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Effects of Sand Compaction
and Mixing on Pore Structure
and the Unsaturated Soil
Hydraulic Properties
M.G. Mahmoodlu,* A. Raoof, T. Sweijen,
and M. Th. van Genuchten

Core Ideas
• A discrete element model was used
to extract the pore structure of particle packings.
• Soil grain compaction and size mixing affect pore structure.
• Size mixing had a greater effect
than compaction on the pore size
distribution.
• Compaction caused the SWRCs to
change uniformly with porosity.
• Compaction decreased the van
Genuchten a parameter but had
less effect on n.

The hydraulic properties of unsaturated porous media very much depend
on their pore structure as defined by the size, arrangement, and connectivity of pores. Several empirical and quasi-empirical approaches have been
used over the years to derive pore structure information from the particle
size distribution. In this study, we used the discrete element method to simulate the pore structure of various sands as affected by compaction and
particle mixing processes. We used five sands with different mean grain sizes
to investigate the effects of different sand mixing ratios and degrees of compaction on pore structure as well as on the intrinsic permeability and the
soil water retention curve. Average pore body and pore throat sizes were
found to be determined mostly by the smaller particles as represented by
the effective diameter D10. The effects of compaction on the average pore
body and pore throat radii were used to simulate expected decreases in
the permeability. We obtained mostly linear relationships between permeability and the average pore body and throat radii when mixing different
unimodal sands. The intrinsic permeability of the coarser sands was found to
be far more sensitive to porosity than the finer sands. Simulations of unsaturated conditions showed that the van Genuchten hydraulic parameter a
increased nonlinearly with increasing grain size and mean pore body size of
the sand mixtures. Compaction caused a linear decrease in a with decreasing porosity and pore body size. However, no clear correlation between the
van Genuchten parameter n and porosity or D10 was found for the different
compaction and mixing simulations.
Abbreviations: DEM, discrete element method; SWRC, soil water retention curve
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Temporal changes in the soil hydraulic properties due to compaction can affect a

