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Abstract 
The flow and transport in porous media are highly dependent on the internal structure and morphology of the pore space. 
The pore structure is determined by the size and geometrical shape of the solid particles, as well as their distribution and 
arrangement. In this study, the effect of grains surface morphology on the internal pore structure as well as the flow and 
transport properties of porous media were quantitatively analyzed using the pore-network approach, with angular quartz sand 
and round glass beads used as the test substrates. The surface morphology of the grains was visualized through scanning 
electron microscopy and quantified by Fourier morphological analysis. The pore structure of randomly packed quartz sand 
and glass beads was visualized using X-ray computed tomography and quantified using the network parameters. The surface 
morphology of grains with different angularities was distinguished by the shape and angularity parameters calculated from 
the Fourier representations. The network parameters, including mean coordination numbers, mean pore-body radii, and mean 
pore-throat radii, of randomly packed angular sand were larger than those of round beads within the same sieving size range. 
The intrinsic permeability and longitudinal dispersivity in the vertical direction were smaller than those in the horizontal 
direction, which indicates anisotropic compaction. The intrinsic permeability nonlinearly (power-law) varied with the pore 
and throat radii of the different extracted networks. The relation between intrinsic permeability and porosity of anisotropic 
porous media with different grain morphologies followed the Kozeny–Carman equations. Breakthrough curves in the rep-
resentative elementary volumes of angular sand and round beads exhibited Fickian behavior. The longitudinal dispersivity 
decreased with an increase in the coordination number regardless of the grain morphology.

Keywords  Fourier analysis · X-ray computed tomography · Intrinsic permeability · Hydrodynamic dispersion · Grain 
angularity

1  Introduction

Porous media are widely present in diverse scientific and 
industrial fields at various scales. Various engineering prac-
tices, such as exploration of oil, storage and sequestration 
of CO2, and remediation of groundwater contamination, 
involve flow and transport processes that are highly related 

to the pore structure [1, 2]. Similar relevance can be found 
in construction, where salt damage resulting from efflores-
cence and sub florescence in the building materials, as well 
as the drainage capacity and weight of materials, depends 
on the internal pore structure [3]. In the agricultural field, 
pore space characteristics affect critical aspects of virtually 
all soil processes, ranging from the flow and transport of 
agrochemicals, aeration to biochemical processes [4]. In the 
chemical and environmental industries, the performance of 
the filter system is tightly linked to the pore structure of 
diverse porous media, such as reverse-osmosis desalination. 
Thus, understanding and quantifying the pore structure and 
morphology as well as their effects on flow and transport 
properties, have received great attention in many disciplines.

The pore structure and morphology at different scales 
affect the flow and transport properties. Variations in pore 
connectivity and tortuosity at the microscale may result in 

 *	 Yunwu Xiong 
	 yxiong@cau.edu.cn

1	 Center for Agricultural Water Research in China, 
College of Water Resources and Civil Engineering, 
China Agricultural University, Beijing 100083, 
People’s Republic of China

2	 Chinese‑Israeli International Center for Research 
and Training in Agriculture, China Agricultural University, 
Beijing 100083, People’s Republic of China

http://orcid.org/0000-0002-3347-0493
http://crossmark.crossref.org/dialog/?doi=10.1007/s10035-021-01174-7&domain=pdf


	 Y. Xiong et al.

1 3

   10   Page 2 of 18

complex flow and transport behaviors [5, 6]. Permeabil-
ity and hydraulic conductivity are the characteristics most 
affected by the internal structure of the pores. Various labo-
ratory measurements and numerical simulations have been 
performed to reveal the effect of pore structure on flow prop-
erties [7–12]. Narsilio et al. [13] investigated the theoretical 
links of permeability between the phenomenological Darcy’s 
law and the pore-scale fundamental Navier–Stokes equations 
for laminar flow (Re < 1), and determined that the applica-
tion of the pore-scale analysis requires characterization of 
the pore-scale geometry of the porous material. Torskaya 
et al. [14] found that different grain shapes lead to distinct 
permeability–porosity compaction trends, and grain surface-
to-volume ratio and grain shape are the fundamental physi-
cal parameters controlling the fluid flow and distribution. 
Mahmoodlu et al. [9] simulated the intrinsic permeability 
of packed sand with different mean grain sizes, and demon-
strated that permeability is approximately linear to the mean 
pore body and throat radii. The intrinsic permeability of 
coarser sand was found to be much more sensitive to poros-
ity than that of finer sand. Geistlinger et al. [7] demonstrated 
that pore structure and surface roughness significantly affect 
the capillary trapping of the non-wetting gas phase during 
imbibition. The drying kinetics in porous media evidently 
vary with the coordination number, which characterizes the 
pore connectivity [15].

The heterogeneity of the pore structure at the microscale 
increases the complexity and tortuosity resulting in compli-
cated and anomalous transport behaviors [5, 6]. A numeri-
cal simulation of diffusion in virtual porous media gener-
ated using the Boolean model showed that pore geometry 
affects the diffusion properties and non-Fickian behavior 
occurs at the continuum scale [16]. Direct simulations of 
pore-scale images of different carbonate rocks representing 
different degrees of pore-scale complexity showed the ori-
gin of early breakthrough and long tailing plume behaviors 
[17, 18]. Transport behavior was presented as Fickian or 
non-Fickian diffusion significantly affected by pore hierar-
chy [19]. In addition, pore-scale heterogeneity was found to 
affect the crystallization and precipitation patterns induced 
by the evaporation of dissolved salts in porous media, which 
may result in salt damage to the porous materials, and in 
parallel alter the structure of the porous material itself. Rad 
and Shokri [12] found that salt precipitation and dynamics 
differ with the pore structure packed with grains of different 
angularities. This salt precipitation was clearly lower than 
that observed in round media under identical cumulative 
water loss. Lee and Kurtis [3] demonstrated that the pore 
structure strongly affected the extent of salt crystallization 
in cement. Zhang et al. [20] observed that the grain geom-
etry had a more profound effect on the size and configura-
tion of residual nonaqueous-phase liquid contaminants. The 
residual saturation of the non-aqueous phase liquid tended 

to increase as the porous system was composed of more 
angular or non-spherical grains.

