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Abstract Granular regolith simulants have been extensively
used in the preparation of space missions to test rovers and
scientific instruments. In this work, the physical and mechan-
ical properties of the JSC-1A Martian regolith simulant
(MRS) are characterized using conventional and advanced
laboratory techniques. Particle images are obtained using
X-ray computed tomography, from which particle shapes
are characterized through a series of imaging processing
techniques and are further used to generate irregularly-
shaped numerical particles. The characterized particle size
distribution and irregularly-shaped numerical particles are
incorporated into a discrete element model to simulate grad-
ing and shape-dependent behavior of the JSC-1A MRS. The
developed discrete element model is calibrated and validated
against laboratory direct shear tests. Simulations without
the consideration of particle shapes and simulations with a
rolling resistance contact model are also performed to inves-
tigate the effect of particle shapes on the behavior of the
JSC-1A MRS.

Keywords Martian regolith simulant · Discrete element
method · Particle size distribution · Particle shape · X-ray
computed tomography · Direct shear test

1 Introduction

Martian regolith simulant (MRS) is an analogue developed
using terrestrial soils based on the current understanding of
real Martian regolith. It provides a preview of the physi-
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cal environment an exploration rover may encounter in a
space exploration mission. The understanding of regolith
properties and the ability to predict regolith behavior would
help guide the design of rovers, minimize the risk of
sinkage and slippage during rover maneuver, and provide
constraints for geomorphological modeling [1–3]. More-
over, a thorough understanding of regolith properties are
needed to develop new regolith-based materials for func-
tional building blocks for future infrastructure needs on
Mars [4–7]. There has been continuous research to develop
different MRS for various applications. Table 1 summa-
rizes a non-exclusive list of currently developed MRS
worldwide that are suitable for physical and mechanical
experiments.

MRS consists mostly of irregularly-shaped particles of
various sizes. To accurately model and predict their behav-
ior, it is important to realize that the information pertaining to
such material behavior is fundamentally encoded at the grain
scale [14–16]. In the context of mechanical responses, two of
the most salient factors are the particle size distribution (i.e.,
grading) and particle shapes. The micromechanics-based dis-
crete element method (DEM) [17] is ideally suited to capture
those salient features of granular materials from a fundamen-
tal level.

In the context of modeling MRS, Hopkins and co-workers
[18,19] are among the first researchers to develop DEM-
based numerical models to simulate the soil-rover behavior
and soil digging in regolith simulant. Non-spherical parti-
cle shapes are accounted for using polyhedral grains having
basic shapes. In [20], a three-dimensional DEM is used to
simulate regolith behavior in triaxial tests and interactions
with a rover wheel. The particle shape is found to be a
crucial factor in the simulated regolith behavior, and the
use of ellipsoid and poly-ellipsoid particle shapes improved
agreement between simulation and experiment. In a more
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Table 1 Currently developed
Marian regolith simulants
suitable for physical and
mechanical experiments

Type Description Location References

JSC-1A Glassy volcanic ash and cinders Hawaii, US [8]

ES-1 Fine dust Nepheline Stjernoy, UK [9,10]

ES-2 Find aeolian sand Red Hill, UK [9,10]

ES-3 Coarse sand Leighton Buzzard, UK [9,10]

MMS Basalt crushing California, US [11]

Scott Banks Peninsula basalts South Island, New Zealand [12]

JMSS-1 Basalt crushing, magnetite and hematite Jining and Hebei, China [13]

recent work [21], a tri-sphere particle clump is developed to
account for the particle interlocking effects and is used within
a mono-dispersed particle assemblies to simulate MRS. As
an alternative approach to account for particle shape effect,
a rolling resistance contact model is integrated into the
DEM model to simulate wheel–soil interaction over rough
terrain [22]. Although different types of non-spherical or non-
disc particle shapes have been used in previous studies, the
effects of realistic particle shapes and particle size distribu-
tion have yet to be included and will be the focus of this
work.

In this work, physical and mechanical properties of
JSC-1A MRS are characterized by a series of laboratory
tests. Of particular interests are the particle size distribution
and realistic particle shapes. X-ray computed tomogra-
phy is used to obtain particle images, from which particle
shape data is obtained and used in constructing irregularly-
shaped particles. Grading and shape-dependent DEM model
are developed to simulate and predict the behavior of
JSC-1A MRS, which is among the first efforts to incor-
porate the realistic particle size distribution and particle
shapes into a numerical model to simulate the behavior of
MRS.