range of near-surface and subsurface flow processes. Several natural and human-induced
processes such as the use of farm machinery in agricultural operations, grazing activities,
raindrop impact, timber harvesting in forests, fire, and various geotechnical engineering projects can lead to soil compaction (e.g., Richard et al., 2001a, 2001b; Assouline,
2006a; Keller et al., 2013; Kuncoro et al., 2014). Soil compaction alters pore spaces and
consequently affects the bulk density, porosity, and soil hydraulic properties. Many studies over the years have shown that soil compaction and related surface sealing problems at
the field scale lead to reductions in (i) infiltration and recharge rates, (ii) soil aeration and
the gas diffusivity, (iii) the efficiency of fertilizer use, (iv) seedling emergence, and (v) the
growth and distribution of plant roots (e.g., Bradford et al., 1987; Richard et al., 2001a,
2001b; Hadas, 2004; Wall and Heiskanen, 2009; Glab and Kopec, 2009; Vahyala et al.,
2013; Kuncoro et al., 2014; Gregorich et al., 2014; Masís-Meléndez et al., 2015; Berli et
al., 2015; Sela et al., 2015). Compaction and the related processes of pore clogging and soil
deformation were comprehensively reviewed by Assouline (2006a) and Keller et al. (2013).
Changes in the soil physical and hydraulic properties may also occur in the absence of compaction. For example, fine sediment infiltration can lead to the deposition of small-sized
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sediments into relatively large near-surface soil pores, thus leading to low-permeability surface horizons (Cui et al., 2008; Evans
and Wilcox, 2014) and reducing the rates of water flow into and
through the soil profile (Haghnazari et al., 2015). On the other
hand, reductions in water percolation due to fine sediment infiltration may be advantageous for certain hydraulic structures such
as dam reservoirs and qanat tunnels, as well as promoting water
harvesting in dry climates by increasing runoff.
Transport parameters determine flow and solute transport through
the soil column (Mahmoodlu et al., 2014, 2015). Soil compaction and fine sediment infiltration tend to reduce the porosity,
hydraulic conductivity, and soil water retention. Pore-scale studies are important to understand the basic processes causing these
changes in the soil hydraulic properties. Most previous studies on
soil compaction and pore structure have involved quasi-empirical
approaches and the use of pedotransfer functions (e.g., Rawls et
al., 1983; Rajkai et al., 1996) or expressing selected soil water
retention parameters as a function of bulk density or porosity
(e.g., Baumhardt et al., 1990; Assouline, 2006a). An overview of
the more refined analytical and numerical modeling approaches
related to soil deformation and compaction was provided by Keller
et al. (2013).
Studies of compaction and grain mixing effects on the unsaturated
soil hydraulic properties require precise studies of the geometry of
sand grains and related pore structures in terms of the prevailing
pore body and pore throat sizes. Although the soil particle size distribution is relatively easy to measure using a range of techniques
(Gee and Or, 2002), estimation of grain positions and pore structures cannot be done in the same way (Mehlhorn et al., 2008).
One direct method to measure pore structures is the use of X-ray
microtomography, which can provide detailed three-dimensional
images of the medium (e.g., Peth et al., 2010; Cnudde and Boone,
2013; Vaz et al., 2014). However, X-ray microtomography is still
relatively expensive and can serve only as a first step for identifying the pore structure. Image processing is the next step to obtain
pore structure geometries, which often requires further analysis
(Mehlhorn et al., 2008).
An alternative method is to consider idealized grain geometries
to obtain pore structures for a given particle size distribution
(Mehlhorn et al., 2008; Keller et al., 2013). In this study, we used
the discrete element method (DEM) to simulate the movement
of grains and to obtain the resulting pore structures for a variety
of packings. For this purpose, we used the open source platform
Yade-DEM (Šmilauer et al., 2015), which also enables computation of the hydraulic properties as well as the soil water retention
curve (SWRC). The specific objectives of this study were to: (i)
use the discrete element model to extract pore structures of
different particle packings; (ii) explore the effects of soil grain
compaction and mixing on pore structures; (iii) investigate the
effects of compaction and mixing on the intrinsic permeability;
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and (iv) evaluate the effects of compaction and mixing on the
SWRCs, including the van Genuchten hydraulic parameters a
and n. In our approach, we kept the grain size distribution constant while increasing the level of compaction, thus reducing the
porosity value and increasing the bulk density. For the mixing
simulations, on the other hand, we kept the total porosity constant while varying the particle size distribution.

66Sand Properties and Packings

As input to the discrete element models, we used the particle size
distributions of five filter sands (Fig. 1). The sands originated from
a river bed in Papendrecht (the Netherlands) and were sieved to
different retained sizes as given in Table 1. The mean particle size
varied from 350 to 1300 mm (Table 1). X-ray fluorescence analyses
showed that >96% of the sand grains consisted of silica (SiO2).
Microscopic images of the sands showed a good degree of roundness of the sand grains (Fig. 1), which is an advantage for using
the DEM. Coefficients of uniformity and curvature, given by
Cu = D60/D10 and Cc = (D30)2/(D10D60), respectively, were estimated for all sands (Table 1). Because Cu was <4 for all sands, the
samples can be considered to be uniformly graded by containing
essentially identical particle sizes. Sand S2 was the most uniform
(Fig. 1), and hence used as the main sand for mixing with the other
samples. We considered the coefficient of curvature (Cc) as another
useful measure of the shape of the particle size distribution curve.
This coefficient is sometimes used to differentiate the degree of
sorting of a soil. Sand S1 showed a lesser degree of sorting, as
reflected in its bimodal grain size distribution (Fig. 1).
In view of its favorable Cu and Cc values, we used Sand S2 as the
main sand for our study. We considered various combinations of
S2 with the other sands, as shown in Fig. 2, to explore the effects
of mixing. A total of 13 samples were considered: the five main

Fig. 1. Shape and diameter of the main sand particles (top) and their
particle size distributions (bottom).
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Table 1. The mean size, effective and mean diameters (D10 and D50,
respectively), coefficients of uniformity and curvature (Cu and Cc,
respectively), pH, and total organic C (TOC) in dry samples of the
natural sands used in this study.
Sand Mean size

