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Abstract: This paper employs the discrete element method (DEM) to study the mechanical properties
of artificial crushed stone. Different grain shapes and gradations are considered, and three types of 3D
artificial stone models are generated based on the statistical conclusions in the relevant literature and
the observed data. Concurrently, the 3D models of the artificial stones are divided into three groups by
their shape parameters (elongation index and flatness index). Furthermore, three types of gradation
with different Cu (coefficient of uniformity) and Cc (coefficient of curvature) are also considered. Then,
several 3D triaxial compression tests are conducted with the numerical methods to determine the
relationship between the grain shapes and their mechanical characteristics. The test results showed
that there was a positive correlation between a particles’ angularities and the maximum deviatoric
stress in the triaxial compression tests when there were obvious distinctions between the particles.
In addition, gradations had a conspicuous impact on the stiffness of the sample. The stress–strain
curve possessed a larger slope when the coefficient of curvature was bigger. In terms of shear strength,
the results in this paper align well with the traditional shear strength envelope which are convincing
for the dependability of the methods used in this paper. The radial deformation capacity and volume
strain of the specimen during the triaxial compression tests are also examined. It is believed that
there were great differences in deformability between different samples. At the mesoscopic level, the
change in coordination number is identified as the fundamental reason for the change in volume
strain trend.

Keywords: discrete element method; mechanical behavior; artificial stone; grain shape; numerical
analysis; triaxial compression tests

1. Introduction

The construction materials used today, such as cement, aluminum, and steel, all have
extremely high carbon emissions and have tremendously deteriorated the environment [1].
Thus, the urgency of finding available, environmentally friendly construction materials
has become unneglectable. Recently, the number of studies about the reuse of abandoned
construction waste has increased rapidly [2–7]. Compared to other materials, artificially
crushed stone is not only easy to acquire, but it also possesses adequate strength to meet
requirements [8]. Consequently, this material has already been commonly used in con-
temporary constructions such as stone columns and base courses. Researchers also have
shown a lot of interest in the mechanical behavior of artificially crushed stone in the last
few years [9,10]. But the existing studies have not taken the particularity of the grain
morphology of artificially crushed stone into consideration. Unlike natural gravel, the
artificially crushed stone has not undergone weathering or deposition, so the angularities
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and gradation of its grains will always be different to the former (Figure 1). In the mean-
while, plenty of studies confirm that particle shape will influence mechanical behavior
significantly [11–14]. Therefore, discussions about the mechanical behavior of artificially
crushed stone with different grain morphologies are necessary.
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Figure 1. Application of manufactured stone aggregates in engineering.

For the purpose of discussing the relationship between grain morphologies and me-
chanical behavior, three steps are needed. First of all, the key concern is how to quantify
the granular shape. During the last century, various methods and equations have been
proposed to interpret the shape of grains [15–17]. Hakon Wadell [15] first proposed the
degree of true sphericity (Ds) and the degree of roundness (Dr) to express the form of
irregular particles. Other scholars, such as Krumbein [18] and Swanson [19], have also
suggested various different definitions. Based on this, R.D. J. Zheng and Hryciw [20]
compared a number of calculation methods and concluded that the aspect ratio sphericity
proposed by Mitchell and Soga [21] was the most precise sphericity definition method.
Second, data collection also is important. Due to the improvement of the imaging and
computer technologies, there are many available and precise approaches to evaluate grain
shapes [22,23]. For example, laser scanning technology, dynamic image analysis, and
computed tomography, have all been used in prior studies. The final step is to conduct
tests to study the influence of grain shapes on mechanical characteristics.

Many results have shown that the granular shape affects attainable density [24],
internal friction angle [25], shear strength [26], and many other mechanical parameters [27].
And when compared to numerical simulation methods, the laboratory tests are always
limited by the test facility and the standard test environment. While the traditional finite
element method (FEM) still leaves much to be desired in simulating granular shape since
it is unable to consider the rotation and interlocking of particles [28], the distinct element
method (DEM) can overwhelmingly avoid this deficiency. Studies [29–35] have shown
that the DEM has a high degree of consistency in simulating the mechanical properties
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of irregular particles. The microscale has been explored in prior studies [36–39], and the
connection between the microscale and macroscale has been somewhat clarified.

