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Soil-rock mixture (SRM) is a special geological material that has the unique properties of rock or soil. Studies on the strength
characteristics of the SRM have very important theoretical significance and practical value. In this study, the gravel proportions,
gravel sizes, gravel shapes, and repetitive results of shear experiments are considered in laboratory experiments and for the
identification of strength parameters. To the gravel shapes, from the angle of the composition materials of SRM, the experimental
samples include samples with breccia gravels and with subrounded gravels. And, in this study, the laboratory model experiment is
used to research the strength characteristics of SRM. In addition, the shear failure mechanism is used to establish the relationship
between the microfailure mechanism and the macrostrength parameters identification. Taking gravel proportion, gravel size,
gravel shape, and repetitive shear process as the influencing factors of the SRM, the laboratory models have been remolded, and
laboratory direct shear experiments have been carried out. +e shear deformation laws of the SRM are researched on the basis of
the analysis of the curves of shear stress and the horizontal displacement.

1. Introduction

As a heterogeneous geomaterial, the SRM is widely dis-
tributed in geological engineering projects (Figure 1). In the
southwestern part of China, according to an investigation,
the slope consisting of the SRM in the +ree Gorges Res-
ervoir occupies 6.8% of the entire coastline, 12.5% of the
reservoir area, and 8.7% of the total reservoir capacity. Lots
of accumulated slopes distributed widely in the area of the
Yalong River, the Lancang River, and the Jinsha River. In
addition, the SRM is widely distributed all over the world
(Figure 1(b)). +erefore, special strength characteristics of
the SRM have important theoretical significance and prac-
tical value. +e SRM is a kind of nonuniform material and
apparent structural feature. So, the strength characteristics of
SRM are different from soil or rock, resulting in differences
of slope deformation. +e mechanism of deformation and
strength characteristics are considered as main research
content in the stability of soil-rock engineering. Recently, to
the slopes consisting of SRM, the parameters of shear
strength are given with differences, and the deformation

mechanism is studied by few researchers. +e selection of
parameters is usually nonstandard, so that the deformation
mechanism and the parameters of strength should be
considered completely with a variety of systemic laboratory
and numerical experiments.

Lots of works have been conducted by researchers
around the world to study the shear properties and strength
characteristics of SRM [1]. +e gravels, soil particles, and
voids are the main contents of rock-soil mixture [2].+e size
and quantity of gravel and the strength of soil part are also
important to affect the whole rock mass system. +e
methods of statistical and numerical modeling have been
also used to study the structural distribution and seepage
properties of rock-soil [3–5]. +e structural properties such
as gravel size, rock dimension, and shape are considered in
microscopic model [6–10].

Chen [11] conducted a large number of triaxial ex-
periments and field experiments of the SRM, and the block
shear and friction holding-on action between the coarse
grains on the shear section may have affected the test re-
sults. Guo [12] has researched the separate influences of the
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fine grains and coarse grains in the SRM on the shear strength
and obtained the threshold value of the influence of the coarse
grains on shear strength. Miller and Sowers [13] discovered
that the shear strength would increase significantly when the
content of the coarse grains had reached 50%–70%, while the
cohesion of the SRM would present a decreasing trend.
Patwardhan et al. [14] studied the shear parameters of rock-
soil are affected by gravel distribution, and the gravel pro-
portion being 40% is a threshold. +e gravel proportion of
0–40% has an increasing trend for shear strength. Savely [15]
conducted large-scale field experiments and concluded that
the shear parameters will increase with gravel proportion
increasing.Wu [16] determined by experimental research that
the strength of SRMwill be affected by the fine grain when the
content of coarse grains is less than 40%, by both fine and
coarse grains when the content of the coarse grains is
40%–70%, and by the coarse grain when the content of coarse
grains is more than 70%. Huang et al. [17] have concluded
that the stress-strain curve of the SRM, which is in ap-
proximate accordance with the Duncan–Chang model, is a
nonlinear hardening pattern and that volumetric strain
presents the shear contraction. Han et al. [18] obtained the
unconfined compression strength of the SRM by using a
bearing capacity experiment and the creep laws of the SRM by
using compressive creep experiments. Ren et al. [19] evaluated
the shear properties of soil-rock mixture considering the rock
size effect by a systematic method.

Presently, although certain experimental studies have
been conducted by researchers around the world, scientists
investigating the failure mechanism and the identification of
the SRM by use of experiment have lacked comprehensive
and systematic data. Because the grain shape and grain size,

the mechanical properties, and arrangement patterns have
many differences from those of rock or soil, the failure
mechanism is not researched comprehensively. At the same
time, the original sample preparation of the SRM is limited
by the disturbance condition, sample size, and sample state.
It causes the random model of the SRM difficulty in keeping
the same between the specimens of field and remold. To
avoid these drawbacks, certain researchers have begun to
research the strength of the SRM using numerical modeling
method. But most of the numerical modeling software re-
quires the adoption of the specific constitutive model, which
can affect one’s judgment of the failure mechanism of soil-
rock.

+erefore, laboratory model experiments are still an
efficient way to understand the properties of the SRM. With
respect to past research, it can be observed that most of the
works focus on the influences of gravel content on the failure
mechanism of SRM and ignore the influence of gravel size
and gravel shape. In fact, strength properties of soil-rock
mixture depend not only on gravel proportion but also on
other factors, such as the gravel size, the gravel shape, and
the experimental conditions. In addition, the properties and
characteristics of the SRM will be changed under the con-
ditions of multitime physical action and tectonic action.
+us, repetitive shear experiments for the SRM should be
carried out to research the change laws of deformation and
the failure mechanism when the change in the structure of
the SRM takes place. At the same time, to be available for
specific engineering projects, the identification of the
strength parameters for the SRM is a necessary undertaking,
utilizing the results of the model experiments that consider
many influencing factors.

(a)

(b)

Figure 1: SRM in the field. (a) SRM in southwestern China. (b) SRM in southwestern USA.
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In this study, the laboratory model experiment is taken
to research the shear failure mechanism of SRM, and
the identification of the strength characteristics is con-
ducted. In addition, four influencing factors, which are
gravel proportion, gravel size, gravel shape, and repetitive
shear process, are considered during the construction of
the remold samples and the direct shear experiment and for
the identification of the shear strength parameters. Fur-
thermore, the change laws of the deformation and strength
parameters are researched simultaneously.

