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Abstract: Flow properties of soils can impact a wide range of geotechnical, agricultural, and geophysical processes. Few studies
focus on the physical understanding of how pore characteristics can affect flow properties in soils. In this paper, pore network
modeling is utilized to investigate intrinsic permeability, water pressure distributions, flow patterns, and critical flow paths in soils
with pores varying in size, connectivity, and anisotropy. The results show that increased mean diameter, decreased standard
deviation, and increased coordination number of the pores can lead to an increase in intrinsic permeability in soils. Non-uniform
water pressure and flow rate distribution will more likely occur in soils with a larger pore size variability. A higher coordination
number mitigates the pressure localization but slightly exacerbates non-uniform flow. With the increase in the coefficient of
variation (COV) of pore diameters, the percolation path becomes more tortuous and carries more flow. When COV increases from
0 (homogeneous) to 1 (large pore size variability), the tortuosity increases from 1.00 to ~1.71 and the flux carried by the percolation path in soils increases from 2.0% to 7.8%. Pronounced preferential flows may take place in soils with uniformly distributed
pore sizes, in which the percolation path can carry as much as 9.2% of the total flux. The anisotropy in pore throat sizes also
increases the flow tortuosity and the fraction of flux carried by the percolation path. The permeability anisotropy Kh/Kv increases
linearly as the pore throat size anisotropy μdh/μdv increases logarithmically. These results provide insight for designing soil barriers
for either uniform flows or exacerbated preferential flow for fast transport.
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1 Introduction
Flow properties of soils can impact a wide range
of geotechnical, agricultural, and geophysical processes, such as slope stability (Shao et al., 2015),
‡
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contaminant transport (Ghodrati et al., 1999),
groundwater recharge (Bianchi et al., 2011), soil/
structure interaction (Ng et al., 2017, 2018; Li et al.,
2018; van Dijk, 2018; Yan et al., 2018), resource
recovery efficiency (Maitland, 2000; Sun et al.,
2018), and the performance of landfill covers (Zhan et
al., 2017b). For example, the management of municipal solid waste is a major environmental challenge
facing the world today. Landfilling is the dominant
option for waste disposal in many developed and
developing countries (Laner et al., 2012; Zhan et al.,
2017a). As one of the important components of landfills, final covers minimize percolation into the underlying waste and limit the emission of landfill gases. The performance of final covers is strongly related
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to their flow properties such as non-uniform and rapid
transport of water or solutes. Thus, knowledge concerning the transport processes in covered materials is
required.
Flow properties of saturated porous media are
inherently controlled by pore characteristics, such as
pore size distribution, pore shape, and topology. More
complicated mechanisms, e.g. hysteresis and wettability alteration, affect the flow when the porous media become unsaturated (Morrow, 1975; van
Genuchten, 1980). Defined by grain size distribution
and formation history, pores in natural sediments vary
widely in size, shape, connectivity, and spatial distribution, leading to several scales of heterogeneity,
layering, and hydrophobicity. Many studies focus on
transport processes in soils with apparent inhomogeneity of macro-pores, cracks, earthworm burrows,
or vegetation root channels (Šimůnek et al., 2003;
Gerke, 2006; Allaire et al., 2009). Theoretical descriptions of water transport by considering the coexistence of inter-aggregate pores and intra-aggregate
pores have been proposed (Gerke and van Genuchten,
1996; Ross and Smettem, 2000; Hunt et al., 2013;
Hirashima et al., 2014). Experimentally, dye tracers
combined with image analysis have been used to
visualize flow processes in various types of soils at
both laboratory and field scales (Andreini and
Steenhuis, 1990; Flury and Flühler, 1994; AllaireLeung et al., 2000; Öhrström et al., 2004; Weiler and
Flühler, 2004). Relevant results play an important role
in engineering applications, but there are still challenges, such as the limited resolution of imaging
techniques, in capturing pore-scale phenomena (Bultreys et al., 2015, 2016, 2018; Singh et al., 2017;
Scanziani et al., 2018). Owing to the complexity of
pore-scale geometries, severe practical difficulties
and large uncertainties are found at dimensions larger
than the representative elementary volume (REV)
scale for highly heterogeneous pore media. Therefore,
knowing the pore-scale transport processes contributes to improving the understanding of the behavior
of soils at larger scales.
Over the past decades, theoretical, experimental,
and numerical approaches have been proposed and
developed to study pore-scale transport processes
through soils. Flow experiments combined with X-ray,
scanning electron microscopy (SEM), and transmission electron microscopy (TEM) techniques can provide direct and valuable information, but the results