D10

D50

Cu

Cc

pH

TOC
g m−3

—————— mm ——————
S1

200–500

290

390

1.140

1.063

S2

400–630

425

500

1.100

1.001

S3

500–1000

540

710

1.187

0.983

S4

700–1250

800

990

1.132

1.005

S5

1000–1600

1140

1360

1.102

1.020

7

<5.0 ´ 10−20

sands (S1–S5; Table 1) and eight combinations of S2 with the other
sands (Fig. 2). The porosities of all main sand samples were set at
0.40. The different sand grain combinations were used to calculate values of D10 (referred to as the effective diameter), D30 (the
grain diameter corresponding to 30% w/w passing), D50 (median
diameter), and D60 (the grain diameter corresponding to 60% w/w
passing) of the mixtures. Figure 2 shows the calculated D10 and
D50 values of the main sand (S2) and the various combinations. As
expected, D10 and D50 both increased for the grain size distributions of the coarser sands and mixtures. We next used the particle
size distributions of the different sands (Table 1) and their mixtures (Fig. 2) to extract their pore structures.
To observe the evolution of soil properties during compaction,
we computed for each sample their pore structure geometries at
five different porosities. Porosity values during compaction were
assumed to decrease from 0.40 to 0.30 at intervals of 0.025. For
each of the resulting porosities, we then calculated the pore structure, the SWRC, and the intrinsic permeability.

6The
6

Discrete Element Method

General Principles

Discrete element models are being used increasingly in soil and
rock mechanics to explore deformation and shear strength properties of granular materials (Cundall and Strack, 1979; Scholtès
et al., 2009; Scholtès and Donzé, 2012) as well as for agricultural
and industrial applications such as soil tillage (Xu et al., 2002;
Shmulevich et al., 2007) and particle flows in silos (Coetzee and
Els, 2009). In the DEM, grain particles are considered as spheres
defined by their radius, mass, momentum, and acceleration. A large
number of spheres are typically used to represent a particular soil
packing. The approach assumes that a spring-type behavior occurs
at the contact between spheres. Discrete element models for this
reason are often referred to as spring-dashpot models (Cundall and
Strack, 1979). In our study, we used the Yade-DEM software to
simulate packings of particles for varying target porosities having
different particle size distributions.
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Fig. 2. The effective diameter (D10) and mean diameter (D50) of the
different combinations of sand grains from sands S1 to S5.

We considered normal elasticity, tangential elasticity, and sliding
as the main processes taking place at the contact points. Following
a study by Labenne sand by Belheine et al. (2009), normal elasticity was calculated according to a linear contact law. When two
particles are in contact and pushed toward each other by the surrounding medium, they are flattened at their contact point. The
tendency of both particles to keep their initial shapes may cause
an elastic force fn:
f n = kn d n

[1]

where kn is a coefficient describing the stiffness of the particles and
d n denotes the normal displacement.
As a result of the shear at the contact point, a tangential force, ft,
may arise. When the tangential force reaches a certain threshold
value, the contact point will break, causing sliding of the two particles. This process is described by

f t £ f n tan f

[2]

where f is the friction angle used to estimate the threshold value.
For each particle, a force balance is made by including forces due
to contacts with other particles, the boundary conditions, and the
effects of gravity. The resulting net force gives the acceleration of
the particle, using Newton’s second law. We refer to studies by
Cundall and Strack (1979) and Belheine et al. (2009) for details.

Packing Simulations
The DEM was used to generate a packing of spherical particles for a
certain porosity and particle size distribution. Initially, we selected
5000 particles from a given particle size distribution. These were
inserted in a large box such that a cloud of particles was generated.
The grain-scale parameters were taken from Belheine et al. (2009),
p. 3 of 11

representing a dune sand. The values of particle stiffness, the friction angle, and Poisson’s ratio were 9.6 ´ 108 Pa, 30.0°, and 0.04,
respectively. All six boundaries of the domain were subsequently
allowed to confine the particles until a porosity value of 0.45 was
reached. After this point, only the top boundary was allowed to
move down to further confine the particle packing until a target
porosity was reached. From the resulting packing, the pore body
and pore throat sizes were extracted using the pore unit method.
Moreover, the resulting pore spaces were used to calculate the
SWRC and the permeability. The final packing resulted in around
9500 pore throats and 11,500 pore units.

