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In order to guarantee perpendicularity of rotary cast-in-place pile in Karst areas, filling, like sand, etc., is commonly used between
the inner steel casing and the outer steel sleeve; while the outer steel sleeve is pulled out or a vertical load is applied on the top of
the pile, the sand will move, contact, and push against each other, which leads to recrushing; therefore, shear characteristics and
secondary breakage are a meaningful problem to study with regard to the influence of different sand densities. Through
experimental direct shear tests, with different dry densities, shear stress versus shear displacement curves are obtained and
internal friction angles are analyzed. The results show that internal friction angles increase along with increment of dry
densities; more interesting is that the secondary breakage ratio also increases. A comparative numerical 2D model is set up
using PFC2D, with lower porosity used to simulate a large dry density, and similar results are obtained, that is to say, with

increase of dry densities, internal friction angles also increase.

1. Introduction

The pile foundation of a super large bridge in the Guinan
high-speed railway adopts the construction technology of a
full-sleeve full-rotary bored pile. There are two steel sleeves
inside and outside in the construction process. The outer
steel casing has to be pulled out. In order to ensure the ver-
ticality of the pile body, gravel is used to fill the gap between
the pile body and the casing. During the process of casing
extraction, gravel is used to fill the gap between the two.
The displacement of the casing relative to the pile has a shear
effect on the gravel. In the indoor pile foundation model
experiment, the coarse sand of 1.18 mm-3.36 mm is selected
to replace the gravel. Therefore, it is necessary to further
explore the influence of the coarse sand with this particle
size on the stability of pile foundation and conduct direct
shear test [1, 2] on the coarse sand with this particle size.
Through the shear test of coarse sand under different dry
density conditions, the influence of the dry density of coarse

sand on the internal friction angle and secondary crushing
was studied, and the numerical simulation based on PFC
software was carried out for comparison and verification.
According to Li et al. [3], through the establishment of
the numerical simulation model of sandy soil, the approxi-
mate thickness of the shear zone is 10.37 times the average
diameter of particles. Yang and Li [4] used PFC3D to simu-
late the shear experiments of sand soil with different shapes
of particles and concluded that different shapes of particles
had significant effects on the shear strength. Lei et al. [5]
used discrete element software to systematically study the
causes and laws of rock failure in the soil-rock mixture.
Sun [6] studied the mechanical behavior of standard sand
direct shear test from the aspects of particle shape, stiffness,
porosity, and friction coeflicient. Xu et al. [7] used super par-
ticles composed of multiple unit balls to simulate the direct
shear test of sandy pebble soil and studied the shear perfor-
mance of sandy pebble soil. Sadek et al. [8] simulated soil
direct shear test by PFC3D and predicted soil shear behavior
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according to shear stress and shear displacement. Zhang
et al. [9] used the particle discrete element theory and
PEFC2D software to study the shear strength of the soil-
rock mixture from the aspects of rock content and bond
strength. Jia et al. [10] established a direct shear test model
of the soil-to-rock mixture based on PFC3D software and
concluded that the stone content of the soil-to-rock mixture
and the lithology of the stone have an obvious influence on
the shear strength. Xue et al. [11] used PFC2D to compare
the results of the numerical simulation test and indoor test
to analyze the mechanical properties and strain hardening
effect of colluvial mixtures, and the two test conclusions
are consistent.

By comparing previous research [12-14], it is found that
there are few studies on the secondary crushing of sand in
the shear test. This paper compares the indoor direct shear
test with the PFC numerical simulation test. It is found that
the dry density of the experimental sand affects the internal
friction angle and the particle crushing value, and the
growth trend of the crushing value shows a power function
increase.

2. Laboratory Direct Shear Test

2.1. Test Materials and Equipment. Shear tests are widely
used in the research fields of soil mechanics [15, 16] and
rock mechanics [17-20]. According to the soil engineering
classification specified in the standard for “Geotechnical
Test Methods” [21] GB/T50123-2019 issued by the Minis-
try of Water Resources of the People’s Republic of China,
coarse sand is used as the research object in this test. The
particle diameter range is 1.18 mm to 2.36 mm, as shown
in Figure 1. Direct shear tests were carried out using the
Z] strain-controlled direct shear apparatus (see Figure 2).
The instrument consists of a computer data acquisition
and processing system and a quadruple shear main body.
Shear tests under different vertical pressures are realized
by lever action, and shear tests of four specimens can be
performed simultaneously. In the working operation, the
computer automatic acquisition numerical control system
is mainly responsible for the input of control data before
and during the shearing process, so as to achieve the effect
of control variables. The instrument can control the selec-
tion of the shear rate, vertical load, direct shear, overlap-
ping ring shear, etc. At the same time, it has the ability
to collect and analyze the horizontal displacement, vertical
displacement, shear stress, shear time, motor frequency,
and other values in the shear process and draw images
autonomously. The main part of the direct shear is mainly
composed of horizontal loading system, vertical loading
lever system, upper and lower shear box, data acquisition
device, etc. The shear box is cylindrical with a diameter
of 61.8mm and a height of 20mm and is divided into
upper and lower layers. The specific technical parameters
are as follows: the maximum vertical load is 400 kPa; the
maximum horizontal shear force is 1.2kN; the automatic
control shear rate is 2.4, 0.8, 0.1, and 0.02 mm/min; and
the leverage ratio is 1:12.
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FIGURE 2: Microcomputer-controlled direct shear apparatus.