are usually sensitive to material composition and
sample preparation. Analytical solutions are usually
based on the assumption of homogeneous properties,
leading to limited practical relevance (Xiong et al.,
2016). In recent years, pore-scale simulations have
shown many advantages in the determination of
transport properties in porous media, e.g. the lattice
Boltzmann method, the coupled computational fluid
dynamics and discrete element method (CFD-DEM)
model, and the pore network modeling. Among these
methods, pore network modeling is the least timeconsuming due to the inherent simplifications of void
space. It thus has the capacity to simulate higher heterogeneity of pore sizes and structure at larger volumes (Fatt, 1956; Blunt et al., 2013; Mahabadi et al.,
2016; Piovesan et al., 2019). This approach has been
used to investigate the geometry of flow paths in
rocks (David, 1993). In addition, it has been used to
upscale a wide range of pore-scale phenomena such
as viscous drag, capillarity, phase change, and displacement (Blunt, 2017). Flow in porous media
strongly relates to the localization due to pore-scale
heterogeneity. Localization and preferential flow
paths contribute to the difference in intrinsic permeability (Jang et al., 2011). Bernabé and Bruderer
(1998) assessed the validity of several permeability
models as a function of the variance of the pore size
distribution. However, few studies focus on the flow
properties in soils considering various pore characteristics, i.e. pore sizes, connectivity, and anisotropy
using pore network modeling (Raoof et al., 2011;
Raoof and Hassanizadeh, 2012).
This study is an investigation of the flow properties in saturated soils with pores varying in size,
connectivity, and anisotropy using pore network
modeling. The obtained intrinsic permeability, water
pressure distributions, flow patterns, and critical flow
paths are analyzed and discussed. The results enhance
the fundamental understanding of non-uniform flow
induced by the heterogeneity of pore characteristics.

2 Pore network modeling
2.1 Methodology
In pore network modeling, the void space in soils
is typically simplified by spherical pore bodies (i.e.
pores, hereafter) interconnected by cylindrical pore
throats (i.e. throats, hereafter). More sophisticated
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geometries of the pores and the throats have also been
used to replicate more realistic pore geometry of the
soils (Blunt et al., 2013). In this study, all the
numerical implementations are performed using
OpenPNM, which is an open-source package in Python for pore network simulations (Gostick et al.,
2016).
According to the Hagen-Poiseuille equation, the
hydraulic conductance of a throat αt is defined as

Based on Eqs. (1)–(5), the pressures at all the
pores and the flow rates in all the throats in the network can be calculated with known pore characteristics and fluid properties at given boundary pressures.
The intrinsic permeability of the whole network K can
be determined as

πRt4
,
8 ΔLt

where Qout is the total flux at the outlet of the network;
ΔP is the pressure difference across the network domain (i.e. between the inlet and outlet boundaries); L
and A are the length and the cross-sectional area of the
network domain, respectively.
The accuracy and effectiveness of pore network
model simulations for predicting permeability and
multiphase flow properties in porous media via extracted pore networks have been experimentally validated (Al-Kharusi and Blunt, 2008; Dong and Blunt,
2009; Blunt et al., 2013; Wang et al., 2015; Bultreys et
al., 2016). Admittedly, the simplified pore geometries
used in this study will not give accurate estimations of
absolute permeability values, but rather qualitative
understanding of the correlations between pore
characteristics and flow behavior.

t 

(1)

where Rt and ΔLt are the radius and the length of the
throat, respectively; η is the viscosity of the fluid.
The flow rate through the throat qt can be described as
qt   t ΔPi -j ,

(2)

where ΔPi-j is the pressure difference across the
throat.
It is assumed that the pores have no flow resistance, so the pressure loss in each pore can be neglected (Wu et al., 2010; Qin and Hassanizadeh, 2015;
Gostick et al., 2016). The total flow rate into and out
of each pore qp should satisfy mass conservation:

q

p

 0.

(3)

Combining Eqs. (2) and (3), the pressure at a
central pore Pc can be determined as a function of the
pressure at all neighboring pores Pi:

Pc 

 P .

t, i

j

(4)

t, i

Therefore, the pressure at all the internal pores
can be written by Eq. (4), and thus a matrix form can
be obtained as
AX  B,

(5)

where A is a matrix composed of throat conductivities;
vector X contains the unknown pressures at different
pores; vector B captures known boundary pressures.

K 

Qout L
,
ΔP A

(6)

