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To study the mechanical behavior of crushed rock aggregate, a series of large-scale direct
shear tests were conducted. Then the particle flow model was established with PFC3D
(Particle Flow Code 3D) to analyze the micro-mechanical properties, including the
distribution of contact forces and displacement vectors. The clump logic was adopted to
replace the spheres to simulate the irregular particle. The main results were: The shear
strength of crushed rock aggregate increased obviously with the increase of normal stress,
and a strength envelope of the power function type was suitable for assessing this; within
the range of chosen normal stresses, volumetric dilation was always observed after
compression, and smaller normal stress led to larger dilation as well as a less amount of
compression; within certain particle sizes, the shear strength at the same normal stress
and compression displacement increased with increasing particle size, while the apparent
friction angle showed an opposite trend; and the formation of the shear band and evolution
of the volumetric strain were elucidated.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Crushed rock aggregate is widely used as railway
ballast and embankment filling in civil engineering. In
permafrost regions, crushed rock subgrade has been used
to cool the basement, which can be divided into crushed
rock cushion subgrade, rubble slope subgrade, and U-type
gravel subgrade laying crushed rock both on the slope and
the bottom of the subgrade (Mu et al., 2010), as shown in
Fig. 1. Crushed rock subgrade, which is also called “air
convection embankment” (Saboundjian and Goering, 2003)
has been proved to be an effective way to adjust the
temperature field in subgrade due to its natural convection
cooling ability (Goering and Kumar, 1996; Goering, 2003;
Cheng, 2005). Intensive studies have been performed, both
experimentally and theoretically, on the cooling effect of
crushed rock subgrade, such as trying to determine the
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optimal gravel size and laying position (Lai et al., 2003,
2004; Wu et al., 2005; Ma et al., 2008), but few studies
on the mechanical properties of the loose and porous
aggregate can be found, which can significantly affect the
stability of subgrade, considering the long-term cyclic
vehicle loads and harsh environments in cold regions.
Currently, there is no agreement on the optimal gravel
size of crushed rock subgrade. However, in order to ensure
a good cooling effect, large gravel size has been generally
adopted, but this may reduce the stability of the subgrade.
Large-scale tests are difficult to implement compared with
conventional laboratory tests and numerical simulation.
Considering the cohesionless characteristics of large-sized
crushed rock, the discrete element method (DEM) has been
proved to be efficient. The commercial software Particle
Flow Code (PFC; Itasca Consulting Group, Minneapolis,
MN, USA) has been widely applied in geotechnical
engineering (Zhou and Jia, 2008). Wee (2004) simulated
crushing tests and compression tests of ballast with PFC3D
and analyzed the changes in mechanical properties of the
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Fig. 1. Crushed rock subgrade of different types.

ballast. Indraratna et al. (2014) established direct shear test
conditions by PFC3D and studied the changes in the
mechanical properties of fresh and fouled ballast, and their
results showed that the numerical results agreed well with
the experimental results. Shao et al. (2013) simulated a
large triaxial test of rock fill in drained shear conditions
with the particle flow method.

In this paper, a large direct shear apparatus was used to
study the mechanical properties of crushed rock aggregate
of different sizes, and a DEM model was established with
PFC3D to study the micro-mechanical characteristics
during shearing, the model parameters were calibrated

Fig. 2. Large-scale direct shear apparatus at Beijing Jiaotong University.

Table 1
Gradation selected in the tests.

Gradation Particle size (cm)
A 2.5-3.5
B 3.5-4.5
C 4.5-5.5

by comparing the numerical results with experimental
results.

Laboratory experimental program
Testing apparatus

The large-scale, strain-controlled direct shear apparatus
(Fig. 2) developed by Beijing Jiaotong University was
adopted to perform the lab tests. The sizes of the upper
shear box and lower shear box were the same
(30cm x 30cm x 10cm). The upper box was pushed
horizontally with a fixed lower box at a specific rate to
complete the shearing process. The servo control system
was used to apply the load and collect data automatically.

