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Gravel soil is a complex porous medium, whose mecha-
nical behaviour under triaxial loading can be well simu-
lated using the discrete element method. However,
numerical simulation of porous medium under com-
pression requires not only the stress—strain behaviour,
but also the variation of pore properties. In this study,
models of gravel soil with different gravel contents
(weight percentage of gravel in gravel soil) are generated
by the single particle delivery method, and numerical
triaxial tests are performed on these gravel soil samples.
The equivalent porosity and equivalent pore size are
introduced as evaluation indexes of pores to study the
variation of pore properties in the numerical tests.
The numerical results indicate that the porosity of gravel
soil shows a V-shaped trend with the gravel content,
and the gravel soil samples have minimum porosity in
the yield stage.

Keywords: Discrete element method, gravel soil, poro-
sity, porous medium, triaxial loading.

GRAVEL soil is a complicated granular material system
composed of abundant discrete particles such as coarse-
grained soil, grit and gravel. It is also a commonly used
filling material for roadbed and earth-rock dam projects’.
These gravel soils are subjected not only to long-term
loads, but also infiltration. Therefore, it is necessary to
have strong mechanical properties and good permeability
of gravel soil. Engineering practices have shown that engi-
neering disasters were mainly induced by the weakening
of the mechanical properties of geotechnical materials
due to the infiltration of water™. As a porous medium,
the physical and mechanical properties of gravel soil are
strongly affected by pore properties such as pore size, poro-
sity and pore structure®. In addition, the pore properties
also affect the permeability of gravel soil; fluid flow occurs
within inter-connected pores, which govern seepage,
drainage, consolidation and internal stability’. Therefore,
it is essential to study the variation of pore properties of
gravel soil in the loading process’.
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During the last decades, considerable efforts have been
made to study the mechanical behaviour of gravel soil
using numerical simulations”'’. Especially, the discrete
element method (DEM), which provides an alternative
approach to deal with this problem, is gaining popularity
in recent years. To accurately represent the gravel with
arbitrary shapes embedded in the gravel soil, digital im-
age processing technology'', non-overlapping spheres
packing'? and overlapping spheres packing'® were devel-
oped, and the meso-structure model of gravel soil has
been developed efficiently'*'®. However, these methods
do not involve the description of pore properties of gravel
soil, and pore space modelling is still a challenge for
DEM. The pore geometries of gravel soil are so complex
that they cannot be characterized using non-idealized
computational methods'®. More recently, some novel me-
thods have been proposed to evaluate the pore properties
of granular material. For example, some researchers re-
garded the granular material formed by particle packing
as ideal fractal structures, and on this basis, the permea-
bility or soil-water characteristics were studied'”'’. The
digital image processing approaches were also used to
study pore properties, e.g. Delaunay tessellation method®,
medial axis method”’ and watershed-based method™.
However, each of these approaches has limitations. For
example, the Delaunay tessellation method can only be
applied to pores with no more than four surrounding par-
ticles. In the medial axis method, the medial axis of the
pore structure needs to be extracted first, and it is difficult
to extract the medial axis of a complex pore structure. In the
watershed method, the pore structure needs to be converted
into the Euclidean distance field, which has a relatively
large computational cost. In addition, in such complex
methods mentioned above, it is impossible to evaluate the
pore properties of gravel soil under compression.

In this study, the discrete element models of gravel soil
with different gravel contents was first generated using
the sphere packing method. The equivalent porosity and
equivalent pore size were introduced as evaluation indexes
of pore properties in DEM. The evolution of pore pro-
perties in the failure process was analysed by the numeri-
cal triaxial test.
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DEM model of gravel soil

As a development of granular DEM, non-sphere packing
is widely used to simulate the gravel soil'*; the regular-
shaped particles represent soils and the irregular-shaped
particles represent gravels. The morphological characte-
ristics of gravels can be preferably retained in the discrete
element model by non-sphere packing. However, there
are two drawbacks in generating the model of gravel soil
using non-spherical particles. First, in the initial state of
the model, the gravel particles do not have contact with
each other, which is inconsistent with the actual situation.
Secondly, it is more complicated in calculating the poro-
sity on account of irregular shape of non-spherical par-
ticles. Due to the above, spherical particles are used to
model the gravel in gravel soil in this study. Earlier, re-
searchers have simulated the mechanical characteristics
of gravel soil through spherical particles, and the results
prove the effectiveness of the method.