2.2 Network calibration and determination

In this study, the pore networks are 3D lattice
structures with simple cubic packing as shown in
Fig. 1a (Mu et al., 2008; Wu et al., 2010). The coordination number (cn) for characterizing the pore
connectivity is assigned as 6, which means one central pore is interconnected with six surrounding
throats stretching in lateral and vertical orientations.
To optimize the computational cost and efficiency,
pore networks with various domain sizes are tested.
The networks have cross-sections consisting of 10×10,
20×20, or 50×50 pores and the height of the longitudinal direction (i.e. along with the flow direction)
varies from Nf=10, 50, and 100 to 200 pores, where Nf
is the number of pores in the flow direction. The imperfectly cubic networks enable us to evaluate the
effect of domain size on computed intrinsic permeability from the perspective of both the cross-section
and the height. Published data show that most natural
sediments exhibit a log-normal distribution in pore
size with an average coefficient of variation (i.e.
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standard deviation σ over mean value μ) of COV=
σ/μ=0.4 with lower and upper bounds of 0.2 and 1.0,
respectively (Phadnis and Santamarina, 2011). Even
though some of the soils are better described by other
distributions (e.g. Weibull distribution), porous media
with log-normally distributed pore sizes are widely
used in theoretical and numerical models of soils
(Kosugi, 1996, 1999; Friedman and Seaton, 1998;
Tuli et al., 2001; Dai and Santamarina, 2013; Qin et
al., 2016). Here, the pore diameters dp in the networks
are generated to satisfy a truncated log-normal distribution in a range of 0 μm<dp<30 μm with a mean
pore diameter μd=10 μm and a standard deviation
σd=4 μm (note that the pore diameters in all networks
used in this study follow truncated distributions with
the same lower and upper cutoffs). The magnitude of
pore sizes can be found in silt and silty sand (Hwang
and Powers, 2003). The center to center distance of
neighboring pores is 30 μm. The throat diameter is
assumed to be the diameter of the smaller pore connecting at the two ends of the throat to maintain
physical consistency (Gostick et al., 2007, 2016).
Constant pressures of 206 kPa and 103 kPa are assigned to the pores located at the top and the bottom
sides of the networks, respectively, and the other four
boundaries are insulated. Steady-state flow is performed to calculate the intrinsic permeability of the
networks with different domain sizes. Fig. 1b shows
the water pressure distribution results in a 50×50×50
network.
For each tested domain size, 20 random realizations are calculated and their intrinsic permeability
results are summarized in Fig. 1c. Ideally, the larger
the network size, the less scattered it is in calculated
permeability but more computationally expensive.
For instance, using a 3.4 GHz processor, it takes
~15 min to compute the intrinsic permeability for a
50×50×50 network, whereas the run time will increase to ~90 min for a 50×50×100 pore network. The
results in Fig. 1c suggest that the 50×50×50 network
can save computing time while achieving adequate
accuracy. Note that one can add boundary pores/
throats to serve as the input/output regions (Qin and
Hassanizadeh, 2015; Qin et al., 2016), while the impact of added boundary pores/throats on the intrinsic
permeability of the 50×50×50 pore network is negligible and thus is not adopted here. Therefore, the
following simulations all use 50×50×50 pore net-

works but with different pore sizes, distributions,
connectivity, and anisotropy.

Fig. 1 Influence of domain size on computed intrinsic
permeability
(a) An illustrative 3D lattice pore network (i.e. coordination
number cn=6) in a cubic domain with 50×50×50 pores. The
pore diameters follow a truncated log-normal distribution with
mean value μd=10 μm and standard deviation σd=4 μm. (b)
Water pressure distribution within the pore network subjected
to 206 kPa pressure at the top and 103 kPa at the bottom with
other four boundaries insulated. (c) Computed intrinsic permeability in pore networks with identical pore size distribution, but different cross-sectional areas (i.e. 10×10, 20×20, and
50×50 pores) and lengths (Nf=10, 50, 100, and 200 pores).
Each domain size has 20 random realizations

3 Numerical results
3.1 Intrinsic permeability

Fig. 2a shows the change in intrinsic permeability K and porosity Φ in response to the change in the
mean pore diameter μd. The pore diameters follow a
log-normal distribution with a constant σd of 4 μm and
various μd ranging from 4 μm to 20 μm to reach the
desired COV range of 0.2–1.0. It can be seen that a
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larger μd leads to a larger porosity, and thus increases
the intrinsic permeability accordingly. As the mean
pore diameter increases from 4 μm to 20 μm, the
intrinsic permeability can increase by three orders of
magnitude. The variation of intrinsic permeability
and porosity with different σd is shown in Fig. 2b.
The pore diameters in the networks follow a lognormal distribution with a constant μd of 10 μm. In
order to reach the desired COV range of 0.2–1.0,
various σd in a range of 2–10 μm are assigned in the
networks. As σd increases, the porosity and intrinsic
permeability decrease, which is in agreement with
the results of Jang et al. (2011). The development of
porosity and intrinsic permeability with the variation
of coordination number is shown in Fig. 2c. A
log-normal pore diameter distribution (PSD) is assigned in the networks with μd=10 μm and σd=4 μm
(COV=0.4). The pore network with cn=12 is first
generated (each throat stretches along the diagonal
lines of the central pore), then some throats are randomly removed to create networks with average cn of
4, 6, 8, and 10. The dangling ends and isolated pores
induced by the removal of throats are also removed.
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Fig. 2c shows that both the porosity and permeability
increase linearly with increased cn (within the range
of investigation, i.e. cn=4–12). Higher pore connectivity provides more flow channels and thus results
in higher intrinsic permeability. These results are
consistent with the percolation theory that indicates
the power law K (Φ−Φc)t (Berkowitz and Balberg,
1993). The parameter t is a non-universal exponent,
t>2 (Ghanbarian et al., 2014). Φc is the critical porosity (i.e. the percolation threshold in terms of porosity), and Φc can be replaced by 1.5Φ/cn for 3D
pore networks based on bond percolation theory
(Sahimi, 1993; Ghanbarian et al., 2015). Thus, we
can obtain the power law K[Φ(1−1.5/cn)]t which
indicates that an increase in Φ or cn can lead to an
increase in K. Fig. 2d shows the variation of porosity
and intrinsic permeability with different distributions of pore diameters, which all range within
0–30 μm. Among the three different types, the
smallest porosity and the smallest intrinsic permeability are found in the network with log-normal distribution of pore sizes. Interestingly, the normal
distribution provides the largest porosity but an