In this paper, the corresponding mechanical behaviors of the artificially crushed
stone with different grain shapes and gradations are discussed using the DEM method.
Three-dimensional digital models of irregular particles are generated, and their detailed
shape parameters are based on the statistical conclusions in the relevant literature and
the observed data. The obtained numerical models are divided into three groups based
on their angularities. Then, several triaxial compression tests are conducted to study the
differences in their mechanical properties and analyze the connection between microscopic
behavior and macroscopic response. In this way, this paper can give a simple reference for
the practical use of the artificially crushed stone.

2. DEM Models

This paper will use the elongation index (EI) and the flatness index (FI) as an estimate
to describe the shape of gravel particles, expressed by the following formulas:

EI = W/L (1)

FI = H/W (2)

where L is the length of the particle, W is the width, and H is the height. It is obvious that
regardless of EI or FI, their values will never exceed 0 and 1. The closer the value is to 1,
the more similar the particle’s shape will be to a sphere.

Feng [29] used laser scanning technology to observe the particle morphology of a
significant amount of artificial crushed stone used for embankment construction. The re-
sults showed that more than 70% of the gravel particles’ EIs and FIs were concentrated
between 0.6 and 0.85, with only a small portion of particles falling outside this range.
Essentially, there were no gravel particles with both indexes greater than 0.85 or less than
0.6. The general distribution law is shown in Figure 2. The particles in region A are defined
as medium-angular particles, while the crushed stone aggregate in regions B and C are
defined as low-angular particles and high-angular particles, respectively.
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Figure 2. (a) Statistics of the morphology of the artificial crushed stone particles; (b) The 

grading curves of the stone aggregates used in the compression test. 
Figure 2. (a) Statistics of the morphology of the artificial crushed stone particles; (b) The grading
curves of the stone aggregates used in the compression test.
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Nine different templates are randomly generated for three different types of particles
to reflect shape diversity, resulting in a total of 27 different models, as shown in Figure 3.
It can be observed from the figure that there are significant differences in the morphology
of the different types of particles.
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Figure 3. 3D models of the artificial crushed stone with different angularities.

The gradation of the crushed stone aggregate is represented by the three grading
curves in Figure 2b. Curve I is derived from data measured in a laboratory triaxial test of
crushed stone, while curves II and III are assumed from further discussion on the gradation.
Detailed data for the gradation curves are provided in Tables 1 and 2.

Table 1. Detailed parameters of the grading curves.

Grading ID d60 d30 d10 Cu Cc

I 31 26 19 1.63 1.15
II 41 32 26 1.58 0.96
III 29 17 15 1.93 0.66

Cu is the coefficient of uniformity; Cc is the coefficient of curvature.

Table 2. The initial elastic models of different tests.

Test ID 30 kPa 60 kPa 120 kPa 240 kPa

I 11.90 17.50 28.75 42.17
II 7.58 12.33 19.25 32.25
III 4.17 6.67 10.75 22.17
A 7.58 12.75 21.92 38.25
B 5.25 9.08 15.00 26.33
C 13.00 20.25 30.00 45.67

The numerical model and its profile for the triaxial compression test are shown in
Figure 4. Since the crushed stone used in the research [40] is high-angular, the particle
template used in this specimen is artificial crushed stone C, and the gradation follows
curve II. The sample has a height of 600 mm, diameter of 300 mm, and a porosity of 45%.
The intergranular contact model employed here is linear contact, where the contact stiffness
(Ec) and the coefficient of friction (µ) are the most essential parameters.
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Figure 4. 3D numerical model of the triaxial compression specimen in PFC3D: (a) The loading plates
and the side wall of the specimen; (b) The inside crushed stone aggregate.

In the triaxial compression test, the confining pressure was gradually increased from
1 kPa to 240 kPa, and the compression rate was controlled to generate 7% axial strain per
minute (42 mm/min), achieved by assigning a constant speed to the rigid loading plates.
The confining pressure was applied through shell nodes on the side wall, and the shell was
generated by the coupling of FEM and DEM.

