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With the steady development of the development of the western region in China, the construction of mountain highways has
developed rapidly, and the soil-rock mixed filler, as an excellent filler, is widely used in the subgrade filling of mountain highways.
Unlike ordinary fine-grained soil, the source of the soil-rock mixtures (S-RMs) is not unique, and the particle size difference is
large and the water content is not uniform, resulting in very complicated mechanical properties. But the current highway
embankment codes are still mainly established on the fine-grained soil. It is not fully applicable to soil-rock filled embankment.
Based on soil-rock filled embankment engineering practice, this research uses a large-scale direct shear test to research the
mechanical characteristics of the S-RMs with different maximum particle diameters. According to the large-scale direct shear test
of S-RMs with different maximum particle diameters, the shear displacement vs shear stress curve, shear dilation, and strength
characteristics with maximum particle diameter were analyzed. Results demonstrate that whether secondary hardening occurs
mainly depends on the normal stress and the maximum particle diameter of the filler. At different maximum particle diameters,
the horizontal displacement vs vertical displacement curves of the S-RMs can be roughly divided into continuous shearing and
beginning of shearing and quick dilation. And the shear strength increases with the increase of the maximum particle diameter.
Moreover, the cohesion decreases first and then increases with the increase of the maximum particle diameter, and the internal
friction angle increases with the increase of the maximum particle diameter. +erefore, some RBs with large particle diameter
added to filler can effectively improve the shear strength of the S-RMs, which may be valuable for realistic engineering.

1. Introduction

Soil-rock mixtures (S-RMs) are typical anisotropy geo-
materials, widely existing in many construction projects,
such as tunnels, dams, and slopes [1]. +e complex shear
behavior of the S-RMs has attracted the attention of many
researchers for a long time.

Current research is mainly focused on the influence of
rock blocks (RBs) particle size distribution and content
on the shear strength of S-RMs. Many research studies
indicate that the spatial arrangement and size distribution
of the internal RBs have a favorable feature of regularity in
the sense of statistics [2–9]. Several scholars have studied the
effect of rock block proportion (RBP) on the S-RMs shear
strength. +ese studies demonstrate that the increment of

RBP has different influences on strength at different stages,
there are obvious RBP thresholds in strength variations, and
RBs can provide friction and strength for the S-RMs [10–12].

In the previous studies, Wang et al. [13] investigated the
granulometric characteristics, surface characteristics, and
directional and shape characteristics of RBs in S-RMs by
digital image processing technique. Casagli et al. [14] studied
the grain size distribution of S-RMs by volumetric sieve
analysis and grid by number analysis. Sass and Krautblatter
[15] applied the ground-penetrating radar to gain insight
into the internal sediment structures. Within the past de-
cades, laboratory tests, such as triaxial tests, consolidation
tests, and direct shear tests, have been conducted to study the
influence of the RBP and grain size distribution on the shear
behavior of S-RMs. +e large-scale direct shear tests on the
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strength of the S-RMs under different RBP are recognized
[16–19]. In this paper, the large-scale direct shear test is used
to study the influence of the maximum particle diameter on
the shear displacement vs shear stress curve characteristics,
shear dilation, or shear shrinkage characteristics and the
influence of shear strength characteristics on shear strength
parameters.

2. Materials and Methods

2.1. Large-Scale Direct Shear Test. +e direct shear test has
been proved to be efficient in measuring the shear strength
parameters of geotechnical materials. In this research, ZY50-
5C was used for the large-scale direct shear test. ZY50-5C is
mainly composed of the control system and host structure,
acquisition system, and hydraulic system, as shown in
Figure 1. +e hydraulic system is mainly composed of high-
pressure oil pump, oil filter, high-precision microflow speed
control valve, high-pressure gas cylinder, gas-liquid hy-
draulic balance valve, hydraulic switch, etc. +e host
structure is mainly composed of vertical jacks, horizontal
jacks, vertical load sensors, horizontal load sensors, vertical
displacement sensors, horizontal displacement sensors,
upper and lower shear boxes, and cantilever cranes.