2.2. Experimental Scheme. In order to study the shear
characteristics of coarse sand under different dry densities,
the dry density of coarse sand was measured by the fixed
volume method and shaking table method. The results are
shown in Table 1. Through direct shear tests on six kinds
of coarse sand with different dry densities, each group
applies vertical pressure by loading different numbers of
weights. The vertical pressures of the same group of tests
are 100 kPa, 200 kPa, 300 kPa, and 400 kPa. The shear rate
is 0.8 mm/min. This experiment was carried out in strict
accordance with the requirements of the direct shear test
part of the “Test Methods of Soils for Highway Engineer-
ing” issued by the Ministry of Transport of the People’s
Republic of China [22].

(1) Select the coarse sand with the particle diameter
between 1.18 mm and 2.36 mm and put it into the
oven for drying for 6 hours

(2) The upper and lower shear box is installed, and the
dried coarse sand (75g) is poured into the shear
box. A hardwood block is placed on the surface of
the sample, and the hand is tapped gently to make
the sample reach the required dry density, and then,
the hardwood block is removed

(3) Apply 100kPa, 200 kPa, 300 kPa, and 400 kPa loads
at the vertical position to shear; after the direct shear
test is completed, use a 1.18 mm sieve and weigh the
weight with a particle size less than 1.18 mm

Firstly, the coarse sand with particle diameter between
1.18 mm and 2.36 mm was put into the oven for drying for
6 hours as required. Then, the upper and lower shear box
is installed, and 75 g of dry test sand is weighed and poured
into the shear box. A hardwood block is placed on the sur-
face of the sample, and the hand is tapped gently to make
the sample meet the required dry density, and then, the
hardwood block is removed. Finally, the vertical loads of
100 kPa, 200kPa, 300kPa, and 400 kPa are installed on the
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TaBLE 1: Six groups of dry density values.

Group 1 2 4 5 6

Dry density 1.29 g/cm’ 1.35g/cm’ 1.40 g/cm’ 1.45g/cm’ 1.50 g/cm’ 1.55 g/cm’

top of the shear. After the completion of the direct shear test,
the experiment sand under these four vertical loads is
screened with a 1.18 mm screen, and the weight with a par-
ticle size less than 1.18 mm is weighed.

3. Analysis of Direct Shear Test Results

The shear stress-shear displacement relationship curves at
six different dry densities were obtained according to the
indoor direct shear test, as shown in Figure 3 below.

According to the shear stress-shear displacement rela-
tionship curve in Figure 3, it can be found that the shear
strength of the experiment sand increases with the increase
of the vertical pressure. At the initial stage of specimen
shear, the shear stress increases sharply with the increase
of shear displacement, and this change gradually decreases
with the test. When the shear stress reaches the peak value,
the shear stress-shear displacement relationship curve
becomes smooth and the slope approaches 0.

3.1. Effect of Different Dry Densities on Internal Friction
Angle. Using the peak shear stress in Figure 3 and Mohr-
Coulomb strength theory, the internal friction angle and
cohesion under six groups of dry densities can be calculated,
as shown in Table 2 below. The sand used in this test has
been dried before the direct shear test, and there is no clay
component. Therefore, there is no cohesion. The negative
cohesion in the following table is caused by the error in
curve fitting.

According to the data in Table 2 above, the internal fric-
tion angle-dry density curve can be drawn by taking the dry
density as the ordinate and the internal friction angle as the
abscissa, as shown in Figure 4 below.

After analyzing the growth trend in Figure 4, it can be
concluded that the internal friction angle of coarse sand
increases gradually with the increase of dry density. After fit-
ting the scatter plot, it is concluded that the growth trend
basically shows a linear growth. However, when
approaching the maximum dry density, the increasing trend
of the internal friction angle slows down slightly. With the
increase in dry density, the gap between particles will
become smaller and smaller, and the accumulation will be
more compact. The contact area between particles will also
increase, thus increasing the friction force and the internal
friction angle. When the dry density is closer to the maxi-
mum dry density, the closeness between particles gradually
approaches the limit state. The increase of internal friction
angle also appears as a slow state.