Fig. 2 Intrinsic permeability and porosity affected by various pore characteristics
(a) Mean value of pore diameter; (b) Standard deviation of pore diameter; (c) Coordination number; (d) Distribution type of pore
diameter. The cases in Figs. 2a–2c use pore networks with the pore diameters following a truncated log-normal distribution. The
pore diameters in all networks are distributed within the identified range of 0–30 μm
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intermediate intrinsic permeability. The uniform
distribution provides intermediate porosity but the
largest intrinsic permeability. More preferential
flows will appear in the network with the uniform
PSD due to the higher heterogeneity of pore sizes
(Fig. 3c), and that helps increase the intrinsic permeability. The flow patterns in the networks will be
discussed in the following sections to support the
above explanation.
3.2 Water pressure distribution

Figs. 3a–3c show the water pressure distributions within the networks in the above simulations
using the ParaView software (Ahrens et al., 2005).
Also, each figure presents the PSDs, throat diameter
distributions, and corresponding water pressure distributions at the middle section perpendicular to the
flow direction. Previous studies indicate that the spatial distributions of pressure and flow are identical for
the networks with the same COV of log-normally
distributed pore sizes although the overall magnitude
may be different (Friedman and Seaton, 1998; Kim
and Santamarina, 2015). Therefore, the networks with
identical μd but various σd are selected to investigate
the impact of COV on the water pressure distribution.
As the COV increases, both the pore and throat diameter distributions become more evidently rightskewed and present a larger broadness as indicated in
Fig. 3a. The increased broadness of PSD increases the
heterogeneity of the network, resulting in an increasingly non-uniform water pressure field in the
network. As the cn increases, although the PSD
maintains unchanged, the number of throats of a
given diameter shifts to a higher value. The water
pressure becomes more uniform with the increase in
cn as shown in Fig. 3b. In the network with a higher
cn, the water pressure at each pore can be balanced by
more throats, and thus can mitigate the pressure localization and produce a more uniform pressure field.
Among the networks with uniform, normal, and
log-normal PSDs, the uniform and normal PSDs
provide the highest and lowest heterogeneity of pore
sizes, respectively. Therefore, the pressure field is the
most uniform in the network with the normal PSD due
to more homogeneous pore diameters and the least
uniform in the one with the uniform PSD due to the
largest heterogeneity of pore sizes.

3.3 Flow rate distribution

The distributions of flow rates in throats at both
the middle section and the outlet boundary of the
networks for the above simulations are obtained. For
each cross-section, we add up the flow rate in each
throat in descending order of magnitude, and then we
can obtain the relationship between the number of
throats N and the accumulated flux Q carried by these
throats. The results are presented in a normalized
form, i.e. the number of throats N is normalized by the
total throat number Nt, and the flux Q is normalized
by the total flux Qt. Fig. 4a (p.968) summarizes the
relationship between Q/Qt and N/Nt at the middle
section and the outlet boundary for the network with
COV=0.4 (μd=10 μm) and cn=6. It can be found that
the same number of throats carry more fluid at the
outlet boundary compared with the middle section,
indicating a higher degree of non-uniform flow rate
distribution. As the water pressure at each pore is
identical at the outlet boundary, the flow rate is
dominantly controlled by the pore sizes. Therefore, it
can be speculated that non-uniform water pressure in
the middle section (Fig. 3a) contributes to mitigating
the non-uniform flow induced by the heterogeneity of
pore sizes. On the basis that the relationship between
Q/Qt and N/Nt at the middle section has a similar
shape to that at the outlet boundary, the relationship
for the latter cross-section is not plotted in Figs. 4b–4d
to avoid redundancy. Fig. 4b shows that soils with
pores with a larger COV lead to a more heterogeneous
flow rate distribution in the middle section and at the
outlet boundary. Fig. 3a illustrates that the throat
diameters become more evidently right-skewed as the
COV increases, meaning more relatively large throats
appear in the network. These relatively large throats
contribute to the non-uniform flow because they have
the capacity to carry more fluid. To carry 50% of the
total flux, the number of the corresponding throats
decreases with increasing COV values as indicated in
the inset of Fig. 4b. For the network with mono-sized
pores (i.e. COV=0), 50% of the throats can carry 50%
of the total flux, implying a uniform flow regime. As
COV increases to 1.0, as few as 7% and 5% of total
throats are responsible for 50% of the total flux in the
middle section and at the outlet boundary, respectively.
Fig. 4c shows the effect of cn on the relationship
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Fig. 3 Water pressure distribution affected by various pore characteristics
(a) Log-normal PSDs with three different COVs (all cases are with identical μd=10 µm and cn=6; a larger COV results in a more
non-uniform water pressure field). (b) Log-normal PSDs with three different cn (all cases are with identical μd=10 µm and σd=
4 µm; a smaller cn results in a more non-uniform water pressure field). (c) Log-normal, normal, and uniform PSDs (the pressure
field is the most uniform in the network with the normal PSD and the least uniform in the one with the uniform PSD). In each
figure, PSDs are shown at the top, throat diameter distributions are shown in the middle, water pressure distributions at the middle
sections perpendicular to the flow direction are shown at the bottom, and water pressure distributions within the networks are
shown on the right
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between Q/Qt and N/Nt. At the middle section, the
same number of throats carry slightly less fluid for a
lower cn in the flux range of 0%–80%. As previously
mentioned, the middle section in the network with
cn=4 has the most non-uniform water pressure distribution and thus leads to more pronounced mitigation of the non-uniform flow regime than a higher cn.
As shown in the inset, the insignificant impact of cn
on the flow rate distribution is found at the outlet
boundary due to the same PSD and identical water
pressure of 103 kPa applied at this cross-section for
various cn. Among the three distribution types, the
uniform PSD presents the most non-uniform flow
rates and the normal PSD presents the least nonuniform flow rates, as shown in Fig. 4d.