+e upper and the lower shear boxes have the same
scale, Φ504mm× 400mm. Furthermore, during the sample
preparation, a shear joint of 10mm spacing is reserved
between the two shear boxes. +e vertical maximum loading
for 700 kN with a 50mm vertical sensor. +e maximum
horizontal loading force and displacement are 700 kN
and 70mm, respectively.

+e vertical jack is installed under the top beam, and the
horizontal jack is installed on the right side of the horizontal
reaction seat on the right side of the host structure to form
the reaction point with the horizontal reaction seat. +ere is
a rolling shaft row under the lower shear box, to push the
shear box to move forward and backward and to facilitate
the loading and unloading of the sample. +e cantilever
crane is welded on the top beam, with a range of 10 t, for
lifting the shear box after loading. Slotted balls are installed
on the side of the lower shear box and the lower part of the
upper shear box to control the slit height during shearing.

+e vertical load sensor is installed in the vertical jack,
and the horizontal load sensor is installed in the horizontal
jack to collect the load in the vertical and horizontal di-
rections, respectively. Four high-precision grating vertical
displacement sensors are evenly distributed on the upper
shear box along the circumference. And a high-precision
horizontal displacement sensor is installed on the right side
of the bottom of the shear box. During the test, the loading
and unloading are carried out through the control cabinet.
+e load and displacement data during the test are collected
with sensors and displayed on the computer. +en, the
collected data can be exported from the computer for
analysis.

+e speed adjustment is controlled by a high-precision
microflow speed control valve. Manually adjusting the knob
of the microflow speed control valve in clockwise direction
will increase the shear speed. And the shear speed will be

reduced when it goes in anticlockwise direction. When the
speed is adjusted properly, the oil cylinder will move at the
current adjusted speed.

High-pressure oil pump, oil filter, high-pressure cylin-
der, gas-liquid hydraulic balance valve, and hydraulic switch
are used to load the sample. +e hydraulic system is con-
trolled manually, and the motor drives the oil pump to
produce high-pressure hydraulic pressure. +e balance valve
is controlled by high-pressure nitrogen, and the hydraulic
pressure is driven through the high-pressure steel pipe to
drive the hydraulic jack, thus exerting vertical or horizontal
load. After the vertical load is applied, the upper shear box is
kept still. Under the transverse load, the lower shear box
moves backward. Because the horizontal load is strain
controlled, data can be collected by equal displacement.

2.2. Sample Preparation. Considering that the source of the
S-RMs filler in the realistic engineering is not unique, the soil
in the S-RMs chooses quartz sand and the rock chooses the
mixture of sand pebbles and relatively low-strength concrete
blocks, as shown in Figure 2. +e dry density of the samples
was maintained at 2.0 g·cm−3 with the RBP of 40%.

Lindquist and Goodman [20, 21] carried a detailed re-
search and gave the soil-rock threshold for judging “soil”
and “rock” fractions of S-RMs as follows:

f �
R, d ≥ dthr( ,

S, d < dthr( ,
 (1)

dthr � 0.05Lc, (2)

where S and R represent “soil” and “rock” in S-RMs; dthr is
the soil-rock threshold; and Lc is the characteristic engi-
neering scale of the S-RMs.

According to the direct shear test size used in this paper,
the characteristic engineering scale (Lc) is equal to the shear
box’s height, and based on equation (2), the value of soil-
rock threshold (dthr) should be equal to 0.05× 400� 20mm.
+is test uses 20mm as the soil-rock threshold.

+e maximum particle diameters of the S-RMs are di-
vided into three grades of 40mm, 60mm, and 80mm, and
the proportion of the fine particles below 20mm is kept the
same. A group of reshaped soil samples with a maximum
particle diameter of 20mm are also prepared as a contrast
test. +en, large-scale direct shear tests under four different
normal stresses are carried out, a total of 16 sets of tests, to
explore the effect of the maximum particle diameter on the
mechanical properties of the S-RMs. +e particle compo-
sition of the S-RMs is shown in Table 1 and Figure 3.

2.3. Experimental Procedure

2.3.1. Sample Preparation. Consider that in realistic engi-
neering, each layer compaction quality of S-RMs filler is
ensured by the compaction machinery and the compaction
passes. +is research refers to the method of controlling
compaction energy is used for sample preparation.