2 Laboratory tests on JSC-1A Martian regolith
simulants

A series of laboratory tests are conducted to characterize the
physical and mechanical properties of JSC-1A MRS. The
type of JSC-1A MRS used in this work has particle sizes
smaller than 5 mm and is distributed by Orbital Technologies
Corporation. The JSC-1A MRS is a natural earthen material
obtained from volcanic ashes. It approximates, within the
limits of current understanding, the reflectance spectrum,
mineralogy, chemical composition, particle size, density,
porosity, and magnetic properties of the oxidized soil of
Mars [8]. It is well suitable to help understand the mechan-
ical behavior of real Martian regolith. In addition, as the
MRS is actually an earthen material, the framework and
findings from this work could be applied to other earthen
soils.

Table 2 Laboratory tests conducted and the corresponding ASTM stan-
dards

Test ASTM standard

Specific gravity ASTM D854-14

Sieve analysis ASTM D422-63

Hydrometer analysis ASTM D422-63

Atterberg limits analysis ASTM D4318-10

USCS soil classification ASTM D2487-11

Direct shear test ASTM D3080-11

2.1 Characterization of physical and mechanical
properties

Table 2 lists laboratory tests conducted in this study and the
corresponding ASTM standards to characterize the physical
and mechanical properties of the JSC-1A MRS.

The specific gravity of the JSC-1A MRS is measured to be
1.94 ± 0.02. The maximum particle size of the soil sample
is 5 mm, and the mean particle size is 0.41 mm. The particle
size distribution will be detailed and further characterized in
a subsequent section. The coefficient of uniformity Cu and
the coefficient of gradation Cc, based on Eqs. (1) and (2), are
calculated to be 20.77 and 1.42, respectively.

Cu = D60

D10
(1)

Cc = (D30)
2

D10 × D60
(2)

where D10, D30, and D60 are the particle diameters cor-
responding to 10, 30, and 60% finer in the particle size
distribution curve, respectively.

Atterberg limit analysis shows that the fine content of the
simulant is non-plastic. Based on the above information, the
JSC-1A MRS is classified as well-graded sand (SW) fol-
lowing the Unified Soil Classification System (USCS). The
bulk unit weight of the simulant is estimated from speci-
mens of the direct shear test, and its value is evaluated to be
934 ± 30 kg/m3.
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2.2 Characterization of shear strength

Shear strength parameters of the MRS are characterized
through the direct shear test (ASTM D3080-11). The spec-
imen in the direct shear test is a cylindrical shape with a
diameter of 63.5 mm (i.e. 2.5 inches) and a height of 25.4 mm
(i.e. 1.0 inch). During preparation, the specimen is vibrated
and slightly compacted with a pestle to remove the potential
cavity and to improve the sample homogeneity. The speci-
men is firstly consolidated with specified confining pressure.
Three levels of nominal confining stress are considered: 95.8,
191.5, and 383.0 kPa (i.e. 2,000, 4,000 and 8,000 psf). After
consolidation, the specimen is sheared at a rate of 0.254
mm/min by applying a lateral displacement to the lower part
of the shearing cell. For each level of confining stress, three
specimens are prepared and tested. The averaged responses
are reported and will be used to calibrate and validate numer-
ical models.

The stress and normalized shear (lateral) displacement
relations are shown in Fig. 1a. The normalized shear dis-
placement is the ratio of the lateral displacement of the lower
part of the shear cell to its diameter. The actual contact area
between the upper and lower shearing cell is used in the calcu-
lation. From the figure, it can be seen that there is no notable
reduce of the shear stress after the peak value. As shown in
Fig. 1b, at a low or medium normal stress (i.e., 95.8 and 191.5
kPa), the specimen exhibits a dilative behavior. This dilative
behavior is suppressed under high normal stress (383 kPa).
The volumetric strain starts to decrease after the peak shear
stress. This phenomenon may be contributed by the breakage
of the large particles that leads to a reduction in the overall
volume.

The maximum friction angle is determined by fitting the
test data in the maximum shear stress vs. normal stress plot,
as shown in Fig. 2a. For the JSC-1A MRS, the maximum
friction angle is found to be 41.4◦ ± 2.2◦. There is a very
small cohesion strength of 94 psf, which will be neglected in
this study. For the calculation of dilation angle, the following
definition is adopted [23]

tan ψ = − ε̇yy

ε̇xy
= dv

du
(3)

where ε̇yy and ε̇xy are the time derivative of the yy (ver-
tical) and xy (shearing) components of the strain tensor,
respectively; dv and du are incremental vertical and shear
displacement, respectively. Figure 2b shows the maximum
angle of dilation evaluated by Eq. (3) for all three normal
stresses.
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Fig. 1 Results of laboratory direct shear test on JSC-1A MRS: a shear
stress versus normalized shear displacement, b volumetric strain versus
normalized shear displacement

3 Characterization of particle size distribution

In this section, details on characterization and modeling of
particle size distribution are presented. In the sieve analysis,
the following sieves are used: No. 4, 10, 20, 40, 60, 100, and
200. Hydrometer analysis is used to further characterize the
size distribution for the fraction that is finer than the No. 200
sieve size (0.075 mm). The resulting particle size distribution
curve is shown in Fig. 3a.