3.4 Flow intensity and pattern

The relationships between Q/Qt and N/Nt within
the whole networks are obtained. The flow patterns in
the above-mentioned simulations are visualized using
the ParaView software, as shown in Fig. 5. For a
better illustration, not all throats in the network are
shown. Throats become visible starting from the one
with the highest flow rate and then the next highest
progressively until these visible throats can carry 10%
of the total network flux. The magnitude of flow rate
in each throat is indicated by different colors, and the
mean diameter of the visible throats are shown below
the cubes in Fig. 5. As expected, less throats are
needed to carry the same fraction of the total flux as

Fig. 4 Flow rates in throats at the middle section and the outlet boundary
(a) Relationship between the number of throats N (normalized by the total throat number Nt) and their conducted flux Q (normalized by the total flux Qt) at the middle section and outlet boundary. The inset shows the distribution of flow rates in throats at
the outlet boundary. The network consisted of log-normally distributed pores with μd=10 μm, σd=4 μm, and cn=6. (b) Impacts of
COV on the flow rates in throats. The inset shows the variation of fraction of throats needed to carry 50% of total flux with the
increase in COV. (c) Impacts of cn on the flow rates in throats. The inset shows the variation of fraction of throats needed to carry
50% of total flux with the increase in cn. (d) Impacts of distribution type of pore diameters on the flow rates in throats. The inset
shows the fraction of throats needed to carry 50% of total flux for log-normal (L), normal (N), and uniform (U) PSDs
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Fig. 5 Flow intensity and pattern affected by various pore characteristics
(a) Flow in three pore networks with different COVs; (b) Flow in three pore networks with different cn values; (c) Flow in three
pore networks with three different PSDs of log-normal, normal, and uniform distributions. In each figure, the required fraction of
throats N/Nt to carry the corresponding fraction of the domain flux Q/Qt (10%–50%) is shown on the left, and the flows in these
cubes are shown on the right. For better visualization, only throats with high flow rates up to 10% of the total flux are shown. For
interpretation of the references to color in this figure, the reader is referred to the web version of this article
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COV increases as shown in Fig. 5a, implying a more
localized and heterogeneous flow field. This trend can
also be clearly recognized from the displayed flow
regime in Fig. 5a. The PSD curve becomes more
evidently right-skewed for a larger COV as shown in
Fig. 3a, meaning the appearance of more relatively
large pores. However, a smaller mean diameter of the
visible throats (dt_0.1) is found for the network with
COV=1.0 compared with that with COV=0.4. This is
related to the more non-uniform water pressure distribution that causes some small throats to carry more
fluid. Fig. 5b shows that a higher cn can slightly increase the chance of a non-uniform flow field, due to
a higher possibility for fluid at each pore to access
large throats. For instance, the mean diameter of the
visible throats dt_0.1 increases from 12.5 μm to
15.2 μm as cn increases from 4 to 12. Further, the
increase in dt_0.1 induces a higher magnitude of the
flow rates in the displayed throats as the flow rate in
each throat correlates with dt_0.1. Compared with the
normal and log-normal PSDs, the uniform distribution has a broader distribution range of pore sizes, i.e.
a higher COV, leading to the most evident nonuniform flow field (Fig. 5c). For instance, to transport
50% of the total flux, it requires approximately 12%
of the throats in the network with normal PSD, but
only 5% of the throats in a network with uniform PSD.
In addition, the uniform PSD presents the highest
magnitude of the flow rates, due to having the largest
dt_0.1 among the three distribution types.