The stress–strain curve of the triaxial test can be seen in Figure 5. When comparing it
to the result of the laboratory test, they are virtually the same when the confining pressure
is 240 kPa. However, there is a certain degree of distinction in their deviatoric stress curves
when the confining pressure is low. It is preliminarily believed that this phenomenon
is caused by the breakage of high-angular crushed stone, which is not considered in the
numerical simulation presented in this paper. This leads to the discrepancy in the stress–
strain curves when particle breakage is prevalent in the specimen.
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Additionally, since the specific morphological parameters of the crushed stone used
were not provided in the original literature, there may still be some differences between the
real and numerical stone. However, it is undeniable that the DEM can accurately simulate
the mechanical properties of the artificial crushed stone aggregate.
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3. Mechanical Property
3.1. Stress–Strain Curve

In this section, additional specimens composed only of artificial crushed stone B (A)
will be generated, as well as the sample (specimen N), which was made up of all three types
of stone, as presented in Figure 1. Then, conventional triaxial compression tests are carried
out on these four aggregates under different confining pressures, and the results can be
seen in Figure 6. It is obvious that the higher the angularity, the larger the ultimate deviator
stress of the specimen will be. Particularly for test C, its deviator stress corresponding to
the axial strain reached 20%, which was significantly higher than that of the other three
groups of samples. Furthermore, when the confining pressure was low, the results of test
A and test B were very similar in the initial phase of the experiment. As the compression
tests continued, specimen B entered the stress-softening period after reaching a peak value,
while the deviatoric stress of test A began to fluctuate around a specific value. However,
when it came to high confining pressure situations, the stiffness of test A and B showed
a noticeable difference even when the axial strain was still negligible. Additionally, the
stress-softening phenomenon of test B also became less pronounced.
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Figure 6. Typical stress–strain behavior during triaxial compression tests at different confining
pressures on the crushed stone aggregate with different particles.

When the axial strain was below 7%, the stiffness of specimen N (the red curve in
Figure 5) was almost the same as that of the high-angular artificial crushed stone aggregate.
However, the slope of the stress–strain curve of test N appeared to decrease sharply after
a critical point. The critical point occurred at different axial strain values depending on
the confining pressure: approximately 5% for group A, 6% for group B, 7.5% for group C,
and 9% for group D, while the confining pressure was 30 kPa. It is clear that the higher the
confining pressure, the later the critical point appeared. Additionally, the final deviatoric
stress of test N was similar to that of test A. In other words, the gravel components that
determine the mechanical properties of the mixed artificial crushed stone aggregate will
change at different compression stages. In the early stage, it is mainly controlled by the
high-angular stone components, and in the later stage, it will be influenced by the medium-
angular components.

To provide a clearer comparison of the similarities and discrepancies in these four
tests, the deviatoric stress ratio ζ is proposed, which can be calculated by:
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ς =
(σ1 − σ3)A
(σ1 − σ3)N

(3)

where the deviatoric stress of test N is taken as the standard value. If the value of ζA
is 1, it means that the deviatoric stress of test A is equal to the result of test N at that
moment. Due to space limitations, this paper only presents the deviatoric stress ratios
under a confining pressure of 120 kPa (Figure 6).

From Figure 7, it can be observed that when the axial strain was between 3% and 6%,
ζC was extremely close to 1, while the other two curves were both smaller than 1. After the
axial strain reached 7%, the deviatoric stress ratios of all three groups started to increase
until they reached 15%. The increasing trend of the three curves slowed down almost
simultaneously. At this stage, the deviatoric stress ratio closest to 1 shifted to ζB.
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Figure 7. The deviatoric stress ratio of different specimens.

There is no significant disparity among the final deviatoric stresses of the gravel spec-
imens with different gradations (Figure 8). However, it can be observed that the stiffness
of specimen I is significantly greater than that of the other groups, and its deviatoric stress
always reaches a stable value first. This suggests a positive correlation between the slope of
the deviatoric stress and the coefficient of curvature of the crushed stone aggregate (Cc).
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Typically, the deviatoric stress curve of the crushed stone specimen can be approx-
imated as a straight line when the axial strain is small, and its slope can be considered
as the initial elastic modulus (Ei). Table 2 lists the initial elastic moduli of the specimens
under different conditions. It is evident that both the growth of the Cc and the angularity
enhance the Ei of the gravel aggregates. Moreover, as the confining pressure increases, the
increment becomes more pronounced.