The particle size distribution data obtained from labo-
ratory tests could be fitted through distribution models. In
this work, the Rosin–Rammler (RR) distribution model is
adopted [24]. A new form of the cumulative distribution func-
tion is proposed in this work that modifies a previous version
[25] to use the mean particle size as a model parameter. The
modified form of the RR model is given as
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Fig. 2 Maximum friction and dilation angles evaluated from labo-
ratory direct shear tests: a maximum shear versus normal stress; b
maximum dilation angle

F(x) = 1 − exp
(
log(0.5)(x/D50)

β
)

(4)

where D50 is the mean particles size; β is an empirical param-
eter that controls the shape of the function. Note that we
rewrite the formulation of cumulative distribution function
in Eq. (4) based on the convention formulation [25], to relate
the fist parameter to a more physical-meaningful parameter
D50. A smaller β value yields a wider particle size distribu-
tion curve while a larger β value would yield a more narrow
distribution. The fitted RR model to the experiment data of
the JSC-1A MRS is shown in Fig. 3b and the model param-
eters D50 = 0.41 mm and β = 0.75.

4 Characterization of particle shapes

An equivalent important factor affecting the mechanical
behavior of the regolith simulant is its particle shapes. In
this work, an MILabs U-CT system with an optimal res-
olution of 100 micron is used to obtain X-ray computed
tomography (CT) image data of individual particles within
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Fig. 3 Particle size distribution of JSC-1A MRS: a data obtained from
sieve and hydrometer analysis; b fitted by a Rosin–Rammler (RR) dis-
tribution model with model parameters D50 = 0.41 mm, β = 0.75

the regolith simulant specimen. Imaging processing algo-
rithms are implemented to extract, quantify and characterize
particles shape data, which is then used to develop shape-
dependent discrete element models.

4.1 X-ray computed tomography imaging and
pre-processing

Figure 4 shows the regolith simulant, the specimen to be
scanned, and a typical raw image obtained from CT scan.

The raw images obtained from CT scan require a series
of pre-processing steps before they can be used to extract
particle shapes. The pre-processing steps include image
enhancement, vessel removal, smooth filtering and inner par-
ticle void filling [26].

The image enhancement is to enhance the contrast
between the particle pixels and the background pixels. A con-
trast limited adaptive histogram equalization (CLAHE) [27]
is implemented for this purpose. Vessel removal is to remove
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Fig. 4 X-ray CT imaging experiment: a regolith simulant; b specimen
to be scanned; c a tyical raw image

Fig. 5 An illustration of the CT image pre-processing on a typical
raw CT image. a Raw image, b image enhancement, c vessel removal,
d smooth filtering, e filling voids, f smooth filtering

the column vessel containing the sample particles. Due to the
perturbation of tomography environment and the limitation
of CT optical apparatus, the CT image may contain signifi-
cant noises. Therefore, a smooth filtering technique termed
the median filter algorithm [28] is used to reduce the noise
pixels. Finally, the inner particle voids, due to either imag-
ing noise or actual voids within the particle, will be “filled”
during pre-processing. The filling step is justified based on
the fact that interactions between particles in the numerical
model will be determined by the outer boundary of each par-
ticle only.

The image pre-processing steps can be used in combina-
tion to obtain optimal images for shape extraction. Figure 5
shows the pre-processing of a typical raw image. It should be
pointed out that, no matter how advanced algorithms are used,
there processed images may still pose unreasonable pixel val-
ues. Manual adjustment may be used to remove unnecessary
pixels and to improve the image quality.

4.2 Particle shape identification

Given a processed CT image, particle shapes will be iden-
tified and extracted. Three techniques are used for this
purpose: component differentiation, watershed segmenta-
tion, and shape identification.

Component differentiation Component differentiation
refers to classifying individual component of a specimen.
It is based on the fact that different types of component
have different X-ray attenuation coefficients, which can
be further converted to grayscale images. Clustering algo-
rithms, such as the K-mean clustering algorithm [29,30],
can be applied to distinguish each component type in
a sample. A particular case of the clustering analysis is
binarization, where only two components need to be iden-
tified. An example is to identify the solid and void phases
within a specimen, as is the case in this work.