3.2. Effect of Different Dry Densities on Crushing Value. The
crushing value P is a ratio describing the degree of particle
breakage. After each group of shear tests was completed,
the sand used in the tests under different vertical pressures

was screened, and the aperture of the screen was 1.18 mm.
After the screening was completed, the mass m; of residual
sand in the screen was weighed. In this paper, the crushing
value is defined as the ratio of the particle mass difference
before and after the test to the particle mass before the test,
namely,

m, —m
p=_0 "1

(1)

my

Among them, m,, represents the quality of the particles
before the test and m,; denotes the quality of particles after
screening.

Based on the above formula, the crushing values of each
vertical pressure under different dry densities are calculated,
as shown in Table 3.

Taking the crushing value of particles as ordinate and
dry density as abscissa, the relationship curve between dry
density and crushing value is obtained by fitting the scatter
diagram of crushing value of different dry densities, as
shown in Figure 5 below.

It can be concluded from Figure 5 that the particle
breakage is different under different dry densities. The
greater the dry density, the greater the crushing degree of
the sample. And the increasing amplitude of the crushing
value under different dry densities is also increasing. With
the increase of dry density, the gap between particles is
smaller and smaller, and the compactness of the specimen
is also larger and larger. The resistance received by the spec-
imen in the shear process is also increased. Therefore, the
degree of particle breakage under the action of external force
increases, and the breakage value also increases.

3.3. Effect of Different Vertical Pressures on Breaking Value.
According to the data in Table 3 and taking the vertical pres-
sure as the abscissa and the crushing value of particles as the
ordinate, the relationship curve between the crushing value
and the vertical pressure is drawn, as shown in Figure 6
below.

It can be concluded from Figure 6 that the crushing
degree of particles increases with the increase of vertical
pressure. However, when the increase of vertical pressure is
constant, the variation range of crushing values is larger. In
each group of tests, the crushing value of 400 kPa vertical
pressure has a greater range of change than the several pre-
vious pressures. The variation range is especially obvious
when the sample is at the maximum dry density. Under
the same dry density, the increase of vertical pressure will
reduce the void ratio between particles, and the contact
between particles is closer. Therefore, the friction area
between particles in the shear process will increase, and
the crushing value will also increase with increase of the
crushing degree.
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F1GURE 3: The relationship curve between shear stress and shear displacement in direct shear test.

TaBLE 2: Internal friction angle and cohesion at different dry densities.

Dry density (py/g/m>) 1.29 135 1.40 145 1.50 1.55
Angle of internal friction (¢/°) 32.6 36.9 39.9 414 43.3 45.1
Force of cohesion (c/kPa) 25.8 10 -17.2 -9.2 -44.7 -46.6
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TABLE 3: Breakage values of particles in the direct shear test.
. 3) Crushing value (%)
Dry density (py/g/m 100 kPa 200kPa 300 kPa 400 kPa
1.29 3.8 49 5.7 6.7
1.35 4.8 5.6 6.1 8.7
1.40 5.1 6.27 7.5 10.7
1.45 53 6.7 8.3 12.1
1.50 6.6 7.3 9.5 15.3
1.55 8.8 9.9 11.9 18.3
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4. PFC Numerical Simulation

4.1. PFC Numerical Simulation Model. This numerical simu-
lation test uses PFC2D software developed by the Itasca
Company for analysis [23, 24]. In order to make the numer-
ical simulation test better match with the indoor shear test,
the width and height of the shear box simulated in the
PFC2D numerical simulation are 61.8mm and 20mm,
respectively, and a total of 435 particles are generated. The
simulated particle diameter is between 1.18 mm and
2.26 mm. In this simulation test, different dry densities are
achieved by controlling the porosity between particles.
When the range of particles is fixed, the smaller the porosity
is, the larger the dry density is. The porosity set in this
numerical simulation test is 0.18, 0.16, 0.14, 0.12, 0.10, and
0.08.