Grain size, geometrical shape, and their arrangement 
and orientation affect the pore structure of porous media 
[21]. Different parameters such as sphericity, angularity, and 
roughness (or eccentricity, roundness, and smoothness) have 
been widely used to describe the grain shape [22]. To quan-
titatively express the grain angularity, a shape index called 
the volume ratio to an ellipsoid, was proposed by Katagiri 
et al. [23], which can account for the difference in grain 
angularity. Alternatively, the Fourier technique has been 
proposed, which is favored in the analysis of the roughness 
and textural features of granular particles. The Fourier mor-
phological analysis does not suffer from the re-entrant angle 
problem, thus, it is widely used to describe individual par-
ticles because of its flexibility and ease of use [24]. Laubie 
et al. [25] and Wang et al. [26] proposed a disorder index to 
characterize the random arrangement of particles.

However, an accurate measurement and characterization 
of pore structures at different scales remains challenging. 
Imaging techniques, such as X-ray computed tomography 
(CT) and magnetic resonance imaging, provide a nonde-
structive visualization of the internal structure of porous 
media [27–29]. CT can provide non-invasive three-dimen-
sional (3D) images by mapping X-ray absorption through 
porous media. A series of digital image processing is 
required to reduce the noise by filtering, enhance the phase 
contrast, and segment the grayscale data into two- or multi-
class phases [30, 31].

Quantification of the pore structure requires characteri-
zation of the topological, geometrical, and morphological 
configurations of the pore space. A wide variety of meth-
ods are available for quantifying 3D pore structures, such as 
fractal theory, integral geometry, chord-length distribution, 
pore-level property correlator, Boolean random sets, and 
cellular automata [32–34]. The pore network is physically 
characterized by the size distribution, shapes, and spatial 
arrangement of pores, from which further properties can be 
derived including connectivity and surface area [35, 36]. 
The pore structure is quantified in terms of pore body dis-
tribution, pore throat distribution, total throat length, and 
coordination number. The coordination number denotes the 
number of neighboring pores to which a certain pore is con-
nected, which characterizes the pore connectivity [37]. The 
concepts such as skeletonization, medial axis, and thinning 
are widely used to extract pore network [38, 39]. Recently, 
flow and transport processes have been directly simulated in 
a pore structure that is mapped using an imaging technique. 
Direct models include moving particle semi-implicit [40], 
smoothed particle hydrodynamics [41], lattice Boltzmann 
[42], and finite element [43]. These models are computation-
ally expensive and may not be suitable for multiphase flow 
at irregular fluid–solid boundaries and fluid–fluid interfaces 
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[44]. In contrast, the pore-network model can be used to cal-
culate the permeability and water retention curves under cer-
tain initial and boundary conditions [45–47]. The power of 
the pore-network approach also lies in the fact that it requires 
less computational capacity. The study aims to quantify the 
influence of grain morphology on the internal pore structure 
and the flow and transport properties of porous media. For 
this purpose, diverse porous structures are generated through 
the random packing of grains with different morphologies. 
The pore structures are visualized using X-ray CT, and pore 
networks are extracted and analyzed from the CT images. 
The flow and transport properties of different pore structures 
are simulated based on the extracted pore networks.

2 � Material and methods

2.1 � Porous column packing

Quartz sand and glass beads were used as the test substrates 
to analyze the effects of grain morphology on the pore 
structure and hydraulic properties. Quartz sand and glass 
beads were passed through sieves with 14, 16, 18, and 30 
meshes, and two groups of grains were arbitrarily selected: 
fine grains with size of 0.6–0.9 mm and coarse grains with 
size of 1.0–1.4 mm. The other two groups were prepared 
by mixing quartz sand and glass beads of 0.6–0.9 mm and 
1.0–1.4 mm sizes (1:1 ratio), respectively. The quartz sand 
and glass beads were packed into Plexiglas columns with 
an inner diameter of 30 mm and a height of 100 mm. Oven-
dried quartz sand and glass beads were continuously poured 
into the column and compacted using a specific metal ham-
mer to improve the settling. The packing bulk density of the 
quartz sand and glass beads was 1.50 ± 0.6 g cm−3 and their 
packing height was 95 mm.

2.2 � Characterization of particle surface morphology

The surface morphology of the particles was measured using 
scanning electron microscopy (SEM). The SEM images are 
gray and can reflect the relative surface roughness accord-
ing to the principle of electronic imaging. The grains were 
adhered onto a metal sample plate with double-sided adhe-
sive tape and then coated with a carbon film to enhance 
conductivity. Surface morphology and element distribution 
images were acquired using a Merlin field-emission scan-
ning electron microscope (Fig. 1). More than 100 grains 
were scanned for each group.