2 Advances in Civil Engineering



+e tested sample was compacted layer by layer in three
layers in the shear box. Each layer was compacted slightly to
the targeted height using a rubber hammer. +e prepared
specimen had a density of about 2 g·cm−3. Each layer of the
sample was scarified on the surface before filling the next
layer to minimize the heterogeneity induced by the com-
paction. After compaction, the top of the sample was filled
with a thin layer of fine soil to help the applied load be
uniformly distributed on the upper surface.

2.3.2. Shearing. +e shearing of the sample can be roughly
divided into five steps: shear box position fixing, vertical
precontact, horizontal precontact, vertical loading, and
horizontal shearing.

(1) Shear Box Position Fixing.+e shear box on the roller row
with a lifting cantilever is lifted, and the shear box is pushed
onto the axis position along the roller row track in a line with
the axis of the axial jack. +e two tension rods connected
with the horizontal reaction beam are lowered, and the lower
shear box with the horizontal reaction beam is connected to
form a reaction system. +e above ensures that the upper
shear box is still and the lower shear box moves horizontally
backwards during the shearing process. +en, the slit ring
and the retaining pin are taken out, and four vertical dis-
placement sensors and one horizontal displacement sensor
are installed.

(2) Vertical Precontact. +e high-pressure nitrogen cylinder
switch is opened, and the vertical cylinder is hit to the
loading position. +en, the stress output and vertical oil
supply knob are opened in the control system, and the oil
pump is opened. Until the pointer on the vertical pressure
gauge is between 1 and 2MPa, the vertical oil supply knob

(a) (b) (c)

Figure 1: ZY50-5C. (a) Control system. (b) Host structure. (c) Acquisition system.

(a) (b)

Figure 2: S-RMs filler. (a) Quartz sand. (b) Mixture of sand pebbles and concrete blocks.

Table 1: Grading of S-RMs specimens (unit: %).

Particle diameter d (mm)
Maximum particle diameter

(mm)
20 40 60 80

Coarse particle
60∼80 — — — 20.0
40∼60 — — 20.0 10.0
20∼40 — 40.0 20.0 10.0

Fine-grained particle

10∼20 40.0 24.0 24.0 24.0
5∼10 10.0 6.0 6.0 6.0
2∼5 20.0 12.0 12.0 12.0
1∼2 15.0 9.0 9.0 9.0
0.5∼1 6.0 3.6 3.6 3.6

0.25∼0.5 4.0 2.4 2.4 2.4
<0.25 5.0 3.0 3.0 3.0
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and oil pump are closed. +e load output and pressure lift
knobs are opened, and the vertical Jack begins to descend
slowly. And then, the load output knob is closed and the
vertical precontact is completed, when the vertical jack
contacts the power column visually or the vertical load
shown on the computer is positive.

(3) Horizontal Precontact. +e horizontal cylinder is placed
in the loading position, and then, the strain-type output
knob is opened. +e shear speed is adjusted to maximum,
and the oil pump is opened. At this time, the upper shear box
is still and the lower shear box is loaded horizontally. When
the horizontal load is more than 1 kN, the horizontal contact
is completed. +en, the oil pump, the horizontal cylinder,
and the strain output knob are closed, and the shear speed
adjustment knob is reset to zero.

(4) Vertical Loading. Different vertical loads (200 kPa,
400 kPa, 600 kPa, and 800 kPa) are applied to the samples
according to the test plan design. First data acquisition
software is open, and the automatic test is clicked to start.
+en, “vertical load” is clicked, as shown in Figure 4. Finally,
the vertical cylinder is unloaded by the control system, and
the load output and pressure drop knobs are opened until
the vertical pressure gauge pointer returns to zero. +e
vertical cylinder is driven to the loading position, and the
pressure lift knob is opened. From the computer, the vertical
load increases continuously. Until it reaches the designed
vertical load, the loading is finished. +e shear does not
begin until a predetermined vertical load has been applied
and the axial deformation is less than 0.03mm h−1.

(5) Horizontal Shearing. After clicking the start of shearing
on the computer and entering the control system, the
horizontal cylinder is hit to the loading position. +e strain
output knob is opened and the adjustment knob of shear
speed is adjusted moderately, with a shear speed of about
1.2mm·min−1. +e oil pump is opened, and the shear is

started. +e automatic acquisition system collects the axial
displacement, horizontal displacement, vertical load, and
horizontal load during the shear process.