The Duncan-Chang constitutive relation proposes that the relationship between the
initial elastic modulus of a soil sample (Ei) and the confining pressure (σ3) in triaxial tests
can be approximated as a linear logarithmic form. The mathematical expression for this
relation is:

Ei = K·pa(σ3/pa)
n (4)

where K and n are dimensionless constants, and pa represents standard atmospheric
pressure, with a value of 101.4 kPa. Equation (4) remains applicable when considering the
artificial crushed stone specimen (Figure 9). The detailed parameters of the fitting curve
are listed in Table 3.
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Table 3. The dimensionless constants of each fitting curve.

Parameters I II III A B C

K 247 172 100 190 132 269
n 0.61 0.70 0.89 0.79 0.78 0.59

From a microscopic perspective, the phenomenon can be explained by the interlocking
capability of the crushed stone particles. Gravel with a larger size and higher angularity is
typically more difficult to move within the aggregate. Additionally, the triaxial compression
test inevitably involves the redistribution of the position of internal gravel particles and
the disruption of their interlocking state. In other words, the deformation of a specimen
composed of large-sized or high-angularity crushed stone particles requires more work
from the loading plates. Consequently, when the axial strain remains constant, the corre-
sponding deviatoric stress must be larger. From a macroscopic viewpoint, this results in an
increase in the initial elastic models.

3.2. Shear Strength

For crushed stone aggregates, their shear strength envelopes generally follow the
exponential function curves represented by the following normalized relationship:

τf = A·σn
b (5)
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where τf is the final shear strength, σn is the corresponding normal stress, and A and b
are dimensionless constants. The envelope can be determined by several conventional
Mohr circles under different stress conditions. The geometric representation is provided
in Figure 9. The internal friction angle ϕ and the cohesion c both change with increasing
confining pressure and can be described by the following formula:

c = A(1 − b)·σn
b (6)

ϕ = tan−1
(

A·bσn
b−1

)
(7)

According to the geometric relationship in Figure 9, when the principal stresses of the
gravel sample reach the limit state as σ1 and σ3, respectively, the corresponding normal
stress of the failure surface should satisfy the following condition:

σ =

(
σ1 + σ3

2

)
−

(
σ1 − σ3

2

)
· sinϕ (8)

so that the values of ϕ and c can be calculated using the formula above.
Figure 10 shows the values of τf, ϕ, and c in a comparison diagram for different tests

under a 240 kPa confining pressure. The increase in angularity significantly improves
the shear strength of the aggregate. From the trend of the curve in Figure 10, it can be
observed that the cohesion of the sample increases with the increase in normal stress.
It is possible that the artificial crushed stone does not possess real cohesion, which is
instead provided by the interlocking effect between adjacent particles, also known as “false
cohesion”. The increased normal stress undoubtedly leads to a closer relationship between
the gravel particles in the sample, thus enhancing the cohesion. Similarly, specimen C also
exhibits higher cohesion due to its stronger interlocking properties.
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The internal friction angle of the crushed stone aggregate can be divided into three
components:

1. The surface friction coefficient, ϕµ;
2. The additional work needed due to the deformation of the specimen, ϕv;
3. The rearrangement and fragmentation of gravel particles, ϕb.

It can be expressed by the following formula:

ϕ = ϕµ +ϕv +ϕb (9)

With an increase in normal stress, the expansion of the radial strain decreases, resulting
in simpler rearrangement and a subsequent decrease in the internal friction angle. When the
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shape of the gravel particles is closer to a sphere, less energy is required for internal transfer,
leading to a relatively smaller internal friction angle.

Figure 11 displays a displacement profile cloud diagram in the z-direction for when
the specimens reached the failure state under a 240 kPa confining pressure. The horizontal
inclination angle of the shear plane of the three samples follows the order B < A < C, and the
maturity of the shear band also increases with the increase in angularity. According to the
Mohr–Coulomb strength theory, the relationship between the angle of internal friction and
the inclination angle of the sample shear plane αf should satisfy the following equation:

αf =
π

4
+
ϕ

2
(10)
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Figure 11. The shear strength and other mechanical properties of different crushed stone specimens:
(a) different particle shapes; (b) different gradations.

As shown in Figure 12, the theoretical internal friction angles of the three groups of
specimens under a 240 kPa confining pressure were 28.54◦, 27.48◦, and 29.78◦, respectively.
Consequently, the corresponding inclination angles of the failure surface were 59.27◦, 58.74◦,
and 59.89◦. Although the exact values may differ from those of the tests, the overall trend
of change remains consistent.
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Figure 12. The displacement in z-direction of the internal particles in different specimens after shear failure.