2. Experimental Studies on the Shear Failure
Mechanism of the SRM

2.1. Direct Shear Experiment of the SRM

2.1.1. Experimental Schemes

(1) Materials preparation. In the process of the laboratory
experiments, all the influencing factors, such as the gravel
proportion, the gravel size, the gravel shape, and the fine silty
clay, are quantified to prepare different samples. To decrease
the variation of the selected material and to guarantee the
veracity of the experimental results under similar conditions,
the gravels are selected with similar physical and mechanical
properties. Meanwhile, the gravels include breccia gravels
and subrounded gravels.

(1) Soil preparation: the SRM consists of gravels and soil.
In this experiment, silty clay is selected as the fine
soil. +e silty clay is dried outdoors. +e aggregate
soil is crushed down (Figure 2(a)), and the soil with a
grain size of more than 3mm is separated
(Figure 2(b)). +e prepared soil is divided into three
parts to meet the requirement of the different types of
experiments. +e physical parameters of the soil are
obtained by conventional indoor experiments, before
the SRM laboratory experiments (Table 1).

(2) Gravel preparation: the gravels were collected from
the same engineering zone. +e density of gravels is
2.43 g/cm3. +e gravels were separated based on the
sizes and shapes. In this experiment, the gravel
shapes include breccia gravel (BG) and subrounded
gravel (SG). Figure 3 shows the gravel preparation
and quantization of gravel stone and soil. According
to the gravel sizes, the gravels with different shapes
are separated into four sets, and the range of the grain
size for the sets is 5mm–10mm, 10mm–20mm,
20mm–30mm, and 30mm–40mm (Figure 3(a)).

(2) Experimental samples preparation. +e samples with
different gravel proportions are prepared under conditions
of the same gravel size and gravel shape. +e types of gravel
proportion include four sets, which are 10%, 30%, 50%, and
70% sets. In the process of sample preparation, the weight of
the gravel and soil is separately calculated and measured
using the electronic scale according to the volume of the
shear box.+e number of samples for each experiment is 3 to

5, and the value is obtained based on the average value of the
experiment that is conducted 3 to 5 times. +e samples with
different gravel sizes are remolded under conditions of the
same gravel proportion and gravel shape. +e samples based
on the gravel sizes are divided into four sets, including 5–
10mm, 10–20mm, 20–30mm, and 30–40mm sizes. Two
types of gravel shapes, the breccia gravels and subrounded
gravels, are considered under conditions of the same gravel
proportion and gravel sizes. +e process of remolding
samples is similar to that of the samples with different gravel
proportions. +erefore, from the viewpoint of the compo-
sition of materials, there are two types of samples, the sample
with breccia gravels (SBG) and the sample with subrounded
gravels (SSG).

2.1.2. Experimental Processes

(1) Mixture and remolding of the sample. To avoid the loss
and cementing of the soil and gravels in the process of the
sample mixing, the mixing of the soil and gravels is con-
ducted on a water-proof and smooth cushion (Figure 4(a)).
At the same time, the samples are placed into the poly-
ethylene bag before they are placed into the shear box in
case fine grain leaks from the shear box during the direct
shear experiment (Figure 4(b)). +e samples are filled
uniformly into the shear box and vibration compacted
using the vibrating table. +e size of the shear box is
15 cm × 15 cm × 15 cm. Additionally, the samples in the
shear box meet the requirement of the gravel proportion.
After dispensing the SRM into the shear box, the upper
cover board of the shear box is installed (Figure 4(c)).

(2) Process of the direct shear experiment. All shear exper-
iments are conducted by using the direct shear instrument
with specification YDS-2. Because the strength parameters of
the SRM depend completely on the ratio of the soil and
gravels of the shear plane (zone), and as the gravels are
distributed randomly in the samples, the deformation and
shear parameters of the SRM with the same sets may have
greater differences in value. To avoid the differences above,
the direct shear experiment for each sample with the same
experimental conditions is performed 3 to 5 times. +e
normal stress, which is 73.17 kPa, 107.36 kPa, 141.56 kPa,
and 180.54 kPa, is exerted for every set of samples. As far as
each sample is concerned, at the beginning of the experi-
ment, normal stress is exerted on the sample. A horizontal
push force is exerted when the sample is under the con-
ditions of a certain normal stress and in the stability state. In
the process of the experiment, the final displacement is
recorded when there is no displacement taking place for
every grading load. +e experiment will not be stopped until
the displacement presents a continuous increase under a
certain shear stress. After the experiment is completed, the
normal stress is unloaded firstly and followed by the
unloading of horizontal stress. +e failure plane of the SRM
is cleaned, and a photo is taken to analyze the arrangement
patterns of the gravels on the failure plane. After all of the
experiments are finished, the experimental results are
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(a) (b)

Figure 3: Gravel preparation and quantization of gravel stone and soil. (a) Gravel with different grain sizes. (b) Quantization of gravel stone
and soil.

(a) (b) (c)

Figure 4:+e SRM sample preparation. (a)Mixing soil and gravel. (b) Remolding SRM sample. (c) Placing the SRM sample into the shear box.

(a) (b)

Figure 2: Soil preparation. (a) Crushing down the soil. (b) Sieving soil.

Table 1: Physical parameters of the soil.

Physical parameters of
the soil

Natural density
(g·cm−3)

Natural water
content (%)

Liquid limit
(%)

Plasticity
index

Optimum water
content (%)

Maximum dry density
(g·cm−3)

1.56 10.8 33.5 16.7 14.6 1.73
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processed and analyzed based on the curve of stress and
displacement, the photos of the failure plane, etc.