The surface morphological properties of the single grains 
(including the grain size, shape, and surface roughness) were 
characterized using Fourier analysis [24]. An image of an 
individual particle was cropped from the SEM image, and 
the edge of each particle was detected using the Canny edge 

detector. The center of gravity of each particle was calcu-
lated and set as the origin of the polar coordinate system 
(Fig. 2). Thus, a particle profile can be characterized as a 
Fourier series, as follows:

where R(θ) is the radius at angle θ, M is the total number of 
harmonics, R0 is the average radius, am and bm are the Fou-
rier coefficients, and m is the harmonic number. The average 
radius of the particle profile is expressed as

In addition, the cross-sectional area of the particle is, A0, 
can be expressed as

An equivalent radius Req yielding the same cross-sec-
tional area can be defined as

In the Fourier analysis, the shape parameter (αs) and 
angularity parameter (αr) are used to describe the shape and 
angularity of the particle, respectively (Fig. 2). The expres-
sions for αs and αr are

where N1 and N2 represent the threshold frequencies separat-
ing the shape and angularity features, respectively. Accord-
ing to Wang et al. [48], N1 = 4 and N2 = 25 are the thresholds 
for quantifying the shape and angularity features.

2.3 � Visualization of pore structure using CT scan

The pore structure of the packed quartz sand and glass beads 
was visualized using a cone-beam CT system (YXLON CT 
Modular, Comet Group). The porous column was mounted 
onto a rotation stage and scanned at 180 kV and 0.25 mA 
exposures. An aluminum filter was placed between the X-ray 
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source and the column to minimize the beam-hardening arti-
facts and highlight the differences in each phase. The column 
was rotated at intervals of 0.25° and 1440 projections were 
obtained, which were reconstructed to 3D imagery with a 
voxel size of 50 μm.

The CT images were de-noised using a median filter 
after comparing several filtering algorithms. The calculated 
median filter replaced the gray value of the considered pixel 
with the median value of its surrounding voxels (or window) 
[31]. The appropriate window size and filtering performance 
were determined using the normalized mean-square error 
and peak signal-to-noise ratio.

The pore and solid grains were segmented using Otsu’s 
thresholding algorithm, which is a variation of nonpara-
metric and unsupervised iterative global thresholding 
[49]. The basic concept of Otsu’s method is to determine 
a single optimal threshold in the histogram, where the sum 
of the foreground and background spreads is at its mini-
mum. The algorithm involves iteration through all possible 
threshold values and calculation of the optimal threshold 

for segmentation (i.e., the pixel that either falls in the fore-
ground or background). The pixels whose intensity values 
exceeded the threshold value were classified as solid parti-
cles, and the remaining pixels were pores. The gray-level 
histogram was normalized and regarded as a probability 
distribution.

Analysis of 3D images requires high computational 
capacity; thus, the structure of a representative elementary 
volume (REV) rather than a full tomography image was ana-
lyzed for each column [50, 51]. An appropriate size of the 
REV was determined using the conventional point-centered 
cube geometry approach. The starting voxels were randomly 
and uniformly located in each column, thus, the sub-volumes 
slightly overlapped at different locations. The porosity was 
selected as an indicator for the determination of REV. Two 
criteria were selected to determine the REV size: the relative 
gradient error (εg) and relative standard deviation (σr). For 
the relative gradient error approach, the REV was selected 
as the minimum window length scale at which the absolute 
value of the relative gradient errors was in the range of the 

Fig. 1   SEM images of angular 
quartz sand and round glass 
beads passed through different 
sieves: (Up) 0.6–0.9 mm, (Mid-
dle) 1.0–1.4 mm, and (Bottom) 
0.6–1.4 mm which is mixture of 
0.6–0.9 and 1.0–1.4 mm with 
equal ratio of mass
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measured system error. The relative gradient error of the 
porosity can be calculated as [50]

where i is the window increment number, ϕ is the porosity 
of the REV, and δ is the magnitude of the increment in the 
length scale. The relative standard deviation refers to the 
consideration of the relative standard deviation values for 
different repetitions during the enlargement processes. The 
relative gradient error (εg) and relative standard deviation 
(σr) had arbitrary determination values. For example, the 
relative gradient error was set as 0.2 by Costanza-Robinson 
et al. [50] and the relative standard deviation was set as 0.05 
by Xiong et al. [52]. In the present study, for simplifica-
tion and convenience, all REVs were chosen with a size 
of 200 × 200 × 200 voxels, which represents a physical size 
of 10 × 10 × 10 mm3 CT image data. This size is still in the 
plateau stage for all quartz sand and glass bead columns 
[53]. Five REV-size sub-volumes were used to analyze the 
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internal pore structure and hydraulic properties of each col-
umn. The center points of the subvolumes were uniformly 
distributed along the vertical axis of each column.

2.4 � Pore‑network extraction

Pore networks of porous media packed with different grain 
morphologies were extracted using the maximal ball algo-
rithm [54], whose basic concept is to determine the larg-
est inscribed spheres centered on each image voxel that 
just touches the grain or boundary. Those spheres, which 
are included in other spheres, are removed, and the rest are 
called maximal balls [37, 55]. The algorithm of the maximal 
ball distinguishes between the pore bodies and pore throats, 
and establishes their respective volumes and connectivity. 
Dong and Blunt [54] developed a two-step searching algo-
rithm to address the problem of high coordination numbers 
and improve the computational efficiency of the maximal 
ball approach. Using this algorithm, a clustering process 
was developed to define pores and throats by affiliating the 
maximal balls into family trees according to their size and 

Fig. 2   Characterization of particles surface morphology using Fou-
rier series: a SEM image of 1.0–1.4  mm quartz sand, b boundary 
trace of the sand particle using the Canny edge detector, c equivalent 

radius of sand particle, and d comparison of the edge of sand particle 
and Fourier series



	 Y. Xiong et al.

1 3

   10   Page 6 of 18

rank. The general processes of the two-step search maximal 
ball extraction algorithm include building maximal balls, 
clustering the maximal balls, segmenting the pore space and 
calculating the parameters. A two-step search algorithm fol-
lowing Dong and Blunt [54] was used in the present study.

