
Shear Characteristics of Gravel Soil
With Different Fillers
Huahua Zhang1,2, Yi Luo3, Siyu Yuan4, Yuru Zhou2, Qiong Zhou2, Fanrong Zeng5 and
Wei Feng6*

1Huazhong University of Science and Technology, Wuhan, China, 2Housing and Urban-Rural Development Bureau, Yichang,
China, 3Hubei Communications Planning and Design Institute CO., LTD., Yichang, China, 4Hubei Institute of Geosciences,
Wuhan, China, 5China Nuclear Industry 22ND Construction Co., LTD., Wuhan, China, 6The Seventh Geological Brigade of Hubei
Geological Bureau, Yichang, China

In recent years, China has established many large water conservancy projects in the
western mountainous areas. However, dam foundation excavation produces a huge
amount of waste rock mixture. A soil-rock mixture with unique structural characteristics
can easily cause geological disasters, such as collapse, landslide, and debris flow following
an earthquake, rainfall, and engineering disturbance. Therefore, research on the strength
and shear characteristics of the soil-rock mixture is beneficial to avoiding soil-rock mixture
disasters. In this study, the soil-rock mixture in the slag dump site of Jinping Hydropower
station is taken as the research object. The influence of different fillers on the gravel soil
shear characteristics is investigated through a large-scale triaxial test of coarse-grained
soil. The slope stability of the slag dump site is analyzed using Midas GTS. Then, the most
unfavorable sliding surface of the slag dump site is discovered and the slope stability
coefficient under the most unfavorable conditions is calculated. The results lay a scientific
foundation for the design and construction of a slag dump slope.
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1 INTRODUCTION

China’s geological disaster situation is complex (Cui et al.,2022) and can easily cause geological
disasters, such as landslides and debris flow under poor geological conditions and extreme weather.
In particular, China has a significant number of soil-rock aggregate slopes (Bai et al.,2021a). These
slopes are generally composed of white collapse deposits, residual deposits, landslide deposits,
moraine deposits, and slope deposits. The solid component of these loose slopes is usually a mixture
of soil and gravel, which is called the soil-rock mixture in China (Cui et al.,2019; Medley, 1994). The
soil-rock mixture is ubiquitous. It is not only widely used in human production practice but has also
become a source of many habitats for human production and life (Paduana, 1966; Georgiannou
et al.,1990; Bai et al.,2022). Additionally, the soil-rock mixture is widely used in practical project
construction because of the easy access to materials (Lupini et al.,1981; Bai et al.,2019). For example,
the soil-rock mixtures obtained by local mountain excavation and dam foundation excavation are
broadly applied to slope engineering and soil-rock dam filling when road subgrade is built in
mountainous areas (Cheng et al., 2018; Bai et al., 2020).

The solid phase of the soil-rock mixture is composed of coarse particles and fine particles, with
great differences in mechanical properties, particle size, and chemical composition (Schlosser and
Long, 1974). Its physical and mechanical properties have a bigger difference than those of single soil
and rock. In practical engineering, the physical and mechanical properties of the soil-rock mixture
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should be analyzed under the consideration of not only the main
composition of soil-rock-mixture physical and mechanical
performance but also the stone spatial distribution (Hall, 1951;
Donaghe and Townsend, 1976), material composition, particle
morphology, and other meso-structure characteristics. The
special engineering characteristics of the soil-rock mixture lead
to several related engineering issues, such as the soil-rock slope
mixture collapsing (Lindquist and Goodman, 1994). Specifically,
under adverse geological conditions, a shallow accumulation
composed of soil and rock mixture is prone to adverse
geological disasters, such as collapse, landslide, and debris flow
(Strack and Cundall, 1978; Kaneko et al.,2003).

Soil-rock mixture is a kind of special rock mass with certain
safety risks and should be properly handled in actual engineering
(Chang et al., 2016). At present, engineers usually assume that the
mechanical strength of a soil-rock mixture is equal to a matrix
material (Cundall, 1971b; Drescher and De Jong, 1972). However,
this assumption can only be realistic when the content of the
coarse phase in the soil-rock mixture is low. The soil-rock
mixture will exhibit completely different mechanical behavior
when the content of its coarse phase is high (Jefferies and Ben,
2015).