Watershed segmentation The watershed segmentation
algorithm [31] is commonly used to segregate individual
particles. Watershed segmentation algorithm imitates a
water flooding process, where water rises from a local
minimum altitude and flows towards the nearest not-
flooded minimum altitude. The floods rise from different
local minimum altitude or basin would encounter and
form a boundary between each basin, thus segregate each
basin. In application, topographic distance field is com-
puted from the binary image and used as the altitude in
watershed segmentation.

Shape identification Shape identification is used to mark
or label the segregated particles. After watershed segmen-
tation, the particles will be segregated from each other
by the watershed boundaries. Then, every particle pixels
inside the same boundary can be marked and identified as
a single particle. The general procedure outlined in [32]
is commonly used.

It should be noted that, during the watershed segmentation,
the image is required to be “eroded” by a topographic struc-
ture element. The size of the topographic structure element
would impact the segregated particle shapes. If the element
size is too small, the algorithm may not be able to identify
two particles that are in touch. On the other hand, if the ele-
ment size is too large, the algorithm may miss some smaller
particles. In this work, the size of the topographic structure
element is gradually increased. For each size, the watershed
algorithm and shape identification are performed. The result-
ing image is sent to the next iteration until reasonable particle
shapes are identified. Figure 6 illustrates the effects of each
procedure in the algorithm. For this example, eight iterations
are used to obtain the final image.

4.3 Quantitative description of particle shapes

With particle shapes identified and extracted following tech-
niques described in the previous section, it is possible to
calculate quantitative descriptors of particle shapes within
a specimen. In this work, three shape descriptors are calcu-

123



 69 Page 6 of 14 Z. Lai, Q. Chen

Fig. 6 An illustration of particle identification from a pre-processed
CT image. a After preprocessing, b image binarization, c watershed of
5th erosion, d watershed of 7th erosion, d watershed of 7th erosion,
e watershed of 8th erosion, f final segments

lated, i.e., the Fourier harmonic descriptor, the aspect ratio,
and the circularity.

Fourier harmonic descriptor When using the Fourier har-
monic descriptor, the polar radius r of a particle is written
as a function of the polar angle θ through a series of
Fourier harmonic functions such that [33,34]

rN (θ) = Ro

2
+

N∑

n=1

[an cos(nθ) + bn sin(nθ)] (5)

where Ro is the equivalent particle diameter of a spherical
or circular particle that has the same area as the irregular
particle; N ≥ 1 is the Fourier series order;an andbn (with
n = 1, 2, 3, ...N ) are the Fourier coefficients defined as

an = 1

π

∫ 2π

0
[r(θ) cos(nθ)]dθ (6)

bn = 1

π

∫ 2π

0
[r(θ) sin(nθ)]dθ (7)

In this work, Fourier coefficients are evaluated for a total
of 297 particle shapes extracted from CT images. To com-
pare between particles of different sizes, the coefficients
(an, bn) are normalized by the equivalent particle diam-
eter Ro. Furthermore, a normalized mean amplitude is
calculated as the square root of the sum of the normalized
coefficients squared. The normalized amplitude versus
the harmonic number plot is shown in Fig. 7, where the
harmonic number n = 1, 2, 3, ..., N and N = 15 for this
study.

Aspect ratio Aspect ratio is defined as the ratio of the
short axis to the long axis. For a circular particle, the
aspect ratio would be one. Figure 8a shows the aspect
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Fig. 7 Fourier harmonic descriptor for all particle shapes extracted
from CT images

ratio distribution of the particle shapes extracted from
CT images. The mean aspect ratio is about 0.57.

Circularity Circularity describes the degree to which a
particle shape is similar to a circle, and it is a measure of
both the particle form and roughness [35]. The circularity
of a particle is a dimensionless quantity given as [35]

C =
√

4π A

P2 (8)

where A is the area of the particle; P is the perimeter
defined as the total length of the particle boundary. A
higher circularity value means the particle is closer to
a perfectly round and smooth particle. An ellipse with
an aspect ratio of 0.57 has a circularity of about 0.92.
Figure 8b plots the histogram of the circularities of the
scanned specimen. The mean circularity is about 0.86.

The particle shape descriptors can be used to generate
numerical particle assembly that possesses similar shape
properties of a corresponding physical particle assembly or
to quantify the relationship between macroscopic material
properties (e.g., shear strength) and particle shapes [36]. A
more direct approach, as adopted in this work, is to gener-
ate particles with realistic irregular shapes using extracted
particle shape data from CT images. In the next section, a
subset of realistic particle shapes extracted from CT image
will be used to illustrate the development of a grading and
shape-dependent discrete element model.