Distribution of particle size in the DEM model

Gravel soil has a size effect, which means that the smal-
lest grain size in gravel soil is determined by the size of
the sample. Based on several experiments, Medley” con-
cluded that the grain size of gravel in gravel soil ranges
from 0.05L. to 0.75L. (L. is the diameter of the sample of
the triaxial test). However, the maximum grain size in
gravel soil is generally unfavourably, exceeding one-fifth
of the diameter of the triaxial test sample'®. Therefore,
the threshold value of grain size of soil and gravel is
determined by the size of the sample. In order to statisti-
cally analyse the pore properties in gravel soil, cubic
samples are used here for the numerical triaxial. The
initial size of the cubic sample is 300 mm X 300 mm X
300 mm, the maximum particle diameter of gravel in the
sample is 50 mm and threshold value of the particle
diameter of soil and gravel is 10 mm. Seven numerical
models with the gravel content of 20%, 30%, 40%, 50%,
60%, 70% and 80% respectively, were generated; Figure 1
shows their grading curves.

Model generation

The single-particle delivery method is used to develop the
model, which ensures that the gravel content of the gene-
rated numerical model is consistent with the target value.
Details of the procedure are as follows:

(1) The gradation of gravel soil in Figure 1 is based on
the mass ratio of soil and gravel, which in the nu-
merical model is the volume ratio of the soil and
gravel particles. The mass cumulative percentage in
Figure 1 should be converted to volume cumulative
percentage through the general density ratio of soil
and gravel, viz. 1 : 1.25.
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(2) Calculate the volume of particles in each particle
fraction based on the initial size of the sample
(300 mm % 300 mm X 300 mm).

(3) We assume that grain size of the particles in each
particle fraction is subject to uniform distribution.
The particles are generated one by one in a space of
size 1.5 times the initial size of the sample. Particle
fractions with smaller grain size followed by larger
grain size are generated, until the gradation of the
model is consistent with the target gradation.

(4) Compress the space to make all particles come in
close contact. Figure 2 a shows the compacted sam-
ple. Figure 2 b—h shows the distribution of gravels
in samples with seven different gravel contents after
compaction respectively. As the amount of gravel
increases, the contact between the gravels is stronger.

Micro-contact parameters calibration

The macroscopic deformation of DEM is significantly in-
fluenced by the micro-contact parameters because the
particles are interconnected by contacts in the granular
discrete element model. To calibrate the micro-contact
parameters, triaxial test was performed on the gravel soil
sample with 20% gravel content in the laboratory. The
loading rate was 0.02 mm/min and confining pressure
was 100 kPa. Numerical triaxial test was conducted on
gravel soil model with the same boundary conditions.
According to the contact characteristics of the real gravel
soil, the contact model between particles in DEM was
selected as the linear contact model (linear model). Table 1
shows the calibrated micro-contact parameters.

Figure 3 shows a comparison between the stress—strain
curves of laboratory test and numerical test. It is observed
from the figure that the numerical simulation results are
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Figure 1. Particle size distribution of the numerical model.
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Table 1.

Micro-contact parameters between particles in the model

Contact stiffness (N/m)

Particle Density (kg/m®) Normal Tangential Friction coefficient
Soil 1900 5e5 1.7¢5 0.3
Gravel 2650 le7 3.5¢7 0.8
Soil-gravel 4.8e5 1.6e5 0.3

Sample 20%

50% 60%
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Figure 3. Comparison of stress and strain curves between simulated
test and laboratory test.

consistent with the experimental results. The calibrated mi-
cro-contact parameters can be used to simulate the varia-
tion of pore properties in gravel soil.
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The numerical model and random distribution of gravels in samples with different gravel contents.

The loading process

As shown in Figure 4, the loading model consists of six
walls, and the loading process is divided into two stages.
(1) The confining pressure (07 = 0, = 03) is applied to
the cubic sample by triaxial servo loading, and the maxi-
mum loading speed is 0.005 m/s. The porosity and pore
size are measured when the confining pressure reaches
100, 200, 300, 400 and 500 kPa respectively. (2) Keep
0, = 03 = 500 kPa, and apply axial stress at a loading rate
of 0.002 m/s until the sample is broken. The porosity and
pore size are measured in this loading process.

Parameters of pore properties

Equivalent porosity

In the discrete element model, porosity of the sample is
calculated as the ratio of the volume of all pores to the
volume of the sample, where the latter is the volume
enclosed by the walls, and the volume of all pores is the
volume of the sample minus the volume of all particles,
excluding the overlapping portion. In Figure 5 a, the
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overlapping portion of the particles is marked in red.
Therefore, the equivalent porosity of gravel soil in the
model can be expressed as

Vb_V
=1- o, 1
p 7 (1)

S

where ¥ is the volume of the cubic sample, that is, the
volume enclosed by the walls, ¥}, the volume of all par-
ticles and V, is the volume of the overlapping portion of
all particles.