2.5 � Flow and transport property simulation

Permeability is a property of porous media that indicates 
the ability of fluids to flow through. Intrinsic permeability 
is a function of the internal pore structure. The permeability 
of porous media with different angularities was simulated 
based on the extracted network topology. Four assumptions 
were considered in the network simulation: (1) the connec-
tions between pores were considered as round pipes, (2) the 
pressure drop in a pore was neglected, (3) perfect mixing 
occurred in the pores, and (4) the flow in the throat was 
laminar flow. Therefore, the flow rate in an individual throat 
can be expressed by the Hagen–Poiseuille equation

where qij is the flow rate between the ith and jth pores, Pi 
and Pj are the water pressures at pores i and j connected 
by a throat, Rij is the radius of the pore throat between the 
ith and jth pores, Lij is the length of the pore throat, and μ is 
the fluid viscosity. The mass conservation at each pore is 
used to solve the pressure distribution and flow rate in the 
network throats.

where p1,…, pn are the pores connected to the ith pore. The 
inlet and outlet pressures were assumed to be constant, and 
the flow rate at the outlet interface was summarized as the 
total flow rate through the network. The intrinsic perme-
ability was calculated using Darcy’s law:

where L is the length, A is the cross-sectional area of the net-
work, Q is the total flow rate through the network in the con-
sidered direction, and Pin and Pout are the pressures imposed 
on the inlet and outlet sides of the network, respectively.

The primary drainage water retention curve was cal-
culated using the network. The extracted pore network 
was first saturated with water, and then, air invasion 
was enforced at the throats located on the inlet bound-
ary. Quasi-static air invasion controlled by capillarity 
was assumed so that the viscosity effect could be ignored. 
The pore throat at the top face was connected to the air 
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reservoir, and the throats on the bottom face were con-
nected to a water reservoir. The pore throats on the other 
faces did not flow across the boundaries. Air started to 
invade the largest throat at the inlet boundary, and with an 
increase in pressure, smaller throats were invaded, result-
ing in water desaturation. The water retention curve was 
obtained through the invasion and desaturation processes 
until equilibrium. The primary drainage curve was simu-
lated using an invasion percolation algorithm [56], which 
is well-adapted to study the flow process in which the vis-
cosity effect is negligible and capillarity dominates the 
flow behavior. The main steps are as follows:

(1)	  Identifying the air–water interface of the largest pore-
throat under the current water distribution state, and 
calculating the air-entry pressure using the Young–
Laplace equation

where Pe is the air-entry pressure, γ is the interfacial 
tension, β is the contact angle, and Rm is the maximum 
radius of the pore throat.

(2)	 Calculating the difference in pressure between the air 
and water reservoirs

where Pc is the capillary pressure, Pair is the pressure 
induced in the air reservoir at the top boundary, and 
Pwater is the pressure induced in the water reservoir at 
the bottom boundary. For a pore throat, as the capillary 
pressure exceeds the air-entry pressure, air will invade 
the pore throat filled with water. If the air-entry pres-
sure is high enough to invade the throat, the pore body 
connected to this throat will be invaded as well; thus, 
the pore throat is a dominate element that controls the 
water distribution at each pressure increment.

(3)	 Updating water distribution in the pore-network and 
boundary condition at the top face, and repeating the 
calculation processes under a new pressure status. The 
primary drainage curve of porous media with different 
angularities was simulated using the OpenPNM pack-
age [57].

The simulated drainage curve was fitted using the van 
Genuchten model [58]:

where θw is the volumetric water content; θs is the satu-
rated water content; θr is the residual water content which is 
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approximately equal to zero; α and n are the shape param-
eters; and h is the pressure head.

Hydrodynamic dispersion is an essential mechanism for 
characterizing solute transport in porous media. Hydrody-
namic dispersion combines molecular diffuse driving by sol-
ute concentration and mechanical dispersion caused by local 
variations in the velocity field [59]. Dispersion occurs either 
in the same direction as that of the net flow (longitudinal dis-
persion) or perpendicular to the flow (transverse dispersion). 
Longitudinal dispersion can be expressed as

where C is the solute concentration, DL is the longitudinal 
dispersion coefficient, and v is the average flow velocity in 
the porous media. The longitudinal dispersion coefficient 
can be expressed as

where αL is the coefficient of longitudinal dispersivity and 
Deff is the effective diffusion coefficient of the solute. The 
average flow velocity can be calculated as follow:

In the pore network, pressure was imposed in different 
directions to simulate steady flow and compute the pressure 
distribution of the pore body (Fig. 3a). A solution with a 
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concentration of 1 mol m−3 conservative solute was injected 
from the inlet, and the concentration at the outlet was zero. 
The transient concentration distribution of the solute at all 
pores and throats was calculated (Fig. 3b). Thus, break-
through curves were obtained by computing the temporal 
solution concentration at z = L/2 of the pore networks. The 
longitudinal dispersion coefficient can be calculated as [46]

where t0.16, t0.5, and t0.84 indicate the times which the solution 
concentrations are 0.16, 0.5, and 0.84 mol m−3, respectively. 
Breakthrough curves were simulated under four different 
pressure gradients (i.e., 1, 10, 100, and 1000 kPa) which 
correspond to four different flow velocities (Fig. 4a). Finally, 
the coefficient of longitudinal dispersivity (αL) was obtained 
by calculating the slope of the longitudinal dispersion coef-
ficient versus the average flow velocity (Fig. 4b).