5 Discrete element model

In this section, two-dimensional (2D) discrete element model
will be developed to simulate the behavior of the JSC-1A
MRS. The model explicitly accounts for particle size distribu-
tion and realistic irregular particle shapes extracted from CT
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Fig. 8 Particle shape descriptors of the extracted particle shapes. a
Aspect ratio, b circularity

images. Despite the limitations of a 2D numerical model, the
procedure presented for model development is general. The
developed model can capture microscopic behavior between
regolith particles and the responses of the system with rea-
sonable computational time.

5.1 Contact models

In a discrete element model, the microscopic interactions
between particles are simplified into contact behavior of two
elements. The contact force Fc consists of two parts: the
normal force Fn and the shear force Fs

Fc = Fn + Fs = Fnnn + Fsns (9)

where nn and ns are the unit vectors denoting the direction
of the normal and the shear force, respectively; Fn and Fs are
the magnitudes of corresponding contact forces. Assuming
the relative displacement increment at the contact during a
timestep Δt is given by its components Δδn and Δδs , the
contact law for a simple linear model updates the contact
forces through

Fn = max(F0
n + knΔδn, 0) (10)

Fs = min(F0
s + ksΔδs, μcFn) (11)

M = 0 (12)

where F0
n and F0

s are the normal and the shear force at the
beginning of the current timestep, respectively; kn and ks
are the normal and the shear stiffness, respectively; μc is
the microscopic friction coefficient, and M is the contact
moment.

In Eq. (11), an incremental displacement formulation is
used to calculate the tangential force to avoid the “ghost
force” issue when the accumulative shear displacement is
too large and needs a long time for relaxation during the sim-
ulation. Alternatively, a modification of the original Cundall
and Strack [17] force was proposed by [37] and adopted in
[38], which “freezes” the shear displacement when the shear
force reaches a given threshold.

A more complex contact law may include rolling resis-
tance such as the one proposed in [39,40], where a term of
rolling resistance moment is added to the contact moment as

M = min(M0 + krΔθb, μr R̄Fn) (13)

where M0 is the contact moment at the beginning of the cur-
rent timestep; Δθb is the relative bend-rotation increment; μr

is the rolling resistance coefficient; kr is the rolling resistance
stiffness defined as:

kr = ks R̄
2 (14)

where R̄ is the contact effective radius defined as R̄ =
1/( 1

R1
+ 1

R2
), in which R1 and R2 are the radii of the contact

particles. If one side of the contact is a wall, the correspond-
ing radius R2 → ∞.

It should be noted that the adopted rolling resistance model
of Eq. (13) uses a simplified formulation for the rolling
kinematics, and the particle size effects on the rolling resis-
tance are implicitly incorporated in the rolling stiffness term.
The interested reader is referred to [41,42] for examples of
improved and more advanced rolling resistance models.

The rolling resistance model can be used to indirectly
account for effects of irregular particle shapes and to improve
predictions of a discrete element model with only circular
particles. As a comparison, discrete element models with
circular particles and rolling resistance will also be imple-
mented and compared with the shape-dependent model.

5.2 Particle size distribution

In a discrete element simulation, the computational cost is
positively correlated to the number of particles in the model.
Though the MRS contains only a small amount of fine parti-
cles (less than 10% by weight), the number of fine particles
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can be prohibitively large. When setting up a discrete ele-
ment model, within the limits of the current computational
resources, it may become necessary to introduce some rea-
sonable approaches to modify the particle size distribution,
so that the total number of particles can be reduced. Two
approaches can be used to reduce the number of particles:
up-scaling of particle sizes [43–45], and modifying the gra-
dation by trimming fine particles.

For soil samples with a broad range of particle sizes like
the MRS, up-scaling of particle sizes may not be appropriate:
a small scaling factor could be insufficient to significantly
reduce the number of particles, and a large scaling fac-
tor might result in unrealistically large particles. With the
trimming approach, fine contents are considered to have neg-
ligible contributions to the mechanical strength of the sample,
and therefore, they can be “trimmed” or removed.

Considering the wide range of particle sizes and the
powder-like tiny particles in the MRS, the particle trimming
method is adopted to reduce the particle number in this work.
For the particles that are smaller than 0.425 mm, they are
substituted with alternative particles whose size are equal to
0.425 mm. However, the number of alternative particles will
be recalculated so that the resulting particle packing has the
same volume fraction as the original specimen.