Calculation of Pore Structure
A regular triangulation method was used to extract the geometry
of the pore structure (Chareyre et al., 2012; Yuan et al., 2015). In
the application of this method, the pore space is divided into tetrahedrons, with each tetrahedron serving as a pore unit. As shown
in Fig. 3, each tetrahedron is surrounding one pore body and has
four vertices that are located at the centers of the spherical particles. The sides, or facets, of a tetrahedron are the locations at
which two pore bodies are connected. The facet is the narrowest
transect between two connecting pore units and is referred to as
the pore throat. While some studies have suggested random pore
connectivities due to the natural structure of porous media (Raoof
and Hassanizadeh, 2010; Vasilyev et al., 2012; Li et al., 2014), our
approach assumed that four pore throats are connected to each pore
body. Each pore throat in this way is surrounded by three particles
to which an inscribed circle can be fitted (Fig. 3c). The radius of
this circle, Rij, is taken as the pore throat radius (Torskaya et al.,
2014). Inside a pore unit, an inscribed sphere exists that touches
the four surrounding particles. The inscribed sphere is referred to
as the Haines insphere (Gladkikh and Bryant, 2005; Unsal et al.,
2009; Mousavi and Bryant, 2012; Prodanović et al., 2015), while
its corresponding radius is denoted as Ri. Compaction was incorporated in the pore-scale calculations by repeated repacking and
rearrangement of the spherical particles to decrease porosities to the
prescribed values, with concomitant changes in the pore structures.

Calculation of Hydraulic Properties
The permeability of the granular material was computed using
the pore finite volume method as implemented in the DEM by
Chareyre et al. (2012). This method allows solving for the pressure

distribution under fully water-saturated conditions. The approach
assumes that one pressure value can be associated with each pore
unit. The flux, qij [L3 T−1], of water from the ith pore unit to the
jth pore unit is given by (Vasilyev et al., 2012)
q ij = kij

pi - p j
l ij

where pi and pj [M L−1 T−2] are the pressures in the ith and jth pore
units, respectively, lij [L] is the length between the centers of the
ith and jth pore units, and kij [M−1 L5 T] denotes the hydraulic
conductivity of the facet (pore throat) between the ith and jth
pores, given by

kij =

Aijf Rij2
2m
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[4]

where Aijf [L 2] is the smallest transect of the pore throat, m
[M L−1] is the dynamic viscosity, and Rij [L] is the hydraulic radius
of the facet:
Rij =

Q ij
w ij

[5]

where Qij [L3] is the pore throat volume and w ij [L2] the surface of
the pore throat. See Chareyre et al. (2012) for more details.
Under steady-state conditions, and assuming incompressible flow,
the continuity equation provides that (Zhang et al., 2015)
4

å qij = 0

[6]

j =1

Equations [3], [4], and [6] were solved implicitly to calculate pressure values (Raoof et al., 2010). The total flux through the medium
was subsequently used to compute the permeability of the medium.

Capillary Pressure–Saturation Calculations
To estimate the capillary pressure–saturation (soil water retention) curve, the bottom boundary of the simulated domain was
assumed to be a water reservoir at a fixed pressure, Pw, whereas the
top boundary was considered to be an air reservoir with pressure
Pair. Under quasi-static conditions, the capillary pressure, Pc, is
then equal to the pressure difference between the two reservoirs:

Pc = Pair - Pw

Fig. 3. Schematic of the (a) spherical packing with (b) a pore body with
radius Ri and (c) a pore throat with radius Rij as used in this study.