2.2. Analysis on Shear Failure Mechanism of the SRM

2.2.1. Deformation Properties of the SRM. +e change curves
of shear stress against horizontal displacement are de-
termined by the shear experiments and are displayed in
Figure 5. According to Figure 5, four stages are obtained
from the curve of shear stress versus horizontal displace-
ment, including the compaction stage with a displacement of
0–1.5mm, a linear stage with a displacement of 2.0–6.0mm,
an elastic-plastic stage with a displacement of 6.0–8.0mm,
and a plastic-failure stage with a displacement of over
8.0mm. +e horizontal displacements of the sample
failure point in the curve for the SBG and SSG become
smaller with the increase in the normal stresses. +e
corresponding shear stresses also increase gradually with
the increase in the normal stresses. +e initial stage of the
curve becomes steep, i.e., the increased ratio of the strain
and stress is great, and the strain of the sample becomes
small. +e curve types of the shear stress and the hori-
zontal displacement present stress hardening. For the
SBG, there are great differences in the shear stress under
the different normal stress when the value of the hori-
zontal displacement is the same for the different samples.
Specifically, there is a great stress difference among the
shear stress and the horizontal displacement. Compared
to those of the SBG, the differences in the shear stress are
small for the SSG. +e reason for this small difference can
be explained by the compaction role of the SBG being
more than that of the SSG, with the normal stress in-
creased during the process of the experiment. From the
angle of the gravel proportion and the normal stress, the
curves of the shear strength and the horizontal dis-
placement for the samples with a low gravel proportion
are more dispersed than that for the samples with a high
gravel proportion. Compared to those of the SBG, the
curves of the shear strength and horizontal displacement
for the SSG exhibit more concentricity. Under the con-
ditions of shear strength, the horizontal displacement for
the SSG is greater than that for the SBG. +e slope of the
linear stage for the SSG is lower than that for the SBG.
However, the displacement value of the linear stage for the
SBG is lower than that for the SSG. +is indicates that the
SBG experiences an adjustable process during the shear
experiment. +is phenomenon is apparent when the
gravel proportion is low.

+e reasons why the shear stress curve has these
characteristics are as follows: (1) +e nonuniform co-
efficients of the SRM are greater than that of the soil and
rock because of greater difference for both the soil grains
and the gravel grains. +e large nonuniform coefficient will
easily allow the soil grain to enter into the pores of the
coarse gravel grains. +erefore, it can cause the SRM to
form a good frame structure. However, the structure of
the SRM is loose due to the remolding of the samples. +is
can cause the shear contraction phenomenon and great

deformation of the SRM at the initial stage of the exper-
iment. With the development of the shear experiment, the
SRM can become compacted gradually, and the shear stress
increases notably. +e shear stress and deformation curves
change the stress hardening curve. +is phenomenon be-
comes particularly obvious when the normal stress is great.
(2) Because the discrete SRM is composed of coarse grain
gravel and fine grain soil, the strength of the SRM consists
of (i) the intergranular friction force and the intergranular
locking force among the coarse grain gravel and (ii) the
cohesion between the coarse grain gravel and the fine grain
soil. After normal stress is exerted, the SRM experiences a
physical process, i.e., the transition from a loose state to a
compaction state. +us, the aforementioned interaction
forces coexist in the SRM and exert their influences at the
same time, which will lead to the increase of strength in the
shear plane. With the shear experiment development, the
cohesions, friction forces, and parts of the locking forces
among the coarse grain gravels will no longer exert the
greatest influence.+e big coarse grain gravel will not move
with the fine grain soil, which indicates that the shear
strength in the shear plane is mainly due to the coarse grain
gravel. Lastly, all of the interaction forces among the soil
and gravel will loosen, and the sample of the SRM will be
damaged along the shear plane (zone).

2.2.2. Influence of the Gravel Proportion on the Shear Failure
Mechanism. +e gravel proportion is a crucial factor that
affects the strength properties of soil-rock mixture. Taking a
sample with a gravel size of 5–10 cm as an example, the
deformation laws of the SRM with different gravel pro-
portions under different normal stress and gravel shape are
displayed in Figure 6. Based on the results of the experiment,
it can be observed that there are many differences in the
change trend of the shear stress.+e horizontal displacement
for samples with a gravel proportion of 10% appears to be
the maximum value under the same normal stress when the
sample reaches the yield point, while the shear stress
emerges as the minimum value. +e change laws of the
curves will develop opposite to the aforementioned laws as
the gravel proportion increases. +is change phenomenon
can be observed notably for the SBG. Compared with the
differences of the curve among the different gravel pro-
portions for the SSG, the changes of the SBG are small. For
the SSG, the shear strength of the SRM is the smallest for all
samples. +e internal friction angle of the sample with a
gravel proportion of 70% is the largest, and the shear
strength is also affected by the decrease in the cohesion while
the sample with gravel 70% has a largest internal friction
angle. Compared to the SSG, although the shear strength of
the SBG also appears to be decreasing to a certain degree, the
decreasing magnitude of the shear strength is less than that
of the SSG. According to the curve, the differences in the
shear strength of the SBG are greater than those of the SSG
under the different gravel proportions. Similarly, for the SBG
and SSG, the differences in shear strength under the low
normal stress are greater than those under the high normal
stress.+e hardening degree of the SBG is higher than that of
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the SSG. Brie�y, the aforementioned dierences in shear
strength indicate that the sensitivity of the shear strength in
terms of the gravel proportion of the SSG is less than that of
the SBG. In addition, it can be observed from Figure 6 that
there aremany changes characterized by the “V” shape in the
curves, especially for the samples with a gravel proportion of
50% and 70%. Compared with the SBG, the probability of the
emergence of this change is very high for the SSG. In the
previous study, the shear strength would increase signi�-
cantly when the content of the coarse grains had reached
50%–70%. However, in this paper, the shear strength in-
creases signi�cantly when the gravel proportion reaches
30%–50%, and when the gravel proportion is 70%, the shear

strength of SRM sample is almost the lowest under the same
normal stress, which means the shear strength of SRM is also
in�uenced by many other factors, not completely by the
gravel proportion.

�e reasons why the curves of shear stress versus hor-
izontal displacement have these characteristics are as fol-
lows: (1) �e coarse gravels in the samples with a lower
gravel proportion are surrounded by the �ne soil in the SRM,
which fails to form the framework for the gravels. When the
gravel proportion increases gradually, the interaction of the
coarse gravels makes the shear strength of the SRM increase
markedly. Shear strength is supported by coarse gravel, and
its horizontal displacement is smaller than the one with a
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Figure 5: �e curve of the shear stress and horizontal displacement under the dierent normal stress (GP: gravel proportions; GS: gravel
sizes; GSP: gravel shapes; NS: normal stress). (a) SBG. (b) SSG.
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smaller gravel proportion. But its shear strength does not
increase with the gravel proportion increasing, but begins to
decrease when the gravel proportion reaches a certain value,
i.e., the “optimal gravel proportion”. �e mosaic and oc-
clusion actions among the coarse gravel in the SBG are more
pronounced than that in the SSG, which leads to small
dierences in the shear stress emerging among the dierent
samples under the same gravel proportions. (2) �e result
that the “V”-shaped jumping emerges clearly in the curve of
shear stress versus horizontal displacement for samples with
a higher gravel proportion indicates that the mosaic and
occlusion actions among the gravels are important in the
increase of the shear strength. With a higher gravel pro-
portion and higher normal stress, the interaction between