Vy, can be calculated as follows

n 3
=3 @)

i=1

where 7 is the total number of particles in the sample and
r; is the radius of the ith particle.

Figure 4. The triaxial loading model.
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Schematic diagram of the overlapping portion between two
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Figure 5 b is a schematic diagram of the overlapping
portion of two particles. Obviously, the overlapping portion
consists of two spherical crowns. Therefore, the volume
of the overlapping portion of all particles is expressed as
given in eq. (3), which is based on the volume calculation
formula of the spherical crown.

Vo=

(4]

: [ﬂ(h} )G =) | ai) G} —h?)] )
i=1

3 3

1

where £ is the total number of contacts between particles
in the sample, 7}, 74 are the radii of two particles belonging
to the ith contact respectively, and hl, h? are the heights
of the corresponding spherical crowns.

Equivalent pore size

The permeability of a material is closely related to poro-
sity and the pore size, especially pore size has a signifi-
cant effect on the permeability of gravel soil**. The pore
size is positively correlated with particle size of gravel. In
a constant sized sample, the sizes of particles are larger.
Therefore, the number of particles that comprise the sam-
ple is less, which means the number of contacts between
particles is less. Thus the pore size is negatively corre-
lated with the number of contacts in a constant-sized
sample. As it is difficult to evaluate the size of each pore
in the sample, an average value ¢ related to the total
volume of pores and the number of contacts can be used
to evaluate the average size of pores in the sample, which
is expressed as follows

e=lv (4)
m

where V, is the total volume of pores in the sample,
which can be calculated from V, =V, — (V, — V,,). m is the
number of contacts.

Analysis
Analysis of equivalent porosity

Figure 6 shows the variation of porosity with confining
pressure. For samples with the same gravel content, poro-
sity decreases with increase in confining pressure, and the
decreasing trend gradually becomes gentle. The variation
ranges of porosity of the samples with high gravel con-
tent are less. For example, in the process of increasing the
confining pressure from 100 to 500 kPa, the porosity of
the samples with 80% gravel content decreases by only
7%. In addition, when the confining pressure is more than
300 kPa, the porosity of the samples with 80% gravel
content barely changes. In the compression process, the
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porosity of the samples with medium gravel content de-
creases by more than 25%, e.g. samples with the gravel
content 50% and 60% whose porosity decreases by 27.2%
and 29.7% respectively. The porosity of the samples with
low gravel content decreases by more than 30% in the
compression process, and the samples remain compressi-
ble under higher confining pressure.

Figure 7 shows the variation of porosity with gravel
content. It can be concluded from the figure that with the
increase in gravel content, the porosity of the gravel soil
decreases first and then increases. When the gravel content
is less than 50%, there is an approximately linear relation-
ship between porosity and gravel content of gravel soil.
When the confining pressure is lower than 200 kPa, the
porosity of the 70% gravel-containing sample is the smal-
lest, and the sample is the densest. When the confining
pressure exceeds 200 kPa, the porosity of the sample with
gravel content of 60% is the smallest. When the confining
pressure continues to increase, the sample with 50% gra-
vel content has the smallest porosity.

Figure 8 shows the relationship between porosity of
seven types of samples and axial strain under a confining
pressure of 500 kPa. It can be observed from the figure
that the porosity of all samples shows a V-shaped trend as
the axial strain increases. However, in the loading
process, the decrement of porosity of samples with high
gravel content (70% and 80%) is not obvious. When the
axial strain exceeds 2%, the porosity increases signifi-
cantly, with an increase of about 10% during the whole
loading process. When the axial strain exceeds 6%, the
porosity of samples with medium gravel content (50%
and 60%) increases, by 3% and 6% respectively, during
the whole loading process. The porosity of samples with
low gravel content (20%, 30% and 40%) decreases signi-
ficantly, with reduction between 7% and 15% before the
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Figure 6. Relationship between equivalent porosity and confining
pressure.
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turning points. When the axial strain reaches 13—17%, the
porosity of samples with low gravel content begins to in-
crease, but eventually fails to exceed the initial porosity.
Figure 9 shows the evolution of deviatoric stress and
porosity with axial strain. The corresponding axial strain
at minimum porosity is the position after the sample
enters the yield stage, which means the gravel soil sample
has minimum porosity in the yield stage. Moreover, this
property is not affected by the gravel content of the sam-
ple. When the sample is in the elastic stage, the com-
pressed pores in it can still be recovered after the load is
removed. When the sample enters the yielding stage,
some irreversible deformation occurs; new pores are
formed and the original pores are still compressed. The
porosity of the sample begins to increase when the forma-
tion of new pores is greater than the compression of the
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Figure 9. Evolution of deviatoric stress and porosity with axial strain.

original pores. Therefore, the gravel soil sample has mini-
mum porosity in the yield stage.