While the research theory of soil-rock mixture has become
more mature worldwide, the test equipment is getting ever more
sophisticated. Moreover, there are some deficiencies and defects
in the present test methods (Cundall, 1971a; Bagi, 2005). For
example, the traditional direct shear instrument artificially
controls the shear surface, which leads to certain errors in the
test results (Simoni and Houlsby, 2006). Large triaxial apparatus
can overcome the shear stress concentration and uneven shear
stress distribution in the energetic test, while strictly controlling
the drainage condition in the test process (Mulilis et al.,1977).
Thus, researchers are increasingly interested in this area.
Furthermore, there is no fixed failure surface in the large-scale
triaxial test and the test result is better than the direct shear test
(Marsal, 1973; Bai et al., 2021b). Therefore, a large-scale triaxial
test is adopted in this study to investigate the shear behavior of a
soil-rock mixture (Nemat-Nasser and Tobita, 1982).

Jinping hydropower station dam is the highest arch dam in the
world, with a dam height of 305 m. The storage capacity below
normal water level is 760 million cubic meters, which forms the
Yalong River hydropower development control reservoir. The
dam foundation excavation waste volume of Jinping hydropower
station is 14.44 million cubic meters, and the strata at the dam site
are marble.

The Yinbazi Slag site is located about 6 km from the Jinping
hydropower station dam site and is the main slag field of Jinping
hydropower station. It is expected to pile up about 14 million
cubic meters. According to the topographic map, the slope height
will exceed 250 m and the scale of the slope is unusual.
Additionally, it is located in a high earthquake incidence area.
Therefore, the slope’s safety needs a special design, and the slope
design requires friction Angle φ and cohesion c of the mixture.
The dam’s foundation and the geological conditions of the two
sides of the slope are different. Dam foundation excavation and
slope excavation are performed by blasting in different ways. The
slag that is abandoned after blasting is mainly soil-rock mixture,

gravel soil, and sand-soil mixture. As a result, its composition,
particle size, and grading are complex. Field soil samples are
collected for an indoor triaxial experiment. Following the
experimental results, the influence of the composition in
different mixtures on the shear properties of the material is
analyzed to reveal the slag with the best mechanical properties,
which provides a theoretical basis for design and construction.

2 RESEARCH STATUS

In recent years, gravel soil research methods have mainly
concentrated on field tests, laboratory tests, and numerical
simulations. Xinhua You prepared soil-rock mixture in situ
horizontal shear test and obtained different stone content,
moisture content, size, and failure mode under stress state, as
well as the change law of shear strength parameters. Weishu Li
performed in situ direct shear test and researched the variation of
shear strength parameters of a soil-rock mixture under different
water contents. The relationship between the shear strength index
and water content was established based on extensive
experiments, and the weakening formula of the shear strength
index with water content was derived. Mingjian Hu conducted a
large indoor triaxial test of a soil-rock mixture, and calculated its
shear strength index and shear strength with the stone content,
moisture content, and confining pressure. Xingrui Li compared
the trend differences of stress-strain curves and designed a
method to destroy a turning point to define the way. Jincheng
Ning obtained the regular decay of the soil-rock mixture’s shear
strength by changing these indexes. Zhenhua Ouyang conducted
large-scale shear tests under flexible boundary conditions to
explore the effects of stone content, stone size, and stone
arrangement. The stone arrangement affected the performance
of soil-rock mixture shear: the stone size had the greatest
influence, followed by stone content, and then stone
arrangement. Jiacheng Wang studied the influence of the soil-
rock shear strength parameters on moisture content and particle
level matching through laboratory large-scale direct shear tests.
Xianming Hu researched the residual strength of gravel soils with
water content and shear rate under different conditions through
the indoor ring shear test, and set up the residual strength criteria
of gravel soils under different shear rates based on the Bingham
model. Xiuli Ding performed biaxial numerical tests of different
samples using the PFC program and depicted the stress-strain
curves of the soil-rock mixture, most of which exhibited
“stepped” distribution.

The research on accumulated gravel soil is not comprehensive
enough at present. Moreover, the construction speed is fast, and
the final filling slope height exceeds the limit. These are the design
principles for slope safety. In this study, unconsolidated and
undrained shear tests are performed. In combination with the
representative grading of abandoned gravel soil in the Jinping
hydropower station, the law, failure mode, and corresponding
shear strength index of the soil-rock principal differential stress-
strain curve under different rock contents and confining
pressures are analyzed to further reveal the complex,
discontinuous, and non-uniform material shear properties.
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The results of this research can help to lay a theoretical
foundation for landslide prevention and the control of similar
projects.