the gravel and soil in the initial experimental stage makes the
sample more compact, and the stress concentration emerges
in the contact parts among the gravels. �e gravels in the
state of occlusion in the SRM begin to exhibit diastrophism
and the roll phenomenon, which makes the shear stress
suddenly release and decease. �is phenomenon can per-
fectly explain the jumping phenomenon in the shear stress
and horizontal displacement. In addition, the occlusion
action for the SSG is lower than that for the SBG, and its
degree of stress concentration is small, and the adjustability
between the subrounded gravels is perfect under the same
shear stress.�us, the degrees of change in the curve of shear
stress versus horizontal displacement for the SSG are less
than those of the SBG.
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Figure 6: �e curve of shear stress versus horizontal displacement with dierent gravel proportions. (a) SBG. (b) SSG.
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2.2.3. Influence of Gravel Size on Shear Failure Mechanism.
To research the influence of gravel size, the samples with a
gravel proportion of 10% are selected as examples, which can
avoid the adverse influence of the compaction between
gravels on the shear behavior. Moreover, even though SRM
mainly refers to the geologic body with 30%–70% gravel
proportion, there are many areas with 10% gravel pro-
portion on actual engineering slopes. +e deformation laws
of the SRMwith different gravel sizes under different normal
stress and gravel shape are displayed in Figure 7. +e scope
of the gravel sizes can be found in Experimental samples
preparation of Section 2.1.1 in this study. According to
Figure 7, the horizontal displacements of the samples in the
first set and the fourth set have the maximum value under
the same normal stress when the sample reaches the yield
state. +e shear stresses corresponding with the horizontal
displacements have the minimum value. +e shear stress
versus horizontal displacement corresponding with the yield
point in the curve fail to exhibit the increasing trends or
decreasing trends with the increasing gravel sizes. +e
maximum value of the shear stress for most of the samples
usually emerges in the second set and the third set. For the
SSG, the change of shear stress for different sets of specimens
intersects under a high gravel proportion and high normal
stress. +e interval of different curves is closed. +at is, the
influence of gravel size on shear stress for the SSG is not
notable. Compared to the sensitivity of the shear strength in
terms of the gravel size for the SSG, the sensitivity of the SBG
is large. +e hardening degree of the SBG is far greater than
that of the SSG. +e change of shear stress has several “V”-
shaped jumps for the first set and second set samples, es-
pecially for the samples with a high gravel proportion and
low normal stress. +e curves of shear stress versus dis-
placement become closer to each other under conditions of
high normal stress.

Based on the aforementioned analysis, when the gravel
size is small (10% gravel proportion), it is difficult for the
gravels to come into contact with each other, even if there is
a great deal of gravels in the SRM. It causes the shear
strength to undergo minimal change because the shear
strength is afforded mainly by the fine grain soil. Simul-
taneously, the amount of gravel is very little when the gravel
size is large. It can cause the shear strength to decrease due
to the minimal amount of contact between the gravels. +e
shear zone in the SRM consists of the fine grain soil, and the
shear strength of the SRM is similarly afforded by the fine
grain soil. Only when the proportion between the coarse
gravel and fine soil reaches a proper value (optimal gravel
proportion) does the shear strength of the SRM obtain a
maximum value. At this point, a good framework is formed
in the SRM. Moreover, both the fine grain soil and the
coarse grain gravel can exert a maximal bearing capacity.
Under the condition of a high gravel proportion and a high
normal stress for the SSG, the influence of gravel size is
small. +e reason why it causes this change in the curves of
shear stress versus horizontal displacement is that the
occlusion action between the subrounded gravels is weaker
than that between the breccia gravels. +us, the gravels are
easy to rearrange under high normal stress and shear stress.

For the SBG, there is a small change of the shear stress
under a high gravel proportion. +e main reason is that the
size of the gravels has a small influence on the shear
strength under a high gravel proportion.

2.2.4. Influence of Gravel Shape on the Shear Failure
Mechanism. +e gravel shape can also affect the de-
formation and mechanical behavior of the SRM. Taking
the same gravel size of 20–30 cm as an example, the change
of shear stress with different gravel shapes is determined
by the varying gravel proportion and normal stress. As
observed in the curve of shear stress versus horizontal
displacement with the breccia gravel and subrounded
gravel (Figure 8), the increase in the degree of shear stress
under the same horizontal displacement for the SSG is
greater than that for the SBG under the condition of the
same gravel proportion. +e shear strengths for most of
the SSGs are less than those of the SBG. By comparing the
SBG and the SSG, it can be observed that the smooth
degree of the curve for the SSG is higher than that for the
SBG, and its horizontal displacement is great when the
sample reaches the yield point. +e average displacement
of the sample is approximately 10mm. For the SBG, the
smooth degree of the curve is significantly lower than that
for the SSG. +e average displacement is approximately
15mm when the sample reaches the failure state. Under
the condition of the same gravel proportion, the shear
stress of the SSG is less than that of the SBG when the
sample is in the failure state.

Based on the curve characteristics of the shear stress
versus displacement for the samples with different gravel
shapes, gravel shape has a strong effect on the shear
strength. +e contact patterns within the gravels and the
gravel and soil will be different due to the different breccia
gravels. +e contact pattern for the SBG is usually the
“point contact”. It will lead to occlusion between the dif-
ferent gravels in the forms of mosaic and friction. When the
sample is sheared in the direct shear experiment, this
combination pattern of the sample can resist the external
force.+e failure mode of the SBG is both gravel failure and
gravel rolling. For the SSG, the contact pattern is the “face
contact” between the different subrounded gravels. +ere is
nearly no occlusion or mosaic phenomenon that emerges
between the different gravels. +e failure modes of the SSG
are rolling and overturn, and the subrounded gravel will be
nearly undamaged by the sheer force. +erefore, the shear
stress and horizontal displacement of the SSG are usually
less than those of the SBG.