3 � Results and discussion

3.1 � Characterization of grain morphology

The surface morphology of an individual grain was ana-
lyzed and quantified using Fourier representations. The 
parameters used to characterize the particle projection 
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Fig. 3   Simulation of permeability and dispersivity in vertical direction using the extracted pore network of glass beads (0.6–0.9 mm): a pressure 
distribution in pores, and b solute concentration distribution in pores
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included the equivalent diameter, shape and angularity 
parameters (Table 1). The equivalent sizes of the round 
beads obtained from the Fourier analysis were close to the 
mean values of the sieving size (0.75, 1.20 and 1.00 mm, 
respectively). However, the equivalent sizes of the angu-
lar sand were slightly larger than the corresponding mean 
sieving sizes. The mean values of the shape parameter (αs) 
and angularity parameter (αr) were used to quantify the 
morphological features. The shape parameters with large 
magnitude and low frequency in the Fourier representa-
tion were related to the boundary shape, and the angularity 
parameters with small magnitude and high frequency were 
related to the angular character superimposed on shape 
[48]. For the round glass beads, the coarse beads had 
the smallest shape and angularity parameters. The rela-
tively larger-shape and angularity parameters for the fine 
and mixed beads were attributed to the presence of non-
rounded particles (Fig. 1). The coarse sand had the largest 
shape and angularity parameters, whereas the fine sand 
had the smallest ones. The shape and angularity param-
eters of the mixed sand followed the ranges of coarse and 
fine sand. In comparison with the same sieving size range, 
the angular sand had evidently larger-shape and angularity 

parameters than the corresponding round beads. Although 
the grain morphology obtained from the 2D-SEM is just 
the projection of grains, the different parameters demon-
strated the capability of Fourier representations to distin-
guish the grain surface morphology.

When analyzing the shape and angularity parameters 
from the Fourier representations, the selection of the fre-
quency threshold is essential. Wang et al. [48] demon-
strated that N1 = 3 represents a triangular shape, N1 = 4 
represents a square shape, and N1 = 5 represents multiple 
corners and simulates the angularity of the grain profiles. 
The Fourier coefficients of the actual grain profiles are 
very small when N2 > 25; thus, the corners are very close 
to each other. In the present study, after several attempts 
at different grains, we accepted N1 = 5 as the frequency 
threshold to distinguish the shape and angularity; that is, 
the frequency term N ≤ 4 was considered to contribute to 
the shape and 5 < N ≤ 25 was considered to contribute to 
the angularity. The grain signature parameters are scale-
indifferent; thus, the same magnification is required when 
we compare the equivalent diameter, shape and angularity 
parameters.

(A) (B)

Fig. 4   Simulation of longitude dispersivity of glass beads with size of 1.0–1.4  mm: a Breakthrough curves of pore network under different 
velocities, and b linear relation between hydrodynamic dispersion and flow velocity

Table 1   Fourier series 
techniques to characterize the 
particle morphology of quartz 
sand and glass bead

Type Sieving size (mm) Equivalent diam-
eter deq (mm)

Shape parameter αs 
(10–3 mm mm−1)

Angularity parameter 
αr (10–6 mm mm−1)

Glass beads 0.6–0.9 0.74 ± 0.15 1.47 ± 4.87 1.21 ± 2.39
1.0–1.4 1.33 ± 0.14 0.14 ± 0.49 0.06 ± 0.03
0.6–1.4 1.02 ± 0.28 0.65 ± 1.81 1.55 ± 4.93

Quartz sand 0.6–0.9 1.09 ± 0.14 8.52 ± 5.97 7.59 ± 6.36
1.0–1.4 1.56 ± 0.19 9.20 ± 7.39 10.02 ± 20.41
0.6–1.4 1.33 ± 0.30 8.50 ± 5.17 9.02 ± 11.15
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3.2 � Quantification of the structure using 
pore‑network

The pore networks of the REVs were extracted using the 
maximal ball algorithm. As the shapes of the real pore cross-
sections are complex and highly irregular, idealized shapes 
are used to approximate them. In the present study, the 
widely used simple sphere and round cylinder were applied 
to represent the pore body and throat, respectively. Figure 5 
illustrates the networks of the packed glass beads and quartz 
sand with different sizes. Although a simple shape was used, 
the extracted networks intuitively demonstrated the differ-
ences in the internal pore structures. The fine grains had the 
highest numbers of pore bodies and throats, whereas the 
coarse grains had the smallest ones for the same REV size. 
To quantitatively analyze the difference in the networks, a 
set of parameters, including pore body radius, pore throat 
radius, total throat length and coordination number, were 
calculated (Table 2). The pore body radius mainly varied 
from 0.05 to 0.30 mm with a mean of 0.168 mm for fine 
glass beads and it changed from 0.10 to 0.40 mm with a 
mean of 0.224 mm for the coarse beads. For the angular 

quartz sand, the pore body radius mainly varied from 0.09 
to 0.32 mm with a mean of 0.177 mm for the fine sand and 
0.10–0.42 mm with mean of 0.244 mm for the coarse sand. 
The mean pore body radius of the mixed grains was between 
those of the fine and coarse grains. The pore body radius lin-
early increased with the equivalent grain diameter (Fig. 6), 
which is consistent with previous experimental and mod-
eling studies [9, 60]. The distribution of the pore body radius 
followed the lognormal distribution for both glass beads and 
quartz sand, but with different frequencies (Fig. 7a, e). The 
mean pore body radius of the angular sand was larger than 
that of the corresponding round beads with the same siev-
ing size.