3 LABORATORY TRIAXIAL TEST

3.1 Test for Grading
Because the particle size of the soil sample collected on site is too
large, a larger triaxial compression test apparatus is required. The
test result will be inaccurate when the maximum particle size of
the sample exceeds the maximum allowed by the instrument.
When the maximum particle size of the material used for
laboratory testing is limited, it is necessary to scale down the
mixture above the maximum allowable size in the test. The

mechanical properties of the actual material are then
determined from the scaled-down material. The commonly
used coarse-grain scaling method is described as follows:
following the provisions of “soil test code” SL 237-1999, there
are four kinds of elimination method, equivalent substitution
method, similar gradation method, and mixture method. The
elimination method removes the overdrawn diameter particles,
which is simple and convenient. However, some super-particle
size particles are removed, leading to increased fine grain content.
The equivalent substitution method suggests that soil particles
larger than 5 mm are allowed according to the maximum size of
the instrument. Supersized particles are replaced with equal mass
in proportion. The advantage of the equivalent substitution
method is to keep the original coarse-grain content, fine
material content, and properties unchanged. In this
experiment, the equivalent substitution method is used. The
gradation of the three mixtures is illustrated in Figures 1–3.

3.2 Preparation of Dry Density
Laboratory test sample loading dry density should be consistent
in the field sampling dry density in principle, and the dry density
of samples in this test is the average dry density of the three pits
sampled on site. The samples are prepared in accordance with the
requirements of the specification “Standard for Geotechnical Test
Methods”. The average density of the whole-rock slag was
2.15 tons per cubic meter, the average density of the rock
ballast-sand mixture was 2.10 tons per cubic meter, and the
average density of the rock ballast-soil mixture was 1.81 tons per
cubic meter.

3.3 Shear Strength Test Method
Shear strength test method: slag dump site construction speed is
fast, and the final filling slope height exceeds the limit. These are
the design principles for slope safety. Besides, the test method
should adopt non-consolidation and non-drainage shear to
finally determine the total strength of the filling material. The
test equipment and materials are shown in Figure 4.

FIGURE 1 | Grading curve of whole stone slag diagram.

FIGURE 2 | Gradation curve of gravel slag and sand-soil mixture
diagram.

FIGURE 3 | Gradation curve of slag-soil mixture diagram.
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1) Test equipment: the test adopts a microcomputer with a size
of φ300 × 600 mm to control the 1000 kN triaxial instrument.

2) Test confining pressure selection: the maximum ambient
pressure is preliminarily determined to be 1,200 kPa, and
the ambient pressure of the remaining samples is 300, 600,
and 900 kPa.

3) Rate selection: axial shear is performed at the rate of 0.5%–1%
axial strain per minute, and the shear rate is 2 mm per minute.

3.4 Triaxial Test Results
3.4.1 Stress-Strain Test Curve
The results of the unconsolidated and undrained shear
triaxial test are presented in Figures 4–6. In this figure,
the horizontal axis is the axial strain εa and the vertical
axis is the shear strain q, q � σ1 − σ3, where σ1 and σ3

denote the axial stress and the confining pressure,
respectively. The test curves demonstrate the confining
pressures of 0.3, 0.6, 0.9, and 1.2 mpa. The test results of
the three mixtures are illustrated in Figures 5–7.

3.4.2 Mohr Circle
According to the unconsolidated and undrained shear tests of
three kinds of abandoned slag materials, the Mohr circles are
provided in Figures 7–9. The horizontal axis is axial stress σ, and
the vertical axis is shear stress τ. The molar circles of the three
mixtures are shown in Figures 8–10.

3.4.3 Cohesion and Friction Angle
Cohesion C and friction Angle φ of the three mixtures can be
obtained from Figures 7–9, as listed in Table.1.

FIGURE 4 | Testing equipment: (A) Triaxial instrument; (B) material; (C) sample; (D) The test curve.

FIGURE 5 | Results of unconsolidated and undrained shear triaxial test
of whole stone slag diagram.