2.2.5. Influence of Repetitive Shear on the Shear Failure
Mechanism. Given the universality of the nature of the
sample and the influence of the sample on the shear behavior,
the SBG is selected to conduct the repetitive shear experiment.
According to the curve of shear stress under repetitive shear
experiment (Figure 9), the shear stress will decrease gradually
with the increasing shear times. +is indicates that the gravel
damage is the main reason for the decrease in the shear stress.
Under low normal stress and a low gravel proportion, the
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“V”-shaped jumps emerge in the curve of shear stress and
horizontal displacement. �e frequency of this character-
ization will decrease with the increasing shear times. �is
indicates that the repetitive shear experiment will damage the
breccia gravel in the SRM, whichmakes the shear stress versus
horizontal displacement after the damage exhibit a decreasing
trend. In addition, the increase of the gravel proportion can
cause a substantial dierence in the shear stress for the three-
time shear experiments.

In the beginning of the test, the mutual compaction takes
place between the dierent gravels under normal stress and
shear stress. �e sample can be maintained at the stability
state by the occlusion and mosaic among the dierent
gravels. �e stress concentration appears at the contact

position of the dierent gravels. And the cuspidal edges of
the gravels are damaged under high normal stress and shear
stress.�e rebalance state among the gravels will be obtained
by adjusting the position of the gravels. �e adjusting
process of the sample always emerges in the process of the
shear experiment. �e shear capacity of the sample will
decrease with the increasing shear times and gradually trend
toward the stability state. �e contact patterns of the gravels
change from “point contact” to the “face contact”. �e shape
of the breccia gravel will also develop from breccias to
subangular and subrounded. Correspondingly, the shear
stress of the sample begins to decrease slowly. Because of the
intensity of the degree of damage to the gravel, the prob-
ability gradually decreases that the “V”-shaped jumps will
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Figure 7: �e curve of shear stress versus horizontal displacement with dierent gravel sizes. (a) SBG. (b) SSG.
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occur in the curve of shear stress versus horizontal
displacement.

2.3. Mechanism Analysis on the Shear Failure of the SRM.
After the shear experiment has been completed, the upper
shear box is moved. Figure 10 illustrates the failure face of
the parts of samples with set 2 (10mm–20mm). It includes
SBG and SSG with the gravel proportion of 10%, 30%, and
50%. Figure 10 shows that the failure face of the SRM is not a
plane but a complex shear zone. To a great extent, the surface

morphology of the failure face depends on the gravel shape
and gravel proportion at the shear plane. +e breccia gravel
may be damaged during the shear experiment. However, few
of the subrounded gravels will be damaged. +e fact that the
failure face is a curve face indicates that the shear face is
around the subrounded gravel and the gravels are being
rearranged under the shear force.

Figure 11 shows the shear process in the SRM.
Figure 11(a) displays the distribution of the gravels in the
shear box. In the initial stage of the shear experiment, the
sample of the SRM is densely compacted under the normal
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Figure 8: +e curve of shear stress versus horizontal displacement with the breccia gravel and subrounded gravel (SG: subrounded gravel;
BG: breccias gravel). (a) Gravel proportion of 10%. (b) Gravel proportion of 30%. (c) Gravel proportion of 50%. (d) Gravel proportion of
70%.
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stress and small shear force. +e mutual contact and oc-
clusion among the grains appear in the SRM. With the
development of the shear process, the shear stress increases
gradually. +e gravels in the SRM begin to roll and rear-
range. +is stage is the linear stage for the curve of shear
stress versus horizontal displacement (Figure 11(b)). +e
“V”-shaped jumps in the curve will occur in the process of
the shear experiment. +e main reason is that the small
gravels fill the pores of the gravels, and the big gravel is
damaged. +e sample is damaged in the form of plastic

failure. In terms of the hard gravel, the small grains will turn
around it, causing the shear failure to be not a plane but an
uneven face or shear zone (Figure 11(c)).

For the SRM with the same gravel sizes, the contact
probability among the gravels increases with increasing
gravel proportion. Figure 12 shows the contact types under
the different gravel proportions and gravel sizes. Based on
Figure 12(a), the gravels in the SRM are in a state of sus-
pension under the lower gravel proportion, so its shear
strength is afforded primarily with soil. When the gravel
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Figure 9:+e curve of shear stress under repetitive shear experiment. (a) Gravel proportion of 10%. (b) Gravel proportion of 30%. (c) Gravel
proportion of 50%. (d) Gravel proportion of 70%.
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(a)

(b)

Figure 10: Failure face for the parts of samples. (a) SBG. A: gravel proportion of 10%. B: gravel proportion of 30%. C: gravel proportion of
50%. (b) SSG. A: gravel proportion of 10%. B: gravel proportion of 30%. C: gravel proportion of 50%.
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Figure 11: Shear process in the SRM. (a) Pressure dense phase. (b) Shear phase. (c) Shear face (zone).
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Figure 12: Contact types under the dierent gravel proportions and gravel sizes. (a) Gravel proportion. (b) Gravel size.

12 Shock and Vibration



proportion reaches a certain degree, i.e., the optimal gravel
proportion, parts of the gravel begin to contact each other,
and the soil grains are appropriately sized to �ll the gravel
pores. �e shear strength is to a large extent aorded by the
soil and gravels under the present circumstances, which can
make the soil and gravel fully exert their bearing capacities.
However, it is not the high gravel proportion that can lead to
the high shear strength for the SRM. When the gravel
proportion reaches a high degree, the shear strength of the
SRM will nearly be formed by friction and occlusion in the
gravel. �e soil grains cannot fully �ll the pores formed
by the gravel, which results in the failure to exert the bearing
capacity of the soil. �us, the shear strength of the SRM
will decrease gradually. �erefore, the proper gravel pro-
portion is a crucial index to improve the shear strength of the
SRM.

As far as the same gravel proportion is concerned, the
opposite relationship exists between the size and number of
gravels. �at is to say, the small gravel size and the large
gravel size have little impact on the shear strength. Small
grain size does not adequately form the framework among
the gravels due to its small gravel size, and the large grain size
does not adequately form the framework due to its minimal
quantities (Figure 12(b)). Occasionally, it can be observed
that a great value for the aforementioned circumstance can
be obtained. �is indicates that the shear strength of the
SRM depends to a great extent on the amount of the gravel at
the shear zone.�erefore, the proper gravel size for the same
gravel proportion is very important to shear strength of the
SRM.