Materials tested

All the aggregate tested was granite which was taken
from a typical crushed rock subgrade section of the
Qinghai-Tibet Railway. Following Indraratna et al. (1993),
the size of the test equipment should be at least seven
times larger than the majority of particles to eliminate
the size effect. The grain gradation in the crushed rock
subgrade was uniform to ensure the cooling effect, and
three typical gravel sizes selected in this research are
shown in Table 1.

To prepare the specimen, the aggregate was loaded into
the shear box by lifts before being compacted to the
specific dry density of 1.5 g/cm>. The specimen was first
subjected to selected normal stresses (50 kPa, 100 kPa,
150 kPa, and 200 kPa) after compaction, and then it
was sheared by pushing the upper box at the rate of
2 mm/min.

Laboratory experimental test results
Strength characteristics

The obtained strength properties of crushed rock aggre-
gate are shown in Fig. 3. With the increasing vertical pres-
sure, the shear strengths of all the gravel sizes clearly
increased during shearing. The shear strain and shear
stress curves basically show the characteristics of strain
softening, where each curve has obvious fluctuation. The
larger the vertical pressure and particle sizes, the more
obvious the fluctuation, as expected, which was mainly
due to breakage.

Tian et al. (2005) proposed that the strength envelope of
rock fill is nonlinear; based on which, the relationship
between shear strength (t;) and vertical pressure (o,) is
plotted in Fig. 4. As the particle size gets larger, the shear
strength at the same vertical pressure increases. The effect
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Fig. 3. Shear strain-stress curves of different particle sizes.

of particle size is more obvious with the increase of vertical
pressure.
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Fig. 4. Strength envelopes of different particle sizes.
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Fig. 5. Apparent friction angle.

A power function can be used to fit the strength
envelope, and the equations are as follows:

7 =5211697%, R*=0996, 2.5-3.5cm
7 = 727406973, R*=0.967, 3.5—4.5cm (1)
T = 6.6540078, R* =0.993, 4.5-5.5cm

Indraratna et al. (1998) proposed the concept of
apparent friction angle (a tangent from the origin to each
Mohr circle of effective stress) in order to describe the
change of the friction angle with the nonlinear variation
of shear strength. Based on this, the apparent friction
angles of different particle sizes under different pressure
conditions were calculated and the curve fitting is shown
in Fig. 5.

The apparent friction angle of the gravel decreased with
increasing vertical pressure and gravel size. The greater the
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Fig. 6. Shear strain-vertical displacement plots.

increase of vertical pressure, the larger the amplitude
attenuates.

Deformation characteristics

The shear strain-vertical displacement curve of gravel
aggregate with different particle sizes during shearing is
plotted in Fig. 6. The aggregate was compressed as vertical
displacement was negative, while the positive displace-
ment indicated shear dilatancy. The aggregates showed
the characteristics of shear dilation throughout the process
of shearing. In the initial stage, each group of aggregate
was compressed, and then swelled with shearing. Less ver-
tical pressure resulted in smaller compression deformation
and more obvious subsequent dilatancy. The maximum
amount of compression with the same vertical pressure
increased as the gravel size became larger. The correspond-
ing critical shear strain that distinguished compression
from dilatancy also increased. For instance, when the ver-
tical pressure was 200 kPa, the maximum compression of
gradation A, B, and C was 0.88 mm, 1.21 mm, and
2.01 mm, respectively, while the critical shear strain was
3.2%, 3.6%, and 9.1%.