4 Analyses and discussion
4.1 Critical flow path

The heterogeneity of pore sizes can induce critical flow paths in soils. The critical path analysis
enables us to characterize critical flow paths in terms
of critical conductance or critical length scales. These
valuable parameters allow us to assess the transport
processes and predict the conductivity of rocks and
soils (Ambegaokar et al., 1971; Hunt et al., 2014).
Similarly, critical flow paths can be evaluated by the
percolation path, which is a single continuous path
that carries the largest amount of flux compared with
all other flow paths in the network (note that the
percolation path is also defined as the “most efficient

flow path” in (David, 1993)). Experimental evidence
demonstrates that the percolation path controls the
overall conductivity of the network (Agrawal et al.,
1991), and thus knowing its properties is valuable.
Although 3D networks can provide more accurate
results than 2D networks, the flow paths in 3D networks will not be easy to display and evaluate.
Therefore, for a better illustration, the flow paths at
the moment of percolation in 2D square networks
(50×50 pores, cn=4) are shown (Fig. 6a). The percolation path is obtained as follows: we firstly map the
throats that carry more than an arbitrary threshold
value of flow rate, and then we increase/decrease the
threshold value progressively until a continuous path
from the top to the bottom boundaries of the network
is formed. The tortuosity is defined as the ratio between the total number of throats in the backbone of
the percolation path and the number of throats in a
straight streamline parallel to the flow direction (David, 1993; Jang et al., 2011). Note that the pressure
gradient is in the vertical direction without considering the gravitational effect in all simulated networks,
and the magnitude of the flow rate in each throat is
reflected by the throat diameter in Fig. 6a. In a perfectly homogeneous network (i.e. COV=0), no flow
takes place in the horizontal throats (perpendicular to
the pressure gradient), and each vertical streamline
(parallel to the pressure gradient) is an individual
percolation path with tortuosity of 1.00. The fraction
of total flux that each percolation path carries Qpp/Qt
is identical and can be determined as 1/50=2.0% (50
columns in the network). In the network with
COV=0.2, some horizontal throats are involved in
contributing to the percolation path and the tortuosity
becomes ~1.10, but the vertical flow still dominates.
As the flow becomes heterogeneous, not all the visible throats constitute the percolation path as shown in
Fig. 6a. The amount of flux that the percolation path
carries can be approximately determined by multiplying the flux carried by all the visible throats by a
number factor, which is defined as the number of the
throats in the percolation path over the total number
of the visible throats. Based on this process, we obtain
Qpp/Qt=2.3% when COV=0.2, slightly larger than that
in the homogeneous network. With the increase in
COV, the flow becomes more and more tortuous. The
increase in the number of horizontal throats involved
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Fig. 6 Critical flow paths affected by the COV of pore sizes
(a) Flow paths at the moment of percolation in 2D square pore networks with various COV values. The magnitude of the flow rate
in each throat is reflected by the throat diameter. (b) Tortuosity of the percolation path increasing with COV. (c) Flux carried by
vertical throats Qv (normalized by the total domain flux Qt) decreasing with increasing COV

in forming the percolation path increases the tortuosity to ~1.71 at COV=1.0 (Fig. 6b, each case has 10
realizations). In this situation, the percolation path
carries 7.8% of the total flux, which is more than three
times higher than that in the homogeneous network,
indicating the appearance of preferential flows in the
network. Fig. 6c shows the ratio of the flux carried by
all vertical throats over the total flux (Qv/Qt) in networks (both 2D and 3D) with different COV values.
As the COV increases, horizontal throats begin to
carry more flux. At COV=1.0, the horizontal throats
conduct approximately 35% and 45% of total flux for
2D and 3D networks, respectively. It should be noted
that 3D networks provide lower Qv/Qt at the same
COV compared with 2D networks. This is reasonable
because the central pores have 4 and 2 interconnected
horizontal throats in the 3D and 2D models, respectively, and hence more optional flow paths along the

horizontal direction appear for a 3D network. Thus, it
is expected that a larger tortuosity of the percolation
path will appear in a 3D model than in a 2D model
with the same COV.
Fig. 7a illustrates the flow paths at the moment
of percolation in 2D square networks with log-normal,
normal, and uniform PSDs. In networks with lognormal and normal PSDs, considerable discontinuous
paths can be found in addition to the percolation path.
The percolation paths carry 3.5% and 2.6% of the
total flow for log-normal and normal distributions,
respectively. The normal distribution presents a close
tortuosity (i.e. 1.16) to the log-normal distribution (i.e.
1.18). Vertical throats conduct more than (or close to)
70% of total flux for both 2D and 3D models in the
two cases as shown in Fig. 7b. However, this is not the
case in the network with uniform PSD where the
percolation path performs as a dominant path that can
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Fig. 7 Critical flow paths affected by the distribution type of pore diameters
(a) Flow paths at the moment of percolation in 2D square pore networks with log-normal, normal, and uniform PSDs. The magnitude of the flow rate in each throat is reflected by the throat diameter. (b) Tortuosity and flux carried by vertical throats Qv
(normalized by the total domain flux Qt) for the three different distribution types

carry as much as 9.2% of the total flux. The dominant
flow plays an important role in increasing the intrinsic
permeability of soils. This can explain why the uniform distribution has a lower porosity but a greater
intrinsic permeability compared with the normal distribution (Fig. 2d). Due to the higher degree of heterogeneity in the flow field, the tortuosity, in this case,
is also significantly higher: τ=1.57. The horizontal
throats conduct approximately half the total flux as
the horizontal throats do for the 3D networks.
4.2 Effects of anisotropy