5.3 Particle shape representation

Many methods have been proposed and developed to simu-
late irregularly-shaped particles, e.g., the disc clump method
[33,46], the spheropolygon (2D) and spheropolyhedron (3D)
method [47,48], the polyhedrons method [49,50], the non-
uniform rational basis splines method [51], the level set
method [52] and so on. In this work, an irregularly-shaped
particle is modeled using a group of discs called a clump.
The most notable advantages of this method are its com-
putational efficiency and straightforward implementation of
contact detection algorithms. There are three options to rep-
resent a clump [46]: the domain overlapping filling method,
the domain non-overlapping filling method, and the bound-
ary filling method, as shown in Fig. 9. The clump generated
by domain overlapping filling requires the least number of
particles and is, therefore, the most computationally efficient.
The clump created by the domain non-overlapping filling can
also be promoted to a cluster that can capture the breakage
behavior. The boundary filling method, depending on the size
of filling elements, could provide a better representation of
surface roughness.

The domain overlapping filling method is adopted in this
work. This approach is also called the Overlapping Discrete
Element Cluster (ODEC) method, and the filling process
consists of three main steps [33]: image matrix parameteriza-
tion, topological skeletonization, and optimum overlapping,
as illustrated in Fig. 10. It should be noted that the irregularly-

Fig. 9 Schematic illustration of the three options for representing
an irregularly-shaped MRS particle with disc clump method (modi-
fied after [46]). a Domain overlapping, b boundary filling, c domain
nonoverlapping filling

Fig. 10 Schematic illustration of particle shape representation using
the domain overlapping filling method. a Binary image matrix, b topo-
logical skeleton, c optimum overlapping, d resultant clump

shaped particles generated by the ODEC method are actually
clumps (those that do not break), but the phrase ODEC is kept
in this work as it was originally used in [33].

In the image matrix parameterization, the particle shape is
converted to binary image matrix, with status labels indicat-
ing particle pixels and background pixels. The binary images
are collections of binary pixels that signal whether a square
area (or a cubic volume in 3D) is occupied by solid (b = 1) or
by void (b = 0). Topological skeletonization, or Medial Axis
Transformation, is used to identifying skeleton of a parti-
cle, which is defined as the locus of centers of all maximally
inscribed discs. In optimum overlapping, discs are iteratively
added to the clump. For each iteration, the center of the new
discs to be added is searched on the topological skeleton, and
it is assured that the newly added disc can cover the maximum
uncovered area.

When applying the ODEC algorithm to irregularly-shaped
particles (i.e. non-circular or non-spherical particles), as the
number of discs used per clump increases, the percentage of
covered area also increases. Figure 11 shows the relation of
the percentage coverage and the number of discs per clump
based on CT image data of the MRS. A clump with a larger
number of discs would have a better representation of the
particle shape but with higher computational cost. In this
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Fig. 11 The percentage coverage as a function of discs number in the
domain overlapping filling method. The error bars indicate the variation
of the percentage coverage among different particle shapes when the
same number of discs are used

CT images

DEM particles

Fig. 12 Seven basic particle shapes used in the DEM model

work, each clump is filled by five discs, corresponding to an
80% area coverage. Each clump represents an irregularly-
shaped particle.

In the following analysis, seven irregular particle shapes
are selected and, therefore, there are seven clump templates
used in developing the discrete element model. These seven
shape templates are shown in Fig. 12. The seven types of
particle shapes are imported into the discrete element model
as clump templates. Each generated particle in DEM model
is based on a randomly selected clump template with its size
following the particle size distribution described in the pre-
vious subsection.

6 DEM simulation of direct shear tests

6.1 Model details and material parameters

The grading and shape-dependent DEM model is used to
simulate direct shear tests on JSC-1A MRS. PFC2D [53] is
used to implement the model and to perform simulations.
The dimension of the soil specimen is 63.5 mm in width
and 25.4 mm in height. The porosity of the packing in the
DEM model is 0.22, which corresponds approximately to a
porosity of 0.49 in a three-dimension sample following the
parabolic equation recommended by [54].

To generate a numerical specimen following the pre-
scribed particle size distribution with irregularly-shaped
particles, the following steps are taken:

1. The particle size distribution (PSD) curve is first divided
into a number of bins. In this work, the number of bins
and bin sizes are set based on the number of sieves and
sieve openings used in the laboratory sieve analysis.

2. The area of particles in each bin is calculated based on
the total volume of the specimen and the target porosity.

3. Within each PSD bin, a particle size is randomly gen-
erated and the corresponding particle shape is randomly
selected from the list of irregularly-shaped particles, e.g.,
Fig. 12.

4. The previously generated particle is scaled such that its
area equals to the area of an equivalent disc with the same
particle size.

5. The scaled irregularly-shaped particle is then inserted to
the specimen at a randomly selected position.

6. Steps 3–5 are repeated for each PSD bin until the total
area of the generated particles matches the target area
computed in step 2.