[3]

[7]

For drainage (i.e., drying) simulations, the non-wetting air pressure
was increased in steps to allow air to invade increasingly smaller
pore throats. If the capillary pressure is larger than the entry pressure of a pore throat, air could invade a water-saturated pore unit.
The entry pressure (Pe) of a pore throat can be obtained using the
Young–Laplace equation:
p. 4 of 11

Pe =

2g
Rij

[8]

where g is the surface tension [M L−1 T−1] and Rij is the radius of
the inscribed circle in the pore throat (Fig. 3c). During imbibition,
the capillary pressure must be lower than the entry pressure before
water may invade an air-saturated pore unit (Zhang et al., 2013). At
each pressure step, the equilibrium positions of the air–water interfaces within the network are determined. From this information
we can calculate the average saturation of the network at any given
capillary pressure (e.g., Øren et al., 1998; Raoof and Hassanizadeh,
2012; Raoof et al., 2013).
To obtain the SWRC, the simulation procedure was as follows.
After selecting a capillary pressure, we determined if a water-saturated pore unit could be invaded by a neighboring air-saturated
pore unit. Both pore units had to be connected to their corresponding reservoir for invasion to occur. Disconnected water-saturated
pores were used to calculate the irreducible (i.e., residual) water
saturations. An algorithm was further implemented to keep track
of disconnected air and water regions to ensure that no displacement of the disconnected pores could occur. See Sweijen et al.
(2016) for more details.

66Effect

of Compaction and
Mixing on Pore Structures

Pore Body Radius

We investigated changes in the pore body radius distribution due
to the compaction and sand mixing processes. Figure 4 shows
changes in the cumulative frequency distributions of the pore body
radii for Sands S2 and S5 and their mixtures. Results for the other
sands and mixtures are shown in Supplemental Fig. S1. The plots
indicate that particle mixing significantly affects the pore-size distribution while the effects of compaction are far less substantial.
Compaction caused a decrease in the porosity and, compared with
mixing, caused a more uniform change in the pore space (Fig. 4a
and 4b). This is consistent with previous experimental and modeling studies on the effects of compaction on pore structure (e.g.,
Matthews et al., 2010; Koch et al., 2011; Kuncoro et al., 2014).
Moreover, an increase in the degree of compaction reduced the
pore body radius and consequently the volume of pores. This
causes a reduction in the volume of macropores as a fraction of
the total volume of the soil medium (Koch et al., 2011; Kuncoro
et al., 2014). Mixing Sand S2 with larger sand grains (i.e., Sands
S3, S4, and S5) created mixtures with much larger pore body radii
(Fig. 4c; Supplemental Fig. S1).

Fig. 4. Cumulative pore body radii distributions as affected by soil
compaction (different porosities) of sands (a) S2 and (b) S5 and (c)
as obtained by mixing different proportions of sands S2 and S5 for a
porosity f of 0.40.

Pore Throat Radius

frequency distributions of the pore throat radius obtained with the
compaction and particle mixing simulations, again for Sands S2
and S5 and several of their mixtures. These results, as well as those
for the other sands shown in Supplemental Fig. S2, show that the
pore throat radii increase with increasing grain sizes, as expected.
The simulations revealed a relatively uniform change in the pore
throat radii of the sands during compaction, whereas the shapes
of the pore throat radius distribution curves changed far less uniformly for the mixed samples. Because SWRCs are dominated by
pore throat radii, at least in the wet range, one may expect uniform
changes in the SWRC of each sand during the compaction process
but more non-uniform changes as a consequence of mixing.

Fluid flow and capillary displacement processes in porous media
are strongly affected by pore throat sizes because they provide constrictions along the flow paths. Figure 5 depicts the cumulative

Mixing our main sand, S2, with larger grains created distributions with larger pore throats (Fig. 5c). Linear relationships were
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Fig. 6. Effect of the mean diameter (D50, expressed as the soil particle
size) of sands S1 to S5 and their mixtures on the average pore body and
pore throat radii; AR is the average radius. For all mixtures, porosity
was assumed to be 0.40.

diameters of the sand mixtures and then estimating the slopes of
the fitted lines, such as for D50 in Fig. 6. We did the same for other
soil particle D values (i.e., for D10, D30, and D60). Our calculations
showed that the slopes of the fitted lines were much higher for D10
than D50 and D60 (results not further shown here). This indicates
that small soil grains are far more effective in changing the average pore body size, and hence that the average pore size is affected
mostly by changes in the D10 value of a soil. In other words, the
radii of relatively large pore bodies and pore throats are controlled
mostly by the smaller soil grains.