Sedimentation and segregation can cause stratification and anisotropy in natural soils. Flows in anisotropic soils with different horizontal to vertical
throat diameter ratios μdh/μdv are investigated using
2D and 3D networks. These networks are constructed
initially using log-normally distributed pores with
COV=0.4 and cn=4 (2D) or cn=6 (3D), and then a
throat size reduction factor kh is applied to all the
horizontal throats μdh=khμd, to render anisotropic

networks with μdh/μdv<1. The reduction factor kv is
applied to all the vertical throats μdv=kvμd to generate
μdh/μdv>1. Fig. 8a shows the obtained flow paths at the
moment of percolation in the 2D networks with
μdh/μdv varying from 1/5 to 5/1. The flow becomes
more tortuous and the percolation path carries a
greater fraction of the total flux as μdh/μdv increases.
However, no clear dominant flow path appears as
indicated by Fig. 8a, and the percolation path can
carry 3.0%–5.8% of total flux. As the μdh/μdv ratio
increases, more horizontal throats will contribute to
the percolation path, resulting in an increase in the
tortuosity of the percolation path. The tortuosity
increases from 1.00 when μdh/μdv=0.2 (i.e. vertical
throats are four times larger than horizontal ones) to
~2.27 when μdh/μdv=5 (i.e. horizontal throats are four
times larger than vertical ones). As shown in Fig. 8b,
a significant increase in tortuosity takes place when
μdh/μdv>1, indicating the reduction in vertical throats
rather than in horizontal throats has more effect on
tortuosity.
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Fig. 8 Impacts of throat size anisotropy on critical flow paths
(a) Flow paths at the moment of percolation in 2D square pore networks with various horizontal to vertical throat diameter ratios
µdh/µdv. The magnitude of the flow rate in each throat is reflected by the throat diameter. (b) Tortuosity of the percolation path
increasing with the increase in µdh/µdv ratio (2D). (c) Flux carried by vertical throats Qv (normalized by the total domain flux Qt)
decreasing with the increase in µdh/µdv ratio

Results in Fig. 8c show that vertical throats carry
most of the total flux (i.e. Qv/Qt≈1) when vertical
throats are approximately four times larger than the
horizontal ones (i.e. μdh/μdv≈0.2). With the increase in
the μdh/μdv ratio, the flux in the vertical throats contributes less to the total flux. At the point when the
horizontal throats are four times larger than the vertical ones (μdh/μdv=5), the horizontal flux dominates
the total flow in the 2D network with COV=0.4 as the
horizontal throats carry ~70% of the total flux. Additionally, compared with the 2D networks with
COV=0.4, the horizontal flow is more pronounced in
3D networks, highlighting that increased pore connectivity can help enhance anisotropy-induced nonuniform flow. In soils with more homogeneous pore
sizes, for instance, the case of the 3D networks with
COV=0.2, the vertical throats carry nearly 55% of the
total flow even when the horizontal throats are four
times larger. On the contrary, Qv/Qt can decrease to

less than 20% in a more heterogeneous network (e.g.
COV=1.0). This result highlights the importance of
throat sizes and orientation with respect to the anisotropy of flow in soils.
The effect of throat size anisotropy on the intrinsic permeability in soils is also investigated.
Fig. 9a shows the variation of Kh/Kv with increasing
μdh/μdv, in which Kh and Kv are the horizontal and
vertical intrinsic permeability of the anisotropic
network, respectively. It can be found from Fig. 9a
that the intrinsic permeability is smaller in the direction with a smaller throat diameter. Fig. 9a also illustrates that Kh/Kv increases as μdh/μdv increases, and the
relation of Kh/Kv and μdh/μdv presents a nearly straight
line in logarithmic coordinates. The influence of
throat size anisotropy on the permeability ratio, Kh/Kv,
for the network with a larger COV is less significant.
Similarly, owing to the higher pore size variability,
Kh/Kv in the network with the uniform PSD is less
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Fig. 9 Impacts of throat size anisotropy on intrinsic
permeability
(a) Ratio of horizontal permeability over vertical permeability
Kh/Kv versus horizontal to vertical throat diameter ratio µdh/µdv
in networks with three different COVs of pore diameters; (b)
Kh/Kv versus µdh/µdv in networks with three different distribution types of pore diameters

sensitive to μdh/μdv compared with those in networks
with the log-normally and normally distributed pore
sizes as shown in Fig. 9b.