Figure 13 shows the contact types among the gravels
with dierent shapes. As known, the shear strength is
constituted with friction and occlusion among the coarse
grains and the cohesion between the coarse grain and �ne
grain. �e grains at the shear zone will roll and move under
the shear force in the process of the shear experiment.
�erefore, the sheared sample will exhibit volumetric
strain. Due to the poor speci�city and the degree of
sphericity of the SBG, the gravels in the SRM will make
contact in the form of a “point contact,” which can easily
damage the angular gravel (Figure 13(a)). For the SSG, the
contact type among the subrounded gravel is the “face
contact,” which cannot form occlusion among the dierent
gravels. In summary, the shear strength of the SBG is
greater than that of the SSG. �e shear strength of SBG will
decrease gradually with the increasing shear times because
the angular gravel will be damaged in the repetitive shear
experiment.

3. Identification of Strength Parameters

�e aforementioned works primarily focus on failure
mechanism by considering certain in�uencing factors, such
as the gravel proportion, gravel size, gravel shape, and the
results of the repetitive shear experiment. According to the
analytical results of the shear stress and horizontal dis-
placement, shear strength parameters are not a simple su-
perposition of that of the soil and gravel. Research on the
shear strength parameters of SRM is necessary to evaluate

the stability of the relevant project using the SRM as an
engineering material.

3.1. In�uence of the Gravel Proportion on Shear Strength.
Figure 14 exhibits the relationship between the cohesion of
the SRM and the gravel proportion for the dierent sets of
samples. To research the in�uence of the gravel proportion
on the cohesion of the SRM, four sets of samples with the
breccia gravel and the subrounded gravel are selected to
analyze these change laws with the shear times.

According to Figure 14, it can be observed that the
cohesion of the SBG increases with the increasing gravel
proportion when the gravel proportion is less than 50%.
�e increasing rate of the cohesion gradually becomes large
with the increased shear times. However, the cohesion of
the SBG decreases markedly with gravel proportion in-
creasing when the gravel proportion is more than 50%.
Although the value of the cohesion decreases with the
increased shear times, the decreasing rate is clearly
strengthened when the shear times increase. In addition,
the discrete degree of the cohesion decreases with the shear
times increasing for the dierent gravel proportions.
�erefore, this phenomenon can be found from the re-
petitive shear experiment which will create breccia gravel
damage, which is a primary reason for the rate change of
the SBG. Similar changes of the cohesion with the gravel
proportion for the SBG emerge for the SSG. As seen in
Figure 14(d), the cohesion undergoes signi�cant changes in
value compared to that of the SBG.

Figure 15 displays the relationship of the internal
friction angles of SRM and gravel proportion. Based on
Figure 15, the internal friction angles present a decreasing
trend with increasing gravel proportion for the SBG when
the gravel proportion is <30%. At the same time, the
internal friction angle presents an increasing trend when

(a)

(b)

Figure 13: Contact types among the gravels with dierent shapes.
(a) SBG. (b) SSG.
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the gravel proportion is >30%. �e internal friction angle
exhibits a decreasing trend with increasing shear times.
�e discrete degree of the internal friction angle will
gradually become large with the shear times being in-
creased. �is indicates that the repetitive shear process
creates the gravel damage. �e gravel size will trend to-
wards uniformity, which makes the SRM a poor particle
grade. �is is completely dierent compared to the initial
state of the sample. For the SSG, the change laws are
dierent than those of the SBG. �e clear increase of the
internal friction angle emerges at gravel proportions of
less than 50% and then it exhibits a decreasing trend. �is
indicates that the eect of SSG on the internal friction
angle is small because there is little damage to the sub-
rounded gravel.

As is well known, the SRM is an anisotropic and
nonhomogeneous geological material; thus, it may present
unusual change law for the shear parameters. To research
the gravel proportion aecting on the shear strength, the
Mohr–Coulomb criterion is selected to calculate the shear
strength with the normal stress of 70 kPa. Figure 16
presents the shear strength results aected by the gravel
proportion for the SBG and SSG. According to Figure 16,
the change law of the shear strength for the SRG increases
�rst and then decreases. �e demarcation point regarding
the gravel proportion is 50%. �e change degree of the
shear strength with the gravel proportion for the SSG is less
than that for the SBG. An analysis of the change law of the
shear strength with the gravel proportion demonstrates the
clear in�uence of the gravel proportion on the shear
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Figure 14: Cohesion of the SRM samples with the dierent sets. (a) SBG for the 1st shear. (b) SBG for the 2nd shear. (c) SBG for the 3rd
shear. (d) SSG.
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strength. +e influence of the gravel proportion is stronger
on cohesion than the internal friction angle. As a whole, the
shear strength of SRM increases with the gravel proportion
increasing when the gravel proportion is less than 50%. +e
shear time makes the change rate of the shear strength
increase markedly when the gravel proportion is less than
50% and decrease markedly when the gravel proportion is
more than 50%. +erefore, a high gravel proportion does
not enhance the shear strength of the SRM but in fact
decreases the shear strength. +e optimal gravel proportion
of the SRM is approximately 50% based on the afore-
mentioned analysis.

3.2. Influence of Gravel Size on Shear Strength. Gravel size is
another important influencing factor for the shear strength
of SRM. Figure 17 displays relationship between the co-
hesion and gravel size for the SBG and the SSG.

For the SBG with the first and the second shear ex-
periment, the change laws of the curves between the co-
hesion and gravel size are similar. +e cohesion with the
different gravel proportions presents an increase first and
then decreases with the gravel size increasing. +e gravel
size causing this change is 20.0–30.0mm. When the gravel
proportion reaches 70%, the cohesion with the gravel size
of 5.0–10.0mm begins to increase markedly and then
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Figure 15: Internal friction angles of the SRM samples. (a) SBG for the 1st shear. (b) SBG for the 2nd shear. (c) SBG for the 3rd shear. (d)
SSG.
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decreases. +e same change law does not appear in the 3rd
shear experiment. According to Figure 17(c), the cohesion
has a small change, with the gravel size increasing during the
process of the third shear experiment. +is indicates that the
shear behavior causes the size of grains to trend to uni-
formity. As a whole, the change trend of cohesion and gravel
size first increases and then begins to decrease. +ere is
nearly no law for cohesion with gravel size in the process of
the 3rd shear experiment. +is demonstrates that the co-
hesion of the SBG will trend toward uniformity with the
increased shear times. With respect to the SBG, there is a

small change for the cohesion when the gravel size is less
than 20mm. For the SSG, the relationship between the
cohesion and gravel size increases first and then decreases,
especially for the sample with the gravel proportion of 50%.
In addition, the change ratio of the cohesion for the SSG is
greater than that of the SBG. +e cohesion in value for the
SSG is greater than that for the SBG under the same gravel
size and gravel proportion.