7. The generated specimen is allowed to settle under gravity.

It is worth noting that, within the limits of the resolution of
the X-ray CT system, the particle shapes at different particle
sizes are not directly obtained. Herein, the particle shape
or shape descriptors are assumed to resemble each other at
different sizes, known as the fractal phenomenon of granular
material [55]. Therefore, the same shape templates are used
at different scales in generating the numerical specimen.

The generated numerical specimen is shown in Fig. 13.
During the preparation of soil specimen in the laboratory test,
the specimen is vibrated and slightly compacted to remove
potential cavity and improve sample homogeneity. In the
numerical simulation, for the same purpose and during the
specimen preparation stage, the shearing cell is set to be fric-
tionless, and the friction coefficient of soil particles is set to be
0.1. The input parameters for the DEM model are calibrated
using one set of laboratory test data corresponding to a con-
fining stress of 95.8 kPa , following a calibration procedure

63.5 mm

12.7 mm

12.7 mm
0.001 m/s

Fig. 13 Discrete element model of a direct shear test specimen. Light
green lines represent the shearing cell and different colors are used to
indicate particles with different sizes (color figure online)
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Table 3 Input parameters for the DEM model

Parameter Value

Width of shear cell w 63.5 (mm)

Height of shear cell h 25.4 (mm)

Packing porosity φ 0.22

Density of particles ρ 1940 (kg/m3)

Contact normal stiffness kn � 1.5 × 107 (N/m)

Contact shear stiffness ks � 1.5 × 107 (N/m)

Friction coefficient of particles μb
c

� 2.5

Friction coefficient of boundary μw
c

� 2.0

Rolling resistance coefficient μr
�� 0.7

� Denotes the parameters that need to be calibrated.
�� Is the rolling resistance coefficient required if using simplified disc
only particles with the rolling resistance contact model to account for
particle shape irregularity

similar to [56–58]. The calibrated values are summarized in
Table 3. Then, the other sets of test data are used to validate
simulation results of the DEM model.

The direct shear test consists of two stages: consolidation
and shearing. In the numerical simulation, the movement of
the shearing cell is governed by servo-control mechanism
[53] to achieve and maintain a specified consolidation pres-
sure. Three different confining stresses, i.e., 95.8, 191.5 and
383 kPa, are considered. The time step is set at 2 × 10−6s.
In the shearing stage, the lower part of the shearing cell is
moved at a speed of 0.001 m/s. The simulation is stopped
when the normalized shear displacement reaches 12% or the
shear stress reaches its peak and significantly decreases.

6.2 Results and discussion

Figure 14a shows the shear stress and shear displacement
behavior of the MRS in the direct shear test. The results

from the developed discrete element model match reason-
ably well with the experimental data, and the peak shear
stress can be perfectly captured. The shear stress from DEM
model exhibits a more significant decrease in the post-peak
stage compared to the laboratory experiment. The post-peak
difference between the DEM and experiment results, as being
previously observed in [44,45], may come from the particle
breakage effect that is not included in the DEM model. In
addition, the simplification of a 3D problem into a 2D DEM
model also contributes to the differences. Nevertheless, the
DEM simulation predicts a maximum macroscopic friction
angle of 40◦, which matches very well with the value obtained
from lab test (41.4◦ ± 2.2◦).

As a comparison, two additional cases of DEM simu-
lations are performed. The first case uses the same input
parameters for the linear contact law and the same gradation
but with simple disc-shaped particles, i.e., no consideration
of particle shapes. The second case also uses disc-shaped
particles but incorporates the rolling resistance model of Eq.
(13).

Figure 15 shows stress responses of DEM simulation with
disc-shaped particles. For such a case, the maximum macro-
scopic friction angle is 27.2◦, and the corresponding friction
coefficient is about 40% less than the value obtained with
shape-dependent DEM simulations. This comparison shows
that the particle shape irregularity makes a significant con-
tribution to the shear strength of this material.

Figure 16 plots the stress responses of disc-shaped parti-
cles with the rolling resistance model of Eq. (13). In this case,
a rolling resistance coefficient μr of 0.7 is required to achieve
the same shear strength predicted using the shape-dependent
DEM model.

