. Matter. (2022). https://
doi.org/10.1007/s10035-021-01189-0

Tahmasebi, P.: Packing of discrete and irregular particles. Comput. Geotech. 100, 52-61
(2018)

Xiong, Q., Baychev, T.G., Andrey, J.: Review of pore network modelling of porous media:
Experimental characterisations, network constructions and applications to reactive transport.
J. Contam. Hydrol. 192, 101-117 (2016)

Vincens, E., Witt, K.J., Homberg, U.: Approaches to determine the constriction size distri-
bution for understanding filtration phenomena in granular materials. Acta Geotech. 10(3),
291-303 (2014). https://doi.org/10.1007/s11440-014-0308-1

Xiong, Q., Jivkov, A.P.,, Ahmad, S.M.: Modelling reactive diffusion in clays with two-phase-
informed pore networks. Appl. Clay Sci. 119, 222-228 (2016)

Maroof, M.A., Mahboubi, A., Noorzad, A., Safi, Y.: A new approach to particle shape
classification of granular materials. Transp. Geotech. 22, 100296 (2020)

Maroof, M.A., Mahboubi, A., Noorzad, A.: A new method to determine specific surface
area and shape coefficient of a cohesionless granular medium. Adv. Powder Technol. 31,
3038-3049 (2020)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative

Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


https://doi.org/10.1007/s10035-021-01189-0
https://doi.org/10.1007/s11440-014-0308-1
http://creativecommons.org/licenses/by/4.0/

	Particle Morphology Effect on the Soil Pore Structure
	1 Introduction
	2 Methodologies
	2.1 Sedimentation Method
	2.2 Analytical Method
	2.3 Numerical Method
	2.4 Experimental and Imaging Techniques

	3 Experiments Using Replica Technique
	4 Result and Discussion
	5 Conclusion
	References