Micro-analysis of the shear process
Generation of irregular crushed rock particle

Spheres are often used to present particles in PFC3D,
which are not appropriate enough to simulate the irregular
crushed rock particle. Clump logic can be used to model
the irregular particle by combining many spheres with
overlapping into a rigid body where contacts between
spheres are ignored (Ferellec and McDowell, 2012;
Thakur et al., 2010). However the density of the polygon
clumps are always non-uniform which means the calcula-
tion is only approximately accurate and the calculation
efficiency is relatively low due to too many overlaps (Lu
and McDowell, 2007). In this paper, clump logic was also
used to create 4 different shapes with limited overlaps
(shown in Fig. 7) to simulate crushed rock based on the
principle that the volume and mass density of the clump
should be same as the previous spheres, and the mass
density of the clump can be calculated according to the
following Eq. (2):

_ Vcl
Pa = pr 2)

where: p. is the mass density of the clump, YV, is the
total volume of all spheres in a clump, V, is the volume
of the clump, p,, is the density of sphere.

Specimen generation

Eleven wall elements were used to simulate a direct
shear box of the same size as the laboratory apparatus,
including two wing plates. Spheres with radius range of
2.0-3.5 cm were generated following a Gaussian distribu-
tion to simulate the crushed rock aggregate with the same
density which were all then replaced by clumps. The dis-
crete element model is shown in Fig. 8.
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Fig. 7. Clumps.
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Shearing procedure

The servo mechanism was programmed by built-in FISH
language in PFC3D. The position of the top wall was
adjusted to ensure a constant vertical pressure during
shearing. The wall elements composing the upper shear
box were pushed at a certain shearing rate. Based on the
shear plane stress analysis of Shi et al. (2010) and
Indraratna et al. (2014), stress analysis in the Z-Y plane
of the three-dimensional discrete element model is shown
in Fig. 9.

The normal stress and the shear stress value on the
shear plane at any time can be calculated from Eq. (3):

=3 (1, + ay)/lb - v1)

o (3)
0= Z(Tli + 52{)/l(b 4]

i=1

where i is the wall element index and n is the number of
wall elements of the top shear box. 7,; and o,; represent
the tangential force and the normal force of different walls
in the y direction on the upper shear box, respectively. 7,;
and o; represent the tangential force and the normal force
of different walls in the z direction on the upper shear box,
respectively. | is the length of the shear box, b is the width
of the shear box, and v is the shearing velocity. The time
step adopted was 10~>/s which could ensure the stability
and accuracy of the calculation.

The axial strain and the strain of shearing direction can
be calculated according to Eq. (4):

&q = diSop_w/h
{&” o)

& =vt/b
where ¢, is the axial strain, & is the strain of shearing
direction, disyp v is the displacement of the top wall, h is
the height of the sample. All corresponding variables
were monitored and recorded during shearing and then
output.

The vertical pressure of the numerical model in the
direct shear process is shown in Fig. 10. Different vertical
pressures overall could be maintained at the target value
with only slight fluctuation, which proved that the vertical
test conditions met the requirements.
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Parameter calibration shearing stiffness. Xu et al. (2008) studied the friction of
granite by lab test, and the result indicated that the coeffi-
The linear contact model was selected for crushed rock cient was about 0.6 which was adopted in this research. Luo
as a cohesionless material (Wu and Feng, 2008). The linear et al. (2008) studied the effect of normal and shearing stiff-
model includes the frictional coefficient, normal and ness on the mechanical behavior of granular material, and
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Fig. 11. Shear stress-strain behavior of particle with different stiffness.
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Table 2

Microscopic parameters of the DEM model.
Ball Wall
(kn)p (N/m) — (ks)p (N/m) — f, (kn)w (NJm) — (ks)w (N/m)
1e® 1e? 0.6 1e° 1e°

the ratio of normal and shear stiffness are proved to have
little influence, according to which the normal and shear
stiffness was set to be same in this paper. The normal stiff-
ness of granite ballast was about 3 x 108 N/m (Fu et al.,
2013), based on which the stiffness of this research was
determined. To calibrate the micro parameters, normal stiff-
ness of spheres were set to be 1 x 10’ N/m, 5 x 10’ N/m
1 x 108 N/m, 5 x 108 N/m, 1 x 10° N/m respectively. The

stiffness of the wall was 10 times lager than that of the par-
ticle, and the friction coefficient was ignored to simulate the
steel box (Indraratna et al., 2014). The shear stress—strain
character of lab tests was compared with the numerical
results of different particle stiffness as shown in Fig. 11.