4. Deformation Property
4.1. Poisson Ratio

The curves illustrating the variation of the radial strain with the axial strain for crushed
stone samples with different particle configurations under a 240 kPa confining pressure
demonstrate that specimen C consistently exhibits the greatest radial deflection (Figure 13).
This indicates that the radial deformation capability of the crushed stone sample is enhanced
with increasing angularity. However, the results for group A and group B are opposite: the
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radial strain of specimen B, composed of stone particles closer to spheres, is larger than that
of group A. By comparing the secant Poisson’s ratio υs between different samples, it can be
observed that as the tests progress, the secant Poisson’s ratio corresponding to the sample
steadily increases from the beginning to the end, but its rate of increase gradually slows
down. Therefore, we can assume that the quantitative relationship between the secant
Poisson’s ratio and the axial strain of the gravel sample may follow a hyperbolic form.
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Figure 13 also presents a comparison of curves between different gradations of gravel
samples. Compared to the impact caused by particle shape, the change in the radial
deformation ability of samples due to gradation is not as significant. In different periods of
the compression tests, the groups exhibiting the largest radial strain differ, and there are
several intersections among the three curves.

Figure 14 displays the corresponding particle displacement profile nephograms in
the x-direction under a 240 kPa confining pressure. For sample B and sample C, there
is no apparent maximum displacement point in the middle of either specimen, and the
shape of the lateral expansion line resembles a parabola. However, the upper and lower
ends of sample A remain almost unchanged. This may be one of the reasons why the
radial displacement εr of sample A is the smallest among the three groups. Among the
three groups with different gradations, samples I and III, which have varying amounts
of different-sized particles, demonstrate that the smaller particles effectively fill the pores
between the larger particles, thereby improving the sample’s resistance to deformation.

Considering that different pressures directly affect the transverse deformation perfor-
mance of materials, the stress ratio σ1/σ3 and the corresponding tangential Poisson’s ratio υt
between groups A, B, and C under a 240 kPa confining pressure are compared in Figure 15.
It is evident that the trends of these two ratios are quite similar, and the change in the secant
Poisson’s ratio lags behind the principal stress ratio to some extent, indicating a potential
causal relationship between the two. In the case of test B, the principal stress ratio reaches a
peak when the axial strain reaches approximately 10%, and the corresponding secant Poisson’s
ratio also peaks at an axial strain of about 15%. Similar corresponding results are observed in
the test results of each group, suggesting that the variation in transverse deformation ability
among different crushed stone aggregates is based on their shear properties.
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4.2. Volume Strain

As shown in Figure 16, the bulk strain variation of different groups under a 240 kPa
confining pressure aligns with the common dilatancy model law of gravel aggregate,
exhibiting a pattern of initial shrinkage followed by expansion. Analyzing the curves of
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tests A, B, and C, it is evident that the dilatancy of group B surpasses that of groups A and C.
This suggests that as the particle shape approaches a sphere, the crushed stone aggregates
exhibit stronger dilatancy. Notably, the slope of the volume strain curve in test B is greater
than that of the other two curves, while there appears to be no significant difference
in dilatancy angle between specimens A and C. This observation may be attributed to
the fact that gravel particles with low angularity have greater mobility, enabling easier
slipping and rotation between adjacent particles under pressure. On the other hand, the
interlocking force between high angular particles inhibits shear expansion. However, if
the angularity is excessively high, the contact area and number of contacts between the
particles decrease. Consequently, the mutual extrusion pressure among adjacent particles
significantly increases, leading to an enhancement in dilatancy, as seen in samples A and
C. Therefore, it can be inferred that there exists an optimal angularity for crushed stone to
minimize volume strain in compression tests.
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Figure 16 displays the minimum volume strain εvmin, the axial strain ε1r corresponding
to the restoration of the original volume, and the initial shear dilatancy angle ψi of different
tests. It is evident that these parameters are generally positively correlated with angularity,
irrespective of whether they are measured under low or high confining pressure.

With a decrease in the curvature coefficient, the corresponding aggregates exhibit a
decline in their dilatancy. This can be attributed to the fact that gravel aggregates containing
smaller particles can effectively fill the pores generated during the deformation process,
thereby reducing porosity and resulting in a smaller shear dilatancy.