The pore throat affected the fluid flow and capillary dis-
placement processes in porous media, as it constrained the 
conductance and retention. Panels B and F in Fig. 7 depict 
the pore-throat radius distributions, and panels C and G 
depict the total throat length distributions for the glass 
beads and quartz sand, respectively. The distributions of the 
pore-throat radius and total throat length followed a lognor-
mal distribution as well. However, the mean and frequency 
varied with the grain morphology. The pore-throat radius 

Fig. 5   Pore structures of 3D REVs and extracted pore-networks using maximal ball algorithm: (Up) 0.6–0.9 mm, (Middle) 1.0–1.4 mm, and 
(Bottom) 0.6–1.4 mm
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Table 2   Statistics of the parameters to quantify the internal pore network for porous media with different grain sizes and angularities

Type Sieving size 
(mm)

Number of 
throats

Number of 
pores

Pore sur-
face density 
(mm−2 mm−3)

Porosity Coordi-
nation 
number

Pore radius 
(mm)

Throat radius 
(mm)

Total throat 
length × 103 
(mm)

Glass beads 0.6–0.9 7931 ± 868 1731 ± 217 3.69 ± 0.04 0.44 ± 0.01 9.0 ± 0.2 0.168 ± 0.009 0.074 ± 0.003 10.04 ± 0.67
1.0–1.4 2662 ± 228 707 ± 71 2.44 ± 0.03 0.39 ± 0.01 7.3 ± 0.1 0.224 ± 0.009 0.105 ± 0.005 4.18 ± 0.21
0.6–1.4 4187 ± 1096 1251 ± 253 2.97 ± 0.19 0.35 ± 0.01 7.6 ± 0.1 0.173 ± 0.017 0.075 ± 0.008 6.33 ± 0.97

Quartz sand 0.6–0.9 6736 ± 1266 1461 ± 323 3.72 ± 0.11 0.47 ± 0.03 9.1 ± 0.3 0.177 ± 0.055 0.078 ± 0.007 9.24 ± 0.85
1.0–1.4 2325 ± 338 551 ± 92 2.66 ± 0.08 0.45 ± 0.02 8.2 ± 0.2 0.244 ± 0.014 0.107 ± 0.006 4.37 ± 0.27
0.6–1.4 4368 ± 841 901 ± 208 3.22 ± 0.11 0.40 ± 0.02 8.0 ± 0.2 0.179 ± 0.013 0.078 ± 0.006 7.06 ± 0.64

(A) (B) (C)

Fig. 6   Relation between the equivalent diameter and pore-network parameters for glass beads and quartz sand: a pore-radius, b throat-radius, 
and c total throat length

(A) (B) (C) (D)

(E) (F) (G) (H)

Fig. 7   Distribution of pore-network parameters for glass beads and quartz sand: a, e pore-radius, b and f throat-radius, c and g total throat 
length, and d and h coordination number
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increased with the grain size. The mean pore throat radius of 
angular quartz sand was slightly larger than that of the cor-
responding round beads. The total throat length decreased 
with increasing grain size for an identical REV size. The 
mean radius of the pore throat was approximately 0.43–0.47 
times that of the pore bodies for the angular sand and round 
beads. This range is consistent with the findings of Ren and 
Santamarina [61], who clarified that the radius of pore throat 
is approximately half that of the body.

The coordination number characterizes the connectiv-
ity and topology of the pore network. The mean coordina-
tion number varied in the range of 7–9. The coarse grain 
media had a smaller mean coordination number than the 
fine grain media and the mean coordination number of the 
mixed grains was between that of the fine and coarse grains. 
The mean coordination number of angular sand was slightly 
larger than that of the corresponding round glass beads. The 
distribution of coordination numbers also followed a lognor-
mal distribution for the glass beads and quartz sand. How-
ever, the frequency varied with different grain morphologies 
(Fig. 7d, h). The lognormal distribution feature is consistent 
with many other randomly and artificially packed grain par-
ticles and natural porous media [62].

3.3 � Flow and transport properties

3.3.1 � Intrinsic permeability

The pore network not only characterizes the internal struc-
ture itself but can also be used to estimate the flow and 
transport parameters with effective computation. Intrinsic 
permeability is one of the most important characteristics of 
porous media, which affects the flow and transport behav-
iors. The intrinsic permeability of different porous media 
was estimated based on the extracted networks. Table 3 pre-
sents the intrinsic permeability in the vertical (Z-direction) 
and horizontal directions (X-and Y-directions in Cartesian 
coordinates). The intrinsic permeability in the horizontal 
direction was 1.2–1.4 times that in the vertical direction for 
both round beads and angular sand. However, the difference 
between the two horizontal directions was not distinct. The 
variation in permeability with direction indicated anisotropic 
compaction features during the packing processes. The com-
paction subsequent to the pouring of sand or glass beads may 
result in different grain orientations and settling in the verti-
cal and horizontal directions [63]. This anisotropic feature 
is similar to most natural depositions in the soil and aquifer 
[64, 65].

The intrinsic permeability of fine grains was lower than 
that of coarse grains for both glass beads and quartz sand. 
The lowest intrinsic permeability in each direction was 
obtained for the mixed grains, which had a wider particle 
size distribution. When comparing columns packed with the Ta
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same sieving size, the intrinsic permeability of the angular 
sand was 1.1–1.8 times that of the round beads in each direc-
tion (Table 3). Intrinsic permeability was in a power–law 
relation with the means of pore body and throat radii for 
packed grains with different morphologies (Fig. 8). These 
power–law relations are consistent with the findings of 
Gharedaghloo et al. [64] who tested peat soils at different 
depths. The intrinsic permeability of the coarse grain was 
more sensitive to the pore and throat radii than that of the 
fine sand. This can be partly attributed to the larger pores 
for coarse grains enhancing the hydraulic conductivity [66], 
and confirms that permeability is most strongly affected by 
larger pores [9].