The stiffness has a significant influence on the mechan-
ical behavior of the aggregate. The peak shear stress and
the initial slope of the curve increase with the stiffness,
and the strain of the peak stress shows an opposite trend.
The numerical model fits the experimental results best at
the stiffness of 1 x 108 N/m.

Compare the numerical shear stress—strain curves with
the experimental results of different normal stresses to
further verify the parameters, and the results were shown
in Fig. 12. The numerical results fit well with the experi-
mental results overall, especially at low normal stress.

Fig. 13. Post-shearing model.
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(c) At a shear strain of 11%

Fig. 14. Displacement vectors of the gravels at the vertical pressure of 50 kPa.

Table 2 shows the final selected parameters, where k;, ks
represent the normal stiffness and shear stiffness, respec-
tively, f is the friction coefficient, the subscript of p repre-
sents crushed rock particles, and w represents the wall.

Micro-mechanical analysis

The numerical model after direct shearing was shown
in Fig. 13. Compared with Fig. 8, the particles of the shear-
ing surface have obvious dislocation: the particles on the

left and right of the lower box produce upward displace-
ment and the yellow particles on the left of the upper
box produce downward displacement.

Fig. 14 shows the displacement vectors of different
shear strains of 1.5%, 5.5%, and 11% at the vertical pressure
of 50 kPa to study the displacement evolution of crushed
rock during shearing. The displacement vector of the grav-
els in the upper box was mainly ultimately stable on the
right and top right with the increase of the shear strain,
which caused shear dilatancy. The gravels on the left side
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(c) At a shear strain of 6%

Fig. 15. Evolution of distribution of contact stress during shearing with a vertical pressure of 50 kPa.

of the box produced downward displacement and caused
corresponding shear contraction.

The displacement of the gravels at the interface of the
upper and lower box was more complex with obvious
deflection. The volumetric strain of the crushed rock
appeared to be inhomogeneous during shearing.

The contact force distribution of different shear strains
of 2%, 6% at the vertical pressure of 50 kPa was plotted in
Fig. 15, where the thickness of the force chain represents
the value of the contact force. The contact force
distribution of the shear box was relatively uniform
before shearing, transmitting along the vertical direction.
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In the figure, the shear band is actually from the upper left
of the upper box to the lower right of the lower box with
the shearing strain increasing. The crushed rock was more
likely to break where the contact force was concentrated.

Summary and conclusions

Large-scale direct shear tests were conducted to study
the mechanical properties of crushed rock aggregates of
three different particle sizes with four different vertical
pressures, 50 kPa, 100 kPa, 150 kPa, and 200 kPa. The
parameters of the numerical model were calibrated and
validated by comparing with laboratory test results. Some
differences existed between the numerical results and the
experimental results due to the shape effect and breakage
of the gravel. We analyzed the micro-mechanical charac-
teristics of the aggregates subjected to various direct shear
conditions and drew the following main conclusions:

e The shear strength of crushed rock aggregate increased
with increasing vertical pressure, and the envelope can
be well described by a power function curve.

The gravel aggregates were compressed in the initial
stage of shearing, followed by dilation. Shear contrac-
tion was more obvious with the increase of vertical
pressure.

In the selected gravel sizes, the shear strength and the
compression of the aggregates increased and the appar-
ent friction angle decreased with the increase of particle
size at the same vertical pressure.

The stiffness can significantly influence the shear
behavior of the aggregate, the shear strength and the
initial slope of the curve increase with the stiffness,
and the strain of the peak stress shows an opposite
trend.

The volumetric strain changes of the aggregate were
non-uniform, and principal stress showed obvious
deflection during shearing. The orientation of the shear
band was mainly from the left of the upper box to the
right of the lower box.
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