Analysis of equivalent pore size

Figure 10 presents the variation of average pore size with
confining pressure. As the confining pressure increases,
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the average pore size of all samples decreases. When the
confining pressure exceeds 400 kPa, changes in the aver-
age pore size are no longer significant. In the process of
increasing the confining pressure from 100 to 500 kPa,
the average pore size of the samples with low and me-
dium gravel content decreases by more than 50%, but the
average pore size of the 70% and 80% gravel content
samples decreases by 31.8% and 17.5% respectively.

CURRENT SCIENCE, VOL. 121, NO. 6, 25 SEPTEMBER 2021
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Figure 11 shows the relationship between average pore
size and gravel content. In general, the average pore size
of samples increases with increase in gravel content.
When the gravel content is less than 50%, there is an appro-
ximately linear relationship between average pore size
and gravel content of gravel soil. When the gravel content
exceeds 50%, the average pore size of the samples in-
creases significantly; especially the average pore size of
samples with 80% gravel content is about 2.3—4.4 times
that of samples with 20% gravel content.

As shown in Figure 12, during the loading process,
when the gravel content is less than 60%, the average
pore size of the gravel soils shows a V-shaped trend as
the axial strain increases. The average pore size of sam-
ples with gravel content less than 40% decreases by 21.5—
26.7% at the turning points, while the average pore size
of samples with gravel content more than 40% decreases
by 8-14% at the turning points. When the gravel content
is more than 60%, the average pore size of gravel soils
increases by 10-32.5% during the whole loading process.

Discussion

The variations of pore properties of gravel soils under
different confining pressures and using the loading
process are obtained by the above-mentioned numerical
simulation. The reasons for the variations of pore proper-
ties are discussed below.

(1) As the amount of gravel increases, the porosity of
the samples decreases first and then increases, while
the average pore size always increases. Figure 13
shows the internal structure of samples with low
content, medium and high gravel content. There are
more fine particles in samples with low gravel con-
tent. Therefore, the average pore size between the
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Figure 10. Relationship between equivalent pore size and confining
pressure.
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particles is small. In samples with medium gravel
content, with increase in particle radius, the size of
pores between the particles also increases. However,
these pores are filled by finer particles of gravel
soils, and the porosity is reduced due to a more
compact sample. The samples with high gravel con-
tent mainly consist of large-sized particles; the aver-
age size of pores between particles is large because
of the lack of adequate fine particles to fill these
pores.

(2) With the increase in confining pressure, the pores in
the gravel soils are compressed. There is a decrease
in both pore size and porosity. However, compressi-
bility between the gravel particles is much smaller
than that between the soil particles. Therefore, the
decrease in porosity and average pore size in sam-
ples with higher gravel content is small. When the
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Figure 13. The internal structure of samples with different stone contents.

gravel content is less than 50%, the gravel particles
in the samples are surrounded by soil particles and
cannot make contact with each other. The pores
between soil particles and gravel particles are com-
pressed during the loading process. Therefore, the
variations of pore properties of these samples are
similar.

During the loading process, the original structure of
samples with high gravel content is destroyed, and
dislocations of the gravel particles lead to increase
in the gaps between particles. The average pore size
and porosity of the samples increase accordingly. In
samples with medium and low gravel content, the
soil particles can be further compressed; the average
pore size and porosity decrease before these samples
are yielded. When the original structure of the soils
and gravels is destroyed, the gap between these par-
ticles increases and there is an increase in porosity
and average pore size as well.

Conclusion

The variations of the pore properties in gravel soil under
triaxial compression have been studied. The following
conclusions can be drawn by a numerical simulation of
samples with seven different gravel contents.

)

2
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The gravel content has a major influence on the pore
properties of gravel soil. The porosity of gravel soils
shows a V-shaped trend with the gravel content, but
the average pore size of samples increases with
increase in gravel content. The samples of medium
gravel content are most easily compacted.

During the loading process, both porosity and aver-
age pore size of samples decrease first and then
increase with increase in axial strain. The gravel soil
samples have minimum porosity in the yield stage,
which is an inherent property of the gravel soil.
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