Fig. 5. Cumulative pore throat radii distributions as affected by soil
compaction (different porosities) of sands (a) S2 and (b) S5 and (c)
as obtained by mixing different proportions of sands S2 and S5 for a
porosity f of 0.40.

obtained between the average pore throat and pore body radii
during both compaction and mixing (Supplemental Fig. S3).

Effect of Grain Diameter on Pore Body and
Body Throat Radii
To investigate the effect of particle diameter on pore size during
mixing of the sands, the average pore body and pore throat radii
of all sands were calculated and plotted vs. D50 values (Fig. 6). The
overall linear correlation indicates that the average pore body and
throat size can be approximately estimated at a given porosity value.
These types of correlations can be used to advantage to generate
pore network models of soils with known porosity values.
We also investigated the effect of particle diameter on the pore
body and pore throat radii. This was done by plotting the average
pore body and pore throat radii as a function of the various particle
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We similarly plotted the average pore body and pore throat radii
vs. D 50 of the different mixtures of S2 with the other sands
(Supplemental Fig. S4). A comparison of four graphs showed that
the relationship between the average pore body and/or throat
radius and D50 will be linear if the difference between the mean
grain sizes of two main sands is very small (e.g., for S1 and S2).
However, as shown in Supplemental Fig. S4, the relationships
became nonlinear when differences between the mean grain
sizes of the sands were more substantial, such as when mixing
S2 and S5.

66Evolution

of Porosity and
the Intrinsic Permeability

We next present DEM simulation results showing the effects of
compaction and particle mixing on the pore body and pore throat
radii and the intrinsic permeability. Figure 7 depicts changes in the
average pore body and pore throat radii as a function of porosity.
The average pore radii were found to increase linearly with porosity.
Changes in porosity had more effect on the radii for the coarser
sands, as indicated by the slightly steeper slopes in Fig. 7 especially
for Sands S4 and S5. The plots in Fig. 7 demonstrate that different
sand samples can have different average pore sizes at a given value
of porosity.
p. 6 of 11

Fig. 7. Effect of porosity on the average pore body radius (APBR) and
the average pore throat radius (APTR) of the different sand grain
compactions (expressed as the porosity f) of sands S1 to S5. The R2
values of the regression were all between 0.99 and 1.00.

Results for the intrinsic permeability, k, are shown in Fig. 8. Soil
permeability is determined by both the bulk geometric properties of a sample (e.g., porosity and the pore-size distribution) and
topological properties such as pore space connectivity and tortuosity. The effect of the pore structure on the permeability was
studied by mixing different fractions of the main sand (S2) with
two other sand samples (S1 and S3). The results in Fig. 8a show
that mixing the fine sand (S1) with S2 caused a steady reduction
in the permeability, while mixing the coarser sand (S3) with S2
increased the permeability. This confirms that the permeability
is mostly strongly affected by the larger pores (Håkansson and
Lipiec, 2000; Assouline, 2006b). Mixing S2 with S3 hence causes
an increase in the fraction of smaller pores of the coarser sand (here
S3) and consequently a reduction in the permeability of Sand S3.
By contrast, the permeability of S2 increased due to an increase
in the fraction of larger pores. Our results clearly show that the
permeability reductions of the coarser sand are dominated strongly
by the relative amounts of the finer sands.
Table 2 compares calculated values of the intrinsic permeability
with measured experimental values for Sands S1 and S2, as well
as for their mixtures. While the measurements and simulation
results both showed permeability reductions toward the finer
sand, the simulated values for intrinsic permeability were much
higher than the experimental values. The differences may be due
to the fact that the pore finite volume method used in our study
solves the flow problem locally at a very small scale and not at the
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Fig. 8. Effect of sand grain mixing and compaction on the intrinsic permeability, k: (a) effect of mixing on k for three sands (S1, S2,
and S3) and their mixtures for a porosity f of 0.40; (b) relationship
between pore body and throat radii and k for different sand grain mixtures; (c) effect of compaction (porosity) on k for three sands (S1, S2,
and S3); and (d) values of k vs. pore body and throat radii for different
porosities (porosities of the sands ranged from 0.3 on the left side of
each curve to 0.4 on the right sides); AR is the average radius.