The WALL command was used to generate the shear
box for the simulation test and then to generate the test par-
ticles inside the shear box. The maximum diameter of the
particles was 2.26 mm, and the minimum diameter was
1.18 mm. The density of the particles was 2.58 g/cm”. During
the shear test, the friction between the particles was carried
out, so the friction coefficient of the particles in the model
test was 0.5 when they were in contact. After that, the pres-
sure in the vertical direction is simulated by controlling the
vertical movement of the upper and lower surfaces of the
sample, and servo loading is carried out to keep the pressure
in the vertical direction constant during the shear process.
Finally, move the shear box and start the direct shear test.
The numerical simulation model is shown in Figure 7.
According to the theory of bulk elasticity, the particle con-
tact stiffness is between 10°N/m and 10°N/m, and when

FIGURE 7: Numerical model of direct shear test through PFC2D.

TABLE 4: Microscopic parameters of PFC model.

Parameter Value

Maximum radius (mm) 1.18

Minimum radius (mm) 0.59

Density (g/cm”) 1.86

Porosity 0.3, 0.27, 0.25, 0.22, 0.2, 0.17
Normal stiffness (N/m) 2x 108
Tangential stiffness (N/m) 1x10%

Friction coeflicient of particle 0.5

Friction coefficient of wall 0

the ratio of normal to tangential stiffness is 1 to 3, the model
has good convergence [25]. After adjustment, the normal
stiffness value is 2 x 108 N/m, the tangential stiffness value
is 1x10®N/m, and the ratio between the two is 2. The
microscopic parameters are shown in Table 4 below.

4.2. Analysis of PFC Numerical Simulation Test Results. The
test data were obtained by the PFC numerical simulation
test, and the relationship curve between the shear stress
and the shear displacement of the numerical simulation test
was plotted, which was compared with the indoor direct
shear test data. Through comparative analysis, the
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TaBLE 5: The results of direct shear test and numerical simulation are compared.
Property Test results PFC model experiment results
The peak value of shear stress (kPa)
100 kPa 100.2 92
200 kPa 143.4 142
300 kPa 274.7 276
400 kPa 343.8 325

Angle of internal friction (*) 45.1 39.7
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FiGURE 9: Internal friction angle-dry density curve of indoor test and numerical simulation test.

experimental results of the PFC numerical simulation are
basically consistent with the results of the indoor direct
shear test, and the trend of the curve is basically consistent,
indicating that the effect of numerical simulation is ideal.
The Figure 8 shows a comparison diagram of the shear
stress-shear displacement curve between the numerical sim-
ulation test and the indoor direct shear test under different
vertical pressures, with the dry density of 1.55g/cm® as an
example. The results of laboratory direct shear test and
numerical simulation test are compared in Table 5 below.

The peak shear stress of each vertical pressure in the PFC
numerical simulation test under different porosity is shown
in Table 6. Then, according to the peak shear stress and
Mohr-Coulomb strength theory, the internal friction angle
under different porosities is calculated, and the comparison
diagram of the internal friction angle-dry density curve
between the indoor test and the PFC numerical simulation
test is drawn, as shown in Figure 9.

By comparing the peak shear stress of the PFC numerical
simulation test with that of the indoor direct shear test, it is
found that the peak shear stress of the PFC numerical simu-
lation test is generally lower than that of the indoor direct
shear test. The reason for this phenomenon is that particles
are broken in the process of the indoor direct shear test,

and these broken particles enter the gap between large parti-
cles and large particles through the effect of vertical pressure,
resulting in a decrease in the porosity of the sample and an
increase in the contact area between particles. Therefore,
the peak shear stress will be slightly higher than that of the
PFC numerical simulation test. At the same time, the shear
stress peak of the PFC numerical simulation test shows an
upward trend under the same vertical pressure and different
dry densities. In these six groups of dry density tests, the
increase of dry density will affect the increase in internal fric-
tion. However, the slope of the fitting curve between the
internal friction angle of the PFC numerical simulation test
and the dry density was slightly lower than that of the indoor
shear test, but the overall trend was consistent. In the previ-
ous groups of experiments, when the dry density of the same
value is increased, the internal friction angle changes greatly.
When the dry density approaches the maximum dry density,
the increasing trend of internal friction angle slows down.

5. Conclusions

Based on experimental direct shear tests, shear characteris-
tics is researched in detail and a comparative numerical
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model is put forward using PFC2D; the following conclu-
sions are drawn:

(1) Through direct shear tests, it is found that internal
friction angles of coarse sand under different dry
densities will increase with increment of dry densi-
ties; this trend will be slower while the dry density
reaches a certain value

(2) With increment of dry densities, the secondary
breakage ratio increases, on which normal stress
has obvious influence; along with the increment of
dry densities, this tendency becomes greater

(3) The results of the PFC2D numerical simulation
test present a similar trend compared with experi-
mental direct shear tests. The peak shear stress of
the numerical simulation is slightly lower than that
of the experimental results; also, a not-so-obvious
trend is found through analysis of numerical
results
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