Figure 17 shows the formation and evolution of shear
band (characterized by particle rotations) for all three cases
of DEM simulations. Two main distinct effects of particle
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Fig. 14 Grading and shape-dependent DEM simulations of direct shear test: stress response and comparison with laboratory test. a Stress dis-
placement behavior, b normal and shear stress at failure
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Fig. 15 DEM simulations of direct shear test with disc-shaped particles and a linear contact model: stress response and comparison with laboratory
test. a Stress displacement behavior, b normal and shear stress at failure
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Fig. 16 DEM simulations of direct shear test with disc-shaped particles and a rolling resistance contact model: stress response and comparison
with laboratory test. a Stress displacement behavior, b normal and shear stress at failure

shape irregularity on the shear band can be observed: (1) the
particle shape irregularity tends to resist or inhibit the shear
band formation; and (2) the particle shape irregularity could
induce additional shear band in a direction other than the
common horizontal direction.

Previous study [36] has found that particle shape irregular-
ity could increase the coordination number and increase the
mobilized particle contact friction, leading to a larger macro-
scopic friction angle. A similar phenomenon is captured by
the grading and shape-dependent DEM model developed in
this work. Here, the coordination number can be directly
related to the total contact number in the model, since the
particle number in DEM specimens are the same. Figure 18
shows the polar histogram of the contact force directions
in the specimens at peak shear stress state with a normal
stress of 95.8 kPa. It can be observed that the specimen with
irregularly-shaped particles possesses the largest number of

contacts. It is also interesting to note the anisotropic nature
of the contact network for three different cases, which could
affect the macroscopic material response. For instance, the
dependence of elastic constants on the contact network has
been reported and quantified in [59]. The contact forces
directed close to horizontal give a higher shearing resistance
in the direct shear test. The contact force directions cluster
around 30◦ for the specimen with irregularly-shaped par-
ticles and the specimen with discs and rolling resistance.
The contact force directions cluster around 45◦ for the spec-
imen with disc-shaped particles and no rolling resistance.
Results of the mobilized contact friction in each speci-
men are shown in Fig. 19. Consistent with the previous
study [36], the specimen with irregularly-shaped particles
possesses the largest percentage of mobilized particle con-
tact friction that is greater than the macroscopic friction
(tan 40◦).
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Fig. 17 Shear band in numerical DST at 3, 6 and 9% shearing displace-
ment with normal stress 95.8 kPa. The color indicates the rotation of the
particle. The unit of the color bar is in degree with a counterclockwise
rotation being positive. a Irregular particles, 3%, b irregular particles,

6%, c irregular particles, 9%, d disc particles, 3%, e disc particles, 6%,
f disc particles, 9%, g discs with rolling resistance, 3%, h discs with
rolling resistance, 6%, i discs with rolling resistance, 9% (color figure
online)
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Fig. 18 Polar histogram of the contact direction at peak shear stress with a normal stress of 95.8 kPa. a Irregular particles, b disc particles, c discs
with rolling resistance

7 Conclusions

In this work, the physical and mechanical properties of JSC-
1A MRS are characterized by a series of laboratory tests.
The properties characterized include specific gravity, parti-
cle size, particle size distribution, particle shapes and shear
strength. X-ray computed tomography is used to obtain parti-
cle images, upon which particle shape data are characterized
by a series of imaging processing techniques and are fur-
ther used to generated irregularly-shaped numerical particles
through the domain overlapping filling method. A grading
and shape-dependent DEM model is then developed, cali-

brated and validated against direct shear tests on JSC-1A
MRS. In summary, it is found that

1. The JSC-1A MRS used in this study can be character-
ized as well-graded sand (SW) following the Unified
Soil Classification System with a specific gravity of
1.94 ± 0.02.

2. The calibrated grading and shape-dependent DEM model
can capture the behavior of the regolith simulant in a
direct shear test, in particular, the peak shear strength
and the maximum friction angle.

3. The particle shape effect accounts for approximately 40%
of the shear resistance of the JSC-1A MRS. The irregular
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Fig. 19 Cumulative frequency of mobilized contact friction coefficient
for all contacts at peak shear stress with a normal stress of 95.8 kPa. The
red dashed line indicates the mobilized contact friction corresponding to

tan 40◦, where 40◦ is the maximum macroscopic friction angle obtained
from DEM simulations with irregular particles. a Irregular particle, b
disc particles, c discs with rolling resistance (color figure online)

particles would increase the mobilized contact friction
and the number of particle contacts within the assembly
when compared with an assembly with the same number
of disc-shaped particles.

4. The additional shear resistance resulting from irregular
particle shape effect cannot be fully replicated by solely
increasing the micro friction between particles but can
be captured through a calibration of rolling resistance
contact model.

The laboratory characterization and numerical model
developed in this work provide insights into the mechani-
cal behavior of JSC-1A MRS from a fundamental level. The
calibrated grading and shape-dependent model can be a use-
ful tool for simulating and predicting regolith behavior in a
complex environment such as microgravity and low pressure,
which will be explored in future studies.
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