p. 7 of 11

macroscopic level. This has been noted also by Tong et al. (2012),
who, in a study of the effects of mixing on the permeability of
glass beads, found similar differences between their experimental
data and DEM simulations. Another possible reason may be the
assumption in the DEM that the particles have a perfect spherical shape. Clearly, more studies on formulations of the DEM are
needed to resolve the discrepancy between calculated and measured permeabilities.
Figure 8b shows that the relation between permeability and pore
size became slightly nonlinear for the various mixtures of S1 and
S2, while a more linear relationship was obtained for the mixtures
of S2 and S3. We attribute this to the fact that Sand S1 had a
more bimodal grain size distribution (Fig. 1), while S3 had a very
regular (unimodal) grain size distribution (Fig. 1). The relationships between permeability and pore size were even more nonlinear
when the permeability for a given porosity was plotted as a function of either the pore body radius or pore throat radius, as shown
by the results in Fig. 8d.

and pore throat size on the SWRC. Figure 9 shows the evolution
of the volumetric water content, q w, as a function of capillary
pressure, Pc , for some of the compaction and mixing simulations. Figures 9a and 9b indicate how saturated water contents
decreased by diminishing the porosity due to the compaction.
Also, however, at a given water content away from saturation, the
capillary pressure was always higher for the more compacted samples due to the creation of smaller pore throats, which regulate
higher capillary entry pressures and control capillary displacement (Supplemental Fig. S5). These findings are consistent with
previous studies by Richard et al. (2001a), Assouline (2006a),
and Matthews et al. (2010), among others, showing the effect of
soil compaction on the SWRC.

We also evaluated the effects of compaction on calculated permeability values. For this, we used three sands (S1, S2, and S3) and
calculated the intrinsic permeability at different porosity values
(i.e., f = 0.3, 0.325, 0.35, 0.375, and 0.4). Figure 8c indicates an
exponential decrease in permeability as a function of porosity
following compaction. The results showed that the changes in permeability are consistent with the changes in pore body and throat
radii during compaction (Fig. 7). As explained above, the fraction
of larger pores decreased when the samples were compacted. Figure
7 clearly shows that the pore body and throat radii, and hence the
pore volumes, diminished with increased compaction. This may
explain the reductions in permeability with compaction. Results
also indicate that, in terms of absolute values, the permeability
during compaction changed more for the coarser materials that
the fine-textured sands (Fig. 8c).

66Soil

Water Retention Curve

Finally, we present DEM simulation results showing the effects
of compaction and particle mixing on the SWRC. This curve
has a first-order effect on predictions of water flow in variably
saturated media. We investigated the effect of both pore body
Table 2. Comparison between experimental data and simulation results
for the intrinsic permeability.
Intrinsic permeability
Sand

Simulation

Experiment

———————— ´ 10−11 m2 ————————
100% S1

24.5

6.4

40% S1, 60% S2

39.3

7.9

20% S1, 80% S2

50.8

8.6

100% S2

62.6

9.1
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Fig. 9. Effect of compaction on the water retention curves of sands (a)
S2 and (b) S5 and (c) of mixing different proportions of S2 and S5 on
the soil water retention curve for a porosity f of 0.40.
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The simulated soil water retention curves were analyzed in terms
of the water retention equation of van Genuchten (1980):
q w ( pc ) = q rw +

q sw -q rw
é1 + a p
ê (
c
ë

)

n ù 1-1/ n

pc < 0

ú
û

[9]