FIGURE 6 | Results of unconsolidated and undrained shear triaxial test
of gravel slag and sand-soil mixture diagram.
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According to the above experimental data, the following
conclusions can be drawn:

1) Density has a great influence on cohesion and friction angle.
The greater the original density of the soil, the stronger the
interlocking action between soil materials. The occlusal action
must be overcome when the shear is applied to produce
relative sliding. The high density of the soil indicates that
the pores between soil grains are small, the contact is close,
and the original cohesion is large. Therefore, the original
density has a significant influence on the shear strength. The
higher the density of the soil, the greater the friction angle and
cohesion. Finally, the particle size of coarse aggregate in the
mixture is bigger, its shape is more irregular, the surface is
coarser, and the friction angle is larger. Generally, the thicker

the particle, the more irregular the shape, the worse the degree
of grinding and polishing, and the larger the friction angle.

2) Although the gradation of whole stone slag, stone slag, and
sand-soil mixture is different, the friction angles are close
because the densities are close.

3) According to the test results, adding sand can improve the
cohesion of slag. The density of the slag-sand mixture is lower
than that of slag, while its cohesion is slightly higher compared

FIGURE 7 | Results of unconsolidated and undrained shear triaxial test
of rock-slag and soil mixture diagram.

FIGURE 8 | Mohr circle of whole stone slag diagram.

FIGURE 9 | Mohr circle of stone slag and sand mixture diagram.

FIGURE 10 | Mohr circle of rock-slag and soil mixture diagram.

TABLE.1 | Statistical table of cohesion and friction angle of three kinds of
abandoned slag.

Parameter material Density Cohesion Friction angle

Whole stone slag 2.15 0.034 42.58
Stone slag and sand 2.10 0.055 40.29
Rock-slag and soil 1.81 0.080 31.93
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to stone slag. Because it is mixed with fine aggregate, fine
aggregate surface-bound water and electrical molecular forces
are different, resulting in increased cohesion. It can be
concluded from Table 1 that adding an amount of sand to
the slag can reduce the friction angle. This is favorable for
relative sliding between coarse aggregates because the fine
aggregate provides some lubrication between the coarse
aggregate skeletons. The friction angle is remarkably
reduced when fine aggregates are replaced with silt or finer
materials. Moreover, the fine aggregate strength is lower, and
the fine aggregate is closer to a spherical shape, contributing to
the relative sliding between the coarse aggregate.

4) The test results of three different slag discarding materials are
accurate, and the cohesion and friction angles obtained by the
Mohr circle are regular.

4 THEORY OF SHEAR STRENGTH
REDUCTION COEFFICIENT METHOD

The traditional slope stability analysis methods are mainly various
stability analysis methods based on the limit equilibrium theory.
These methods ignore the internal stress-strain relationship of soil,
making it impossible to analyze the occurrence and development
process of slope failure. The finite difference method can not only
satisfy the balance condition of the force but can also consider the

stress-strain relation of material, generating more accurate and
reasonable calculation results. Finite element software is widely
used in geotechnical engineering numerical simulation, and
traditional analysis methods are adopted to predict the stability of
gravel soil slope. Starting from the physical andmechanical properties
of slope soil, the relationship between physical and mechanical
parameters and slope stability safety factors is explored to provide
an effective theoretical basis for slope optimization design and safety
construction. The failure envelope of the model corresponds to the
Mol Coulomb criterion (shear yield function) and the upper tensile
separation point (tensile stress yield function). This is related to the
tensile stress flow law but not to the shear flow. Midas GTS NX
numerical software based on the strength reduction method is
feasible in slope stability analysis. The calculation results of safety
factors are closer to those obtained by the traditional Bishop method
and better than those obtained by the traditional method.

4.1 The Concept of the Shear Strength
Reduction Coefficient Method
The definition of the Shear Strength Reduction Factor is the ratio
of the maximum shear strength exerted by the soil on the slope to
the actual shear stress generated by the external load on the slope
when the external load remains unchanged. The shear strength
reduction factor defined in this article is consistent with the slope
stability safety factor defined in the limit equilibrium analysis.

FIGURE 11 | Rock-slag slope model calculates results: (A) vertical displacement diagram of whole-rock slag; (B) horizontal displacement diagram of whole-rock
slag; (C) XZ plane strain diagram of whole-rock slag; (D) plastic strain diagram of whole stone slag.
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4.2 Specific Content of the Shear Strength
Reduction Coefficient Method
The shear strength reduction technique of shear strength of soil is
based on indexes c and Φ. The reduction coefficients F, σ and τ
represent the normal stress and the shear stress reduction,
respectively, such as Eqs 1, 2 in the form of reduction. Then,

use virtual shear strength indexes c’ and φ′ after reduction instead
of shear strength indexes c and Φ. σ′ and φ′ denote the normal
stress and shear stress after reduction, respectively, as expressed
in Eq. 3:

c′ � c

Fs
(1)