5 Conclusions

This study investigates the influence of pore
characteristics on flow properties in soils. Porenetwork modeling is used to obtain the intrinsic
permeability, water pressure distributions, flow patterns, and critical flow paths in soils possessing various pore sizes, connectivity, and anisotropy. Networks with 50×50×50 spherical pores interconnected

by cylindrical throats are constructed to conduct the
simulations. Based on the numerical results, the following conclusions can be drawn:
1. The porosity and the intrinsic permeability in
soils increase with increasing mean pore diameter μd,
decreasing standard deviation σd, and linearly with
increasing coordination number cn. Among the three
types of log-normal, normal, and uniform PSDs with
the same range of pore diameters, both the smallest
porosity and the smallest intrinsic permeability appear in a log-normal distribution. The normal distribution presents the largest porosity but intermediate
intrinsic permeability. The uniform distribution presents intermediate porosity but the largest intrinsic
permeability resulted from preferential flows induced
by a high degree of heterogeneity in pore sizes.
2. Non-uniform distributions of water pressure
and flow rate are more likely to occur in porous media
with a larger COV. With the increase of COV, fewer
throats are needed to transport half the total flux in the
middle section and at the outlet boundary of the
network. In the network with a higher coordination
number, the water pressure at each pore can be balanced by more throats. This mitigates the pressure
localization and produces a more uniform water
pressure field but slightly increases the chance of
non-uniform flow rate field. Compared with the
log-normal and the normal PSDs, the uniform distribution leads to the most non-uniform water pressure and flow rate field within the network. As few as
5% of total throats can carry 50% of the total network
flux.
3. With the increase in COV, a larger number of
horizontal throats are involved in contributing to the
percolation path, and the flow becomes more tortuous.
The tortuosity of the percolation path increases from
1.00 at COV=0 to ~1.71 at COV=1.0. The fraction of
flux that the percolation path carries in soils with high
pore size variability (7.8% at COV=1.0) can exceed
three times that in homogeneous media (2.0%), indicating the appearance of preferential flows in the
network. The uniform PSD induces more pronounced
preferential flows and the percolation path performs
as a dominant path that can carry as much as 9.2% of
the total flux. Horizontal throats begin to carry more
flux in porous media with higher heterogeneity of
pore sizes.
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4. As the diameter of the horizontal throats increases with respect to the vertical ones (i.e. increasing μdh/μdv), more horizontal throats constitute the
percolation path, resulting in an increase in flow tortuosity. The percolation path can carry 3.0%–5.8% of
the total flux in a μdh/μdv range of 1/5–5/1. The increase in μdh/μdv increases the fraction of the total flux
carried by horizontal throats, and this effect can be
amplified in soils with a higher COV. The permeability anisotropy ratio Kh/Kv increases linearly with
the ratio of the horizontal and the vertical throat sizes
μdh/μdv in logarithmic coordinates.
The results obtained from this study are based on
simulations of steady-state flow. Future simulations
to investigate the effects of pore characteristics on
flow properties in unsaturated soils (e.g. water retention curve and relative permeability) will have great
significance. How pore characteristics affect mass
transfer (e.g. gas diffusion and solute transport in
soils) is also of interest and has significance for further research.
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（如孔隙的平均直径、直径标准差、配位数及三
种孔隙直径分布形式）对土体内部优势流动行为
的影响。
方

构成的球-杆模型，并通过改变孔隙和吼道的特征
参数来描述复杂的孔隙结构；2. 利用孔隙网络模
型得到单元体内部水压和流量分布情况，为计算
土体固有渗透率和评估其流动特性提供基础数
据；3. 基于击穿路径的概念，分析不同孔隙特征
下土体内部流动的迂曲和非均匀程度；4. 通过引
入吼道收缩系数，调整水平或竖直吼道直径大
小，评估孔隙各向异性对流动规律的影响。
结

中文概要

法：1. 将土体孔隙空间简化为由孔隙与吼道互相连接

论：1. 土体的孔隙率和固有渗透率均随着孔隙直径平
均值的增大、标准差的减小及配位数的增大而增
大。2. 孔隙直径的变异系数（COV）越高，土体
内部水压和流量的分布越不均匀；配位数的提高

题

目：孔隙特征对土体内部流动特性的影响——孔隙尺
度的数值研究

会削弱水压的局部化分布但会提高流量的不均
匀程度。3.随着 COV 的提高，击穿路径变得更加

的：研究土体内部的流动现象对岩土、农业及地质工

曲折；当 COV 由 0 增加到 1.0 时，击穿路径的迂

程等领域具有重要意义。本文旨在探讨孔隙的平
均直径、直径标准差、配位数及各向异性对土体
内部水压、流量分布、流动模式及关键流动路径
的影响，为评估土质屏障中的优势流动行为提供
依据。

曲度由 1.00 增加到大约 1.71，击穿路径承担的流

创新点：1. 在孔隙尺度分析孔隙特征对土体宏观渗透率及

关键词：孔隙网络模型；固有渗透率；流动特性；孔隙

目

内部流动规律的影响；2. 评估多个孔隙特征参数

量占总流量的比值由 2.0%提高到 7.8%。4. 水平
与竖直吼道直径比值的提高，也会导致击穿路径
迂曲度的提高；水平与竖直固有渗透率的比值和
水平与竖直吼道直径的比值呈双对数线性相关。
特征