The established functional relations between intrinsic 
permeability and pore structure include the Kozeny–Carman 

equation or the power laws of porosity [67, 68]. The fit-
ting of intrinsic permeability versus porosity for the differ-
ent angular sand and round beads indicated that the porous 
media with the same sieving size followed the power-law 
curve (Fig. 9a, b). In addition, the coefficients of the power-
law equation differed from the flow direction owing to the 
anisotropic feature. The power-law equation had different 
coefficients for the different sieving size groups. The differ-
ent fitting curves for grains with different sizes and distri-
butions indicate that the grain size, distribution, and shape 
are critical factors for intrinsic permeability. Liu and Jeng 
[69] demonstrated that porosity, particle size, particle sur-
face, and particle shape have different influence intensities 
on intrinsic permeability. They clarified that porosity is the 
most sensitive impact factor, followed by particle size. In 

(A) (B)

(C) (D)

Fig. 8   Effect of pore network parameters on intrinsic permeability in different directions for glass beads and quartz sand: a, b pore-radius, and c, 
d throat-radius in vertical and horizontal direction, respectively
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general, the relations between the intrinsic permeability and 
porosity of the packed round beads and angular sand are 
consistent with those of other artificially packed grains [9].

In the power-law equation, intrinsic permeability is only 
related to porosity, whereas the other pore characteristics 
(such as tortuosity and pore interface area) are lumped in the 
coefficients. As mentioned above, this simplification results 
in different fitting coefficients in the vertical and horizontal 
directions [67, 69]. The Kozeny–Carman equation, consid-
ering the tortuosity and pore surface of the pore system, is 
expressed as [70]

where λ is a generalized factor accounting for different pore 
shapes, S is the specific surface area of the pores, and τ is 
the geometric tortuosity, which is defined as the ratio of 
the average length of the true path that molecules travel 
through a porous medium to the length of the straight line 
across the porous media. As shown in Fig. 9c, a single linear 
curve fits the relation between intrinsic permeability and ϕ3 
/ [τ2S2 (1–ϕ)2] for porous media with different grain sizes 
and angularities. Although intrinsic permeability varies with 
direction, the Kozeny–Carman equation also performs well 
for anisotropic features. This indicates the robustness of this 
equation, and thus, it can be used to mimic intrinsic perme-
ability and serve as a quality-control tool for porous media 
with different grain morphologies.

3.3.2 � Water–retention curves

Primary drainage curves were obtained through pore-net-
work simulations conducted for diverse porous media. Fig-
ure 10 illustrates the primary drainage curves obtained for 
the sampled REVs, and the fitting parameters of the van 

(18)k = �
�3

�2 S2 (1 − �)
2

Genuchten model are presented in Table 4. The coefficients 
of determination of all fitting curves exceeded 0.97, which 
demonstrated a good agreement with the results obtained 
using the van Genuchten model. The fitted θs values were 
consistent with the porosity of the packed porous media 
(Table 2). The parameters α and n are measures of the 
pore-size distribution [71, 72]. The highest value of α was 
obtained in columns packed with coarse particle sizes for 
both glass beads and quartz sand. The parameter α of the 
mixed samples was between the coarse and fine grains. Its 
value increased with the pore radius and throat radius, which 
have a controlling effect on the entry pressure of pores [9]. 
The parameter n is generally used to characterize the pore 
size distribution. In the present study, the pore size distri-
bution was in a relatively narrow range owing to the small 
range of grain distribution (0.6–1.4 mm); thus, the varia-
tion of parameter n was not clear for both round glass beads 
and angular quartz sand. This result is consistent with those 
obtained by several previous studies [9, 73, 74].

3.3.3 � Hydrodynamic dispersion

Pore-scale heterogeneities are present in all porous media, 
leading to deviations from the mean flow. This is described 
by the hydrodynamic dispersion on a macroscale. The break-
through curve of a solute may perform like Fickian or non-
Fickian behavior [75]. Solute transport in the REVs of round 
beads and angular sand exhibited Fickian behavior (Fig. 4). 
Similar phenomena were observed by Meyer and Bijeljic 
[76], who found that the transport behavior converges from 
an initial ballistic dispersion to Fickian diffusion in the 
longitudinal direction. Whether solute transport appears in 
Fickian or non-Fickian form is dependent on several factors, 
such as fluid velocity (Peclet number), tortuosity, and pore 
connectivity. Based on the numerical simulation of lattice 
network, Vasilyev et al. [77] found that anomalous transport 

(A) (B) (C)

Fig. 9   Diverse parameters correlate to the intrinsic permeability of porous media: a, b the relationship between intrinsic permeability and poros-
ity in vertical and horizontal direction, respectively and c the Kozeny–Carman relation in vertical and horizontal direction
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in the form of long tails of concentration curves appeared 
when the coordination number exceeded 6. However, the 
mean coordination number varied in the range of 7–9 for 
both round beads and angular sand, which was slightly 
larger than the critical value of 6. The breakthrough curve 
did not exhibit an anomalous appearance, early arrival, or 
long-tailing features. This is attributable to the coordination 
number distribution, geometrical tortuosity, and selection of 
a simple geometrical shape (spherical or round cylindrical) 
to represent the pore network. Wang and Bayani Cardenas 
[75] demonstrated that longitudinal transport can also transit 
from non-Fickian to Fickian form at incrementally increas-
ing scales.