2.3.3. Unloading. Unload the horizontal load first, and then,
unload the vertical load. After shearing, the horizontal cylinder
is changed to the unloading position. +e loading output knob
is closed, and the vertical fuel supply knob is opened. When
there is a gap between the horizontal jack and the reaction
beam, unloading is completed horizontally and the oil pump is
closed. +e loading output knob is opened, and the vertical
cylinder is changed to the unloading position. +e pressure
drop knob is opened, and nitrogen is completely exhausted.
And, the vertical fuel supply knob is opened, until the vertical
load, displayed by the computer, is zero or unchanged. After
the vertical unloading is over, the shear box is cleaned and all
the power switches are checked.

2.3.4. Data Processing. In the direct shear test, the shear
surface is the plane between the upper and lower shear
boxes. During the shear process, the apparatus can acquire
the shear displacement and shear stress on the shear plane.
With the shear displacement as the transverse coordinate
and the shear stress as the longitudinal coordinate, the shear
stress vs shear displacement curves under different stress
levels can be obtained.

3. Results and Discussion

3.1. Shear Stress vs Shear Displacement Curve Characteristics.
Figure 5 shows the shear stress vs shear displacement curves
of the S-RMs at different maximum particle diameters. +e
shear process of the S-RMs under different maximum
particle diameters can be roughly divided into three stages:
strain-hardening stage, strain-softening stage, and second-
ary hardening stage.

After reaching the peak strength, the shear stress
gradually decreases and stabilizes. As the shear displacement
increases, the shear stress increases again quickly, and the
increased shear stress is greater than the first peak strength.
+is stage is called the secondary hardening stage. It can be
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Figure 3: Grading curves of samples with different contents
of coarse particles.

Figure 4: Software of the acquisition system.
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known from Figure 5 that not every group of tests will
undergo secondary hardening after strain-softening.

Under low normal stress (200 kPa), no secondary hard-
ening occurs in the S-RMs. Under high normal stress
(800 kPa), secondary hardening occurs in the S-RMs. Under
moderate normal stress (400 kPa and 600kPa), the larger the
maximumparticle diameter of the S-RMs, themore probability
that secondary hardening will occur. +e secondary hardening
is because, that, after the load reaches the shear strength, the
particles continue to break and move to form a more stable
structure, which causes the strength to rise again.+e larger the
normal stress and the larger the maximum particle diameter of
the filler, the greater the probability that the particles will break
and adjust to a tighter structure.Whether secondary hardening
occurs mainly depends on the normal stress and the maximum
particle diameter of the filler, as shown in Table 2.

3.2. Dilation Characteristic Analysis. Vertical displacement
vs horizontal displacement curves under different normal
stresses with different maximum particle diameters are

shown in Figure 6. Assume that both the vertical dis-
placement and the horizontal displacement are zero at the
beginning of shearing.

From Figure 6, curves can be roughly divided into two
types: continuous shearing and beginning of shearing and
quick dilation. Under low normal stress, in the beginning of
shearing, the particle occlusion is adjusted, and the small
particles roll over and slide into the filler pore, resulting in
volume reduction and shearing. With the same maximum
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Figure 5: Shear stress vs shear displacement under different maximum particle diameters. (a) 40mm. (b) 60mm. (c) 80mm.

Table 2: Occurrence of secondary hardening under different
conditions.

Maximum particle diameter (mm)
Normal stress (kPa)

200 400 600 800
40 0 0 0 1
60 0 1 1 1
80 0 1 1 1
Note. “0” means no secondary hardening happening; “1” means secondary
hardening happening.
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particle diameter, the larger the normal stress, the more
obvious the shear shrinkage phenomenon.