where q w (dimensionless) is the volumetric water content, q r w
(dimensionless) is the residual water content, q sw (dimensionless) is
the saturated water content, a [M−1 L T2] and n (dimensionless)
are shape parameters, and pc [M L−1 T−2] is the capillary pressure.
Equation [9] was fitted to the SWRC data using the RETC code
(van Genuchten et al., 1991). Results show that a decrease in porosity due to compaction leads to lower values of a (Fig. 10a). Figure
10b shows that an essentially linear relationship between the van
Genuchten parameter a and the average pore throat radius (APTR)
was obtained. This is not surprising because the pore throat size
has a controlling effect on the entry pressure of pores. However, as
opposed to a clear effect of compaction on the average pore throat
radius, and hence on a, we did not find any noticeable effect of compaction on the van Genuchten parameter n. Supplemental Fig. S6
shows that n had little or no correlation with porosity (Supplemental
Fig. S6). This should be expected because compaction, as modeled
using the DEM, does not materially change the particle-size distribution, while the relative width (or normalized variance) of the
pore-size distribution will remain very similar except for a shift in
the distribution toward smaller pore sizes (and hence smaller values
of the van Genuchten parameter a), at least for non-macroporous
soils as considered in this study. These conclusions are very much
consistent with several earlier experimental studies using repacked
soils (e.g., Richard et al., 2001b; Stange and Horn, 2005).
For the mixing simulations, combining Sand S2 with a coarser
sand caused a decrease in the capillary pressure at a given volumetric water content, and hence larger values of the a parameter. As
shown in Fig. 10c, the van Genuchten parameter a increased nonlinearly with D50 expressed as the sand grain size. This was again
expected because coarser soils are known to have larger a values
(e.g., Carsel and Parrish, 1988). Similar to the compaction simulations, however, no clear correlation between the van Genuchten
parameter n and sand grain size was found with the sand mixing
simulations (Supplemental Fig. S6).
Finally, Fig. 10d shows that the SWRCs of all combinations of
Sand S2 with the other sands changed non-uniformly with the
APTR, except possibly for the mixture of S2 and S3. Moreover,
mixing different fractions of S1 with S2 had only a relatively small
effect on the SWRCs. This was due to minor changes in the pore
throat radii of the mixtures compared with the main sand (S2).

66Conclusions

In this study, we used five different sands (S1–S5) to investigate
the effects of compaction as well as mixing of different sand types
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Fig. 10. Effect of different degrees of compaction and mixing of sands
S1 to S5 in different combinations on the van Genuchten parameter
a. Calculations for the mixing scenarios assumed a porosity f of 0.40.
The APTR is the average pore throat radius and Dia is the characteristic grain diameter (effective diameter D10 or mean diameter D50).
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on pore structure, intrinsic permeability, and the SWRC using
coupled discrete element and pore-scale network modeling. We
found that the average pore body and pore throat radii increased
linearly with the median particle size (defined as D50). Results for
the various sand compaction and mixing scenarios showed that the
effects of sand mixing on the pore-size distribution was far more
important than compaction as such.
The results revealed that mixing with finer sands caused a reduction in the intrinsic permeability, while mixing with coarser sand
increased the permeability of the mixture. We found that the
relationship between permeability and pore size is affected by the
type of grain size distribution—unimodal or bimodal. Mixing the
unimodal sand, S2, with the bimodal sand, S1, caused a nonlinear
relationship between permeability and pore body and throat radii,
while mixing with other sands having a unimodal grain-size distribution produced linear relationships between permeability and
pore body and throat radii.
An exponential increase in permeability with porosity was found,
with permeability increasing much faster with porosity for the
coarser sands. Our results showed that permeability increased
nonlinearly with both pore body and throat radii. As expected,
the saturated water content decreased with diminishing porosity
under compaction. As opposed to the mixing simulations, compaction caused the SWRCs to change uniformly with porosity. The
decrease in porosity, and hence the increase in bulk density, due to
compaction caused smaller values of the van Genuchten parameter
a. Values of a further decreased nonlinearly with decreasing sand
D50 expressed as the sand grain size. No clear relationship between
the van Genuchten parameter n and sand grain size was found.
The results of this study help to better understand the effects of
sand mixing and compaction on soil pore structure and macroscopic soil hydraulic properties such as porosity, permeability, and
soil water retention processes. This provides confidence that the
pore-scale approach used here can be used ultimately to develop
correlation relationships for use in field-scale models that account
for soil compaction and mixing.
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