Throughout the analysis conducted above, a clear correlation between the dilatancy
of crushed stone aggregates and their internal mesoscopic parameters can be observed.
Consequently, contrast curves depicting the relationship between the dilatancy angle (ψ),
coordination number (CN), and porosity (n) of different specimens under 240 kPa confining
pressure are presented in Figure 14. These curves effectively illustrate the interrelationship
among the three parameters. Initially, the porosity of each test experiences a slight decrease,
followed by an increasing slope that gradually levels off after reaching the minimum
value. The coordination number exhibits a rapid increase followed by a slow decrease.
Concurrently, the dilatancy angle continuously increases from −30◦ to a positive value.
The critical points associated with each parameter indicate that the coordination number
reaches its peak first, while the dilatancy angle reaches its peak last. Consequently, it can be
concluded that the alteration in the number of contacts within the specimen is the primary
determinant of its overall expansion characteristics. Theoretically, there should exist a
quantitative relationship between the volume strain of the sample and its internal contact
state, thereby explaining how particle shape and aggregate gradation influence dilatancy.

In order to examine the changes in the contact within the crushed stone sample during
compression, the fabric changes of test II under 240 kPa confining pressure are extracted



Buildings 2023, 13, 2153 14 of 16

and presented in Figure 17. In Figure 18, it can be observed that the peak coordination
number of this sample occurs at approximately 2–3% of the axial strain, as reflected in
the fabric. Once the axial strain reaches 3%, the internal texture of the sample no longer
undergoes significant changes. This indicates that the alterations in contact states within
the 0–3% axial strain range are in response to the volume reduction of this specimen.
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Figure 17. The variation of the fabric of the specimen during the tests: (a) 0% axial strain; (b) 1% axial
strain; (c) 3% axial strain. (The blue dotted line is the fabric when the axial strain was 15%).
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Figure 18. Comparison between different mesoscopic parameters of the artificial crushed stone
specimens during the tests.

5. Conclusions

The results herein have proved that the methods used in this paper were credible
reflections of the mechanical behavior of the irregular particles in triaxial tests. And the
differences in angularities and gradations will obviously change the mechanical and defor-
mation properties of the samples, which are revealed in:

1. The maximum deviatoric stress and the shear strength of the samples with higher
angularities were significantly larger than those with medium and low angularities,
while the final deviatoric stresses of samples with different gradations were nearly the
same. Meanwhile, the initial elastic modulus increased when the curvature coefficient
of the gradation curves became larger.



Buildings 2023, 13, 2153 15 of 16

2. The variation patterns of pseudo-cohesion and the internal friction angle with the
perimeter pressure for either group of samples were in accordance with the power
function relationship proposed in earlier studies. At the same time, these two me-
chanical indexes also changed with the transformation of grain shape and gradation.
The internal friction angle and cohesion increased with the enhancement of angulari-
ties and the curvature coefficient.

3. Clearly, all samples here showed a deformation trend with the greatest displacement
seen in the middle, and the damage surface a diagonal line running through the
specimen. However, it is obvious that the lateral deformation and the maturity of the
damage surface are different between different groups of samples. Furthermore, it
can be found from the axial strain and volume strain curves of different samples that
the ones with higher angularities and higher curvature coefficients possess a better
deformation capacity.

4. The changes of porosity (n), coordination number (CN), and shear expansion angle
(ψ) during the compression tests were compared. It was found that the coordination
number is the most sensitive microscopic index, which usually reached the maximum
value and started to decrease when the axial strain was about 2–3%. On the contrary,
in the other two cases, the axial strain corresponding to the extreme value was often
greatly delayed. Therefore, it can be conjectured that the contact force and the number
of particles was the fundamental reason for the difference in the mechanical behavior
of different samples. This is also proven by the fabric changes of the samples.

This study utilizes a DEM gravel particle model, which overlooks particle fragmen-
tation and may not fully account for surface roughness variations or potential concave
polyhedral shapes. It examines the effects of particle shape on aggregate mechanical prop-
erties, considering both macroscopic and microscopic perspectives. However, it does not
investigate aggregates mixed with different gravel angularities. Further exploration of the
influence of other materials, such as fibers or concrete aggregates, and the conducting of
more comprehensive macro–micro contact research, are potential areas for future study.
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