Figure 18 presents the internal friction angle changed
with the gravel size. For the SBG, the internal friction angle
of the first shear experiment has a small change when the
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Figure 16: Shear strengths of the SRM samples with different sets. (a) SBG for the 1st shear. (b) SBG for the 2nd shear. (c) SBG for the 3rd
shear. (d) SSG.
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gravel size is less than 30mm. However, internal friction
angle will differ with increasing shear times. With respect to
the second and third shear times, when the gravel size is less
than 10–20mm, the internal friction angle will increase for
the gravel proportions of 30% and 70%. When the gravel
size is between 10–20mm and 20–30mm, the internal
friction angle will decrease with gravel size. +en, the
internal friction angle will increase with the gravel size,
except for the cases of the gravel proportion being 10%. It
also will decrease gradually with shear times being

increased. However, the decreasing ratio is less than that of
the cohesion. For the SSG, when the gravel size is less than
20–30mm, the internal friction angle will decrease for the
different gravel proportions. Subsequently, an increasing
trend will appear when the gravel size increases. As a whole,
the value in the internal friction angle of SSG is less than the
one of SBG.

To study the entire influence of the gravel size on shear
strength, the Mohr–Coulomb criterion with the normal
stress of 70 kPa is selected to study shear strength. Figure 19
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Figure 17: Cohesions of the SRM samples with different contents of gravel. (a) SBG for the 1st shear. (b) SBG for the 2nd shear. (c) SBG for
the 3rd shear. (d) SSG.
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exhibits the shear strength of SRM and gravel size for the
SBG and the SSG. According to Figure 19, the shear strength
with the gravel size of less than 20–30mm presents an in-
creasing trend for the SBG. When the gravel size is greater
than 20–30mm, the shear strength will decrease slightly for
the first and second shear experiment. However, for the third
shear experiment, the shear strength undergoes little change
increasing gravel size. For the SSG, the shear strength of the
sample will increase first and then decrease. +e specific
locations of the stability stage for the gravel size are between
10–20mm and 20–30mm when the gravel proportion is
more than 50%. An analysis of the change law of the shear
strength and gravel size demonstrates that cohesion of the

sample is affected stronger than the internal friction angle
and shear tress by gravel size. +e maximum shear strengths
can be obtained when the gravel sizes are 20–30mm, which
can be viewed as the optimal gravel size of the SRM. +is
result can be proved by the aforementioned content re-
garding the influence of the gravel size on the shear
mechanism of the samples.

3.3. Influence of Gravel Shape on Shear Strength. +e gravel
shape may affect the shear strength of the SRM markedly.
However, past research on gravel shape gave no consider-
ation to this factor. +erefore, to study the influence of the
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Figure 18: Internal friction angles of the SRM samples with different gravel proportions. (a) SBG for the 1st shear. (b) SBG for the 2nd shear.
(c) SBG for the 3rd shear. (d) SSG.
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gravel shape on the shear strength, the results of the re-
petitive shear experiment with SBG are compared with those
for SSG. Figure 20 indicates the cohesion and gravel pro-
portion for different gravel shapes. +e SG represents the
subrounded gravel and the BG1 represents the breccia gravel
with the first shear experiment.

According to Figure 20, the cohesion of the SBG is far
greater than that of the SSG when the gravel size is 5–10mm.
At the same time, the shear times have a significant effect on
the cohesion due to the small gravel size. For the gravel size
of 10–20mm, the cohesion of the SSG undergoes a small
change with increasing gravel proportion. +e cohesion of
the SBG presents an increase first, and then a decreasing

trend emerges. When the gravel size is greater than 20mm,
the cohesion of the SBG presents a similar change law to that
when the gravel size is 5–10mm. +e difference between
them arises because the shear strength with the gravel
proportion of 70% of the SSG is greater than that of the SBG.
+e shear times have some influence in changing the law of
cohesion and the gravel proportion but not the value of
cohesion. Both the shear times and gravel size will cause the
cohesion to trend towards uniformity in value. At the same
time, based on Figure 20, it can also be observed that the
cohesion of the SBG is far greater than that of the SSG. +is
indicates that the breccia gravels are important in the shear
strength of SBG, and gravels in the sample have been
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Figure 19: Shear strengths of the SRM samples with different contents of gravel. (a) SBG for the 1st shear. (b) SBG for the 2nd shear. (c) SBG
for the 3rd shear. (d) SSG.
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damaged in the process of the shear experiments. +e re-
petitive shear experiments make the gravel shape change
gradually from the breccia to the subrounded. +e experi-
mental results cause the strength parameters to trend to-
wards uniformity.

Figure 21 indicates the relationship between the internal
friction angles of the SRM and the gravel proportion under
the different gravel shapes and repetitive shear times.
According to Figure 21, when the gravel size is 5–10mm, the
internal friction angle of SBG first decreases and then in-
creases with increasing gravel proportion. In contrast, one of
the SSG increases first and then decreases with increasing

gravel proportion. +is phenomenon can be explained by
the fact that small gravels are damaged in the process of the
direct shear experiment. For the gravel sizes of 10–20mm
and 20–30mm, there is little change law for the internal
friction angle of the SBG and SSG. Especially for the SSG, the
internal friction angle will be relatively stable when the
gravel proportion is over 30%. However, the internal friction
angles of the SBG and SSG increase intensely with the gravel
proportion being increased when the gravel proportion is
greater than 30%. +is indicates that the damage of the
gravels due to the shear stress or normal stress does not affect
the change law of the internal friction angle with the gravel
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Figure 20: Cohesions of the SRM samples with different gravel shapes. (a) +e 1st set samples (gravel size of 5–10mm). (b) +e 2nd set
samples (gravel size of 10–20mm). (c) +e 3rd set samples (gravel size of 20–30mm). (d) +e 4th set samples (gravel size of
30–40mm).
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proportion being increased. Based on Figure 21, internal
friction angle of the first time is greater than those of the
second and third time. +e internal friction angle will ap-
proach each other with the shear times increasing. In
contrast, the internal friction angle for the SSG will exhibit a
decreasing trend when the gravel proportion is >50%.