FIGURE 12 | Calculation results of rock-slag slope after construction of supporting structure: (A) vertical displacement diagram of whole-rock slag support; (B)
horizontal displacement diagram of whole-rock slag support; (C) strain diagram in XZ plane after rock cinder slope construct support; (D) plastic strain diagram of rock-
slag slope after construct support; (E) axial diagram of anchor bolt after construct support of rock cinder slope; (F) bending moment diagram of shotcrete on rock-slag
slope.
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φ′ � arctan(tanφ
Fs

) (2)

Among: Fs � ∫l

0
c+σ tan φdl

∫l

0
τdl

τ′ � c′ + σ tanφ′ (3)

4.3 Advantages of the Shear Strength
Reduction Coefficient Method
The shear strength reduction coefficient method combined with
the finite difference method has the following advantages when
compared with the traditional method:

1) It can calculate the slope with complex geomorphology and
geology.

2) The constitutive relation of soil and the effect of deformation
on stress are considered.

3) It can simulate the slope process of soil slope and the shape of slip
surface (usually the shape and position of slip surface are
determined by sheer strain increment or displacement
increment).

4) It can simulate the joint action of soil and support structure
(advance support, soil nail, and surface layer).

5) When solving the safety factor, it is not necessary to assume
the shape of the slip surface nor perform striping.

The core idea of the strength reduction method in finite
element calculation of slope stability has been widely accepted.
It is not necessary to assume a sliding surface, while the
computer can find the most unfavorable sliding surface and
the minimum slope stability factor through multiple
calculations.

The criterion of slope failure calculated by the finite element
method is detailed as follows:

1) Complete transfixion of a plastic zone on the sliding surface:
the beginning of progressive failure.

2) The displacement and strain on the sliding surface change
abruptly, resulting in a large and unlimited plastic flow.

3) Double convergence criterion of force and displacement: the
model calculation does not converge from the convergence
criterion of force or displacement.

According to the comparative analysis, two kinds of materials
(stone slag and stone slag) and sand soil are employed to analyze the
stability of the slope of the slag discarding site. The Midas GTS NX
model is utilized to investigate the stability of the two kinds of the

FIGURE 13 | Rock-slag and sand slope model calculate results: (A) vertical displacement diagram of rock-slag and sand soil without support; (B) horizontal
displacement diagram of whole-rock slag; (C) XZ plane strain diagram of whole-rock slag; (D) plastic strain diagram of whole stone slag.
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mixture. The analysis results of the whole rock slag slope model are
illustrated in Figure 11.

The calculation results demonstrate that the maximum
vertical displacement of the slope is 0.14 m, the maximum
horizontal displacement is 0.12 m, and the maximum stress in
the XZ plane is 377.84 kPa. The plastic zone of the slope is
completely through and the slope safety factor of 1.3 does not

meet the requirements of the code. Thus, a special design for the
slope is needed. Anti-slide piles with a side length of 1.2 m were
added to the slope toe, 1.2 m intervals were arranged, and anchor
bolts with a length of 15 m were added to the slope surface, with
longitudinal intervals of 3 m and transverse intervals of 1.2 m.
The results of slope stability analysis after the establishment of the
finite element model are presented in Figure 12.

FIGURE 14 | Calculation results after construction of supporting structure of rock-slag and sand slope: (A) vertical displacement diagram of rock-slag and sand
slope after construct support; (B) horizontal displacement diagram of rock-slag and sand slope after construct support; (C) axial diagram of anchor bolt after construct
support of rock-slag and sand slope; (D) plastic strain diagram of rock-slag and sand slope after construct support; (E) axial diagram of anchor bolt after construct
support of rock-slag and sand slope; (F) bending moment diagram of shotcrete on a slope.
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The calculation results reveal that the maximum vertical
displacement of the slope is 0.386 m, the maximum horizontal
displacement is 0.336 m, and the maximum stress in the XZ
plane is 698.27 kPa. The plastic zone of the slope is not
completely through and the safety factor of the slope is
2.35, which meets the requirements of the code. The
mechanical characteristics of the rock-slag and sand
mixture are modeled and analyzed. The analysis results are
illustrated in Figure 13.

The calculation results suggest that the maximum vertical
displacement of the slope is 0.