Hydrodynamic dispersion refers to the stretching of a sol-
ute plume in the flow direction during transport with fluid 
flow. The dispersion along the flow direction is called longi-
tudinal dispersion, whereas that perpendicular to the flow is 
called transversal dispersion. Table 3 shows the coefficients 
of longitudinal dispersivity (αL) in different directions for 

different quartz sand and glass beads. The largest αL value 
was obtained from the coarse glass beads and quartz sand, 
whereas the fine glass beads and quartz sand had the lowest 
values. The αL value for the mixed grains ranged between 
that of the coarse and fine grains. The value of αL did not 
distinctly differ between angular sand and round beads for 
the same sieving size (Table 3). The value αL increased with 
a larger grain size distribution, which agrees with the result 
obtained by Klotz et al. [78], who tested soil samples and 
observed that the dispersivity increased with the particle 
diameter. The value of αL in the horizontal direction was 
approximately 3–4 times that in the vertical direction for 
different sand and beads. However, the value of αL in the 
two horizontal directions did not evidently differ in each 
REV. This anisotropic feature is consistent with that of 
permeability.

The coordination number characterizes the connec-
tivity of pores in the porous media, which influences the 
complicated flow path and solute transport. The tortuosity 
decreases with an increase in the mean coordination number 
(Tables 2 and 3), which means that the flow paths become 
similar to a straight line in the flow direction, and the mean 
value together with variations in velocity, decrease as the 
coordination number increases [77]. This leads to a smaller 
variance in the velocities of all paths. The coefficient of 
longitudinal dispersivity decreased with an increase in the 
coordination number (Fig. 11). Vasilyev et al. [77] proposed 
an empirical formula to quantify the coefficient of disper-
sivity induced by the internal pore structure (geometric 
dispersivity coefficient), �L = �

0
+c ⋅ e−�(Cn −2) , where α0 

is the geometric dispersivity at the highest mean network 
coordination number (Cn = 26), c and δ are constants, and 
Cn is the mean network coordination number. This formula 

(A) (B)

Fig. 10   Primary drainage curves for porous media with different angularities: a glass beads and b quartz sand

Table 4   Fitting parameters of van Genuchten model for water reten-
tion curve of different porous media

Particle type Particle size (mm) van Genuchten param-
eters

R2

θs α (m−1) n

Glass beads 0.6–0.9 0.45 24.20 10.69 0.99
1.0–1.4 0.39 34.23 8.13 0.99
0.6–1.4 0.35 26.35 7.15 0.97

Quartz sand 0.6–0.9 0.47 26.95 9.83 0.98
1.0–1.4 0.46 39.57 8.18 0.98
0.6–1.4 0.41 34.62 9.82 0.98
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works sufficiently well for Cn ≥ 4. Even though the mean 
coordination numbers for the packing glass beads and quartz 
sand in the present study fell in the range of 79, which is 
relatively narrow, the fitting results suggested the agreement 
of this formula for random pore networks, particularly in the 
vertical direction (Fig. 11).

4 � Conclusions

This study aims to investigate the effect of grain morphology 
on the internal pore structure, as well as the flow and trans-
port properties, of unconsolidated porous media. Different 
pore structures were generated by the random packing of 
grains with different morphologies. A small grain size range 
was arbitrarily selected to minimize the influence of grain 
non-uniformity. The grain morphology was obtained through 
SEM and analyzed using Fourier analysis. Pore networks 
were extracted from 3D CT images.

The results of a Fourier analysis indicated that the 
obtained equivalent sizes of the round beads were close to 
the mean values of the sieving size, whereas those of angular 
sand were slightly larger than the corresponding mean siev-
ing sizes. The angular sand had evidently larger shape and 
angularity parameters than the corresponding round beads. 
Moreover, the results demonstrated the capability of the 
shape and angularity parameters to distinguish the grain-
surface morphology.

The extracted pore networks distinguished the effects of 
grain morphology on pore structure. The means of the pore-
body radius, pore-throat radius, and coordination number 
linearly increased with the equivalent grain diameter. The 

means of pore-body radius, pore-throat radius, and coordina-
tion number of the angular sand were larger than those of the 
corresponding round beads with the same sieving size. The 
distributions of pore-body radius, pore-throat radius, total 
throat length, and coordination number followed lognormal 
distribution.

The estimated intrinsic permeability exhibited aniso-
tropic features in packed round sand and angular beads. 
The intrinsic permeability in the horizontal direction was 
1.2–1.4 times that in the vertical direction. In addition, for 
both glass beads and quartz sand, the intrinsic permeability 
of fine grains was lower than that of coarse grains. The low-
est intrinsic permeability in each direction was obtained for 
mixed grains. A comparison of the columns packed with the 
same sieving size, the intrinsic permeability of the angular 
sand was evidently larger than that of the round beads in 
each direction. The relation between intrinsic permeability 
and porosity followed the Kozeny–Carman equation for both 
round beads and angular sand.

Fickian transport behaviors were detected in the REVs of 
both angular sand and round beads. The coefficient of lon-
gitudinal dispersivity in the vertical direction was approxi-
mately 3–4 times that in the vertical direction owning to the 
anisotropic compaction of grains. The coefficient of longi-
tudinal dispersivity decreased with an increase in the grain 
size. In general, the difference in the longitudinal disper-
sivity coefficient was not distinct between the angular sand 
and round beads for the same sieving size. The longitudinal 
dispersivity decreased with an increase in the coordination 
number regardless of grain morphology.

The findings of this study help us better understand 
the effects of grain morphology on the pore structure and 

(A) (B)

Fig. 11   Effect of coordination number on longitudinal dispersivity in different directions for glass beads and quartz sand: a vertical direction and 
b horizontal direction
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macroscopic flow and transport properties, such as perme-
ability and hydrodynamic dispersion. This provides a refer-
ence for the research and application of diverse engineering 
techniques, such as exploration of oil, storage and sequestra-
tion of CO2, remediation of contaminants in the aquifer, and 
industrial drying and filtration techniques.
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