Figure 22 indicates the relationship between shear
strength with gravel proportion under different gravel
shapes. To study the overall influence of the gravel shape on
shear strength, the Mohr–Coulomb criterion with the
normal stress of 70 kPa is selected to calculate the shear
strength. According to Figure 22, shear strength of the SSG is

less than that of the SBG even if the SBGs are sheared three
times. +e shear strength for the different gravel sizes will
obtain the maximum value at a gravel proportion of 50%.
Shear strength of the SBG and the SSG will exhibit a de-
creasing trend when the gravel proportion is >70%.

3.4. Influence of theRepetitive Shear Process on Shear Strength.
Figure 23 demonstrates the relationship between the co-
hesion and the shear times under the different gravel sizes
and gravel proportions. +e cohesion of the SBG decreases
gradually with increasing shear times and that of the SBG
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Figure 21: Internal friction angles of the SRM samples with different gravel shapes. (a)+e 1st set samples (gravel size of 5–10mm). (b)+e
2nd set samples (gravel size of 10–20mm). (c) +e 3rd set samples (gravel size of 20–30mm). (d) +e 4th set samples (gravel size of
30–40mm).
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with a gravel proportion of 50% and grain size of 30–40mm
will increase with the increasing shear times. Under the low
gravel proportion and a gravel size of 10–20mm, the co-
hesion decreases markedly, and the cohesions of the other
samples have a similar change law with the shear times
increasing. When the gravel size is greater than 20–30mm,
the cohesions of themajority of the SBG present a decreasing
trend with increasing shear times. +e change of the co-
hesion is related to the gravel proportion and undergoes a
minimal change in the shear times when the grain sizes are
low.

Figure 24 exhibits the internal friction angle with
shear times under the different gravel sizes and the gravel

proportions. According to Figure 24, it can be observed
that the entire change trend of internal friction angle with
the shear times decreases. Based on the SRM with the
anisotropic inhomogeneous properties, a slightly in-
creasing trend may emerge. +e internal friction angle of
the SBG with the different gravel proportions presents a
marked decreasing trend. When the gravel sizes are 20–
30mm and 30–40mm, especially for the latter, the internal
friction angle will decrease markedly for the first shear
times. +e internal friction angle will decrease slowly with
shear times.

+e anisotropy and inhomogeneity of the SRM can
cause the different change laws of the shear strength
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Figure 22: Shear strengths of the SRM samples with different gravel shapes. (a)+e 1st set samples (gravel size of 5–10mm). (b)+e 2nd set
samples (gravel size of 10–20mm). (c) +e 3rd set samples (gravel size of 20–30mm). (d) +e 4th set samples (gravel size of 30–40mm).
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parameters. So, to evaluate the influence of the shear
times, the overall shear strength of the SRM is selected.
Figure 25 exhibits the relationship between the shear
strength and the shear times under the different gravel
sizes and gravel proportions. According to Figure 25, the
shear strength of the SBG presents a decreasing trend with
increasing shear times. +e repetitive shear experiment

causes a marked decrease in the shear strength of the SRM.
With respect to the same sample, the shear strength pa-
rameters present a decreasing trend with increasing shear
times, especially for the shear strength. In addition, the
influence of the repetitive shear experiment on the in-
ternal friction angle is greater than that of the cohesion
and shear strength.
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Figure 23: Cohesions of the SRM samples with different sets and gravel proportions. (a) +e 1st set and the 2nd set. (b) +e 3rd set and the
4th set.
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Figure 24: Internal friction angles of the SRM samples with different sets and gravel proportions. (a)+e 1st set and the 2nd set. (b)+e 3rd
set and the 4th set.
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4. Conclusions

By using the laboratory direct shear experiment, certain
influencing factors, which are the gravel proportion, the
gravel size, the gravel shape, and the repetitive shear process,
are considered in analyzing the shear failure mechanism of
the SRM. Based on the experimental results, the curve of shear
stress with horizontal displacement is divided into four stages,
which include the pressure dense phase, the linear phase, the
elastic and plastic phase, and the creep phase. Generally, the
shear stress of the SRM increases with the increasing gravel
proportion. However, when the gravel proportion is too high
(for example, 70%), the value of the shear stress depends on
the gravel shape and the distribution in space and not
completely on the gravel proportion. Under the same gravel
proportion, the shear stress does not present a monotonous
increasing trend with the increased gravel size but presents an
increase to a decrease. +e maximum shear strength is ob-
tained when gravel size reaches the “optimal gravel size”. +e
optimal gravel size is 50% based on the results from the
laboratory experiments. At the same time, the gravel shape is
another factor that influences the shear strength of the SRM,
because the gravel shape determines the contact pattern
among the gravels and the failure mechanism of the SRM.
Obviously, the shear strength of the SBG is far more than that
of the SSG. +e repetitive experiment has proved that the
breccia gravel in the SRM can be damaged with the shear
times increasing and the breccia gravel become subrounded
gravel after several repetitive shear experiments.

For the same gravel sizes, the shear strength parameters
of the SRM present an increasing trend with the gravel
proportion increasing.+e increasing degree of the cohesion
and shear strength is larger than that of the internal friction

angle. However, shear strength parameters exhibit a de-
creasing trend when the gravel proportion reaches 70%.
Under the same gravel proportion, the shear strength pa-
rameters fail to exhibit a monotonous increasing or de-
creasing trend. +e maximum shear parameters are obtained
with the gravel size between 10–20mm and 20–30mm. +at
is, the optimal gravel size of the SRM in this experiment is
20mm–30mm. Generally, the gravel shape is the main factor
for the internal friction angle. Meanwhile, the gravel shape
has a great influence on the cohesion. +e reason is that the
special contact pattern between the breccia gravel and the fine
grain soil is important to the cohesion. +e results of the
repetitive shear experiment prove that the shear strength of
SRM decreases gradually with the shear times increasing. +e
essence of the repetitive shear experiment is to judge the
influence degree of the gravel shape on the shear strength
parameters between SBG and SSG. +e results indicate that
shear strength of SBG becomes gradually closer to that of the
SSG when the shear times reach a certain degree.
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