When the maximum particle diameter is 40mm or
60mm, the vertical displacement vs horizontal displace-
ment curve under normal stress of 200 kPa and 400 kPa
shows shear shrinkage first and then shear dilation
(Figures 6(a) and 6(b)). At this time, in addition to roll over
and slip, the particle arrangement is accompanied by
particle breakage and the broken particles are filled into the
filler pore. But to a certain extent, when there is not enough
energy, the shear dilation begins to occur. But under
normal stress of 600 kPa and 800 kPa, the vertical dis-
placement vs horizontal displacement shows continuous
shearing (Figures 6(a) and 6(b)). +e horizontal dis-
placement vs shear displacement curve of the sample al-
most coincides with each other, which indicates that the
shear dilation under 600 kPa and 800 kPa is more obvious
than that under 200 kPa and 400 kPa conditions. At this
time, the energy is sufficient and the broken particles are
constantly filled into the voids of the sample, so they will
continue to shrink.

When the maximum particle diameter is 80mm, the
vertical displacement vs horizontal displacement curve shows
shear shrinkage first and then shear dilation (Figure 6(c)). At
this time, the particle diameter is larger, and the pore between
the RBs can be well filled by the soil. Due to the tight ar-
rangement of the surrounding particles, it is difficult for the
particles to move. However, under the action of shear stress,
the particles still will roll upwards, resulting in shear dilation.
However, under high normal stress, the particles will break
up, which will reduce the volume to a certain extent.

3.3. Strength Characteristic Analysis. +e shear strength of
S-RMs under different maximum particle diameters and
normal stresses is shown in Figure 7.

From Figure 7, adding RBs to the filler can increase the
shear strength of the filler effectively. With the same max-
imum particle diameter, the shear strength of S-RMs in-
creases with the increase of normal stress. Under the same
normal stress condition, the shear strength of the S-RMs
increases with the increase of the maximum particle
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Figure 6: Vertical displacement vs horizontal displacement curves of S-RMs with different maximum particle diameters. (a) 40mm. (b)
60mm. (c) 80mm.
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diameter, and the change range of the shear strength is
obvious in the range of the maximum particle diameter
between 20mm and 40mm, which indicates that adding
large-size RBs into the filler can effectively improve the shear
strength of the S-RMs. When a certain amount of RBs are
added to the filler, a stable structure is formed, and the
density increases. And the bite between particles becomes
tighter, so the shear strength of the filler increases. With the
increase of themaximum particle diameter of the added RBs,
the fine particles can also fill the pores better.

According to Mohr–Coulomb shear strength theory,
the normal stress and shear stress curves of S-RMs with
different maximum particle diameter are fitted linearly by
Origin software. +e relationship curve between friction
angle and maximum particle diameter in S-RMs can be
approximated by first-order function, shown in Figure 8.
+e fitting function is φ � 0.079d + 29.52, with a corre-
lation coefficient of 0.84. +e relationship curve between
cohesion and maximum particle diameter of S-RMs can be
approximated by quadratic function, shown in Figure 9.

+e fitting function is c � 77.325 − 1.0433 d + 0.0091d2,
with a correlation coefficient of 0.87. At 40% RBP, the
skeleton of the S-RMs has been formed, and its shear
strength is mainly reflected on the internal friction angle.
With the increase of the maximum particle diameter of the
S-RMs, the contact surface among the RBs increases and
the shear strength increases, so the internal friction angle
of the S-RMs increases with the increase of the maximum
particle diameter.

4. Conclusions

+e S-RMs are special and widespread geomaterial in nature.
+e mechanical behaviors are influenced by the maximum
particle diameter. In this research, laboratory large-scale
direct shear tests have been conducted, from which the
following conclusions are drawn:

(1) +e shear process of the S-RMs at different maxi-
mum particle diameters is divided into three stages:
strain-hardening, strain-softening, and secondary
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hardening. Whether secondary hardening occurs is
related to normal stress and maximum particle di-
ameter. And, the larger the maximum particle di-
ameter of the S-RMs or normal stress, the more
possible that secondary hardening will occur.

(2) When the RBP is the same, the vertical displacement
vs horizontal displacement curve of the S-RMs at
different maximum particle diameters can be roughly
divided into: continuous shearing and beginning of
shearing and then dilation.

(3) When the content of rock blocks is the same, the
shear strength of the S-RMs increases with the in-
crease of the maximum particle diameter, the
maximum particle diameter is within the range of
20mm–40mm, and the change range of the shear
strength is obvious. +e RBs with large particle di-
ameter added to filler can effectively improve the
shear strength of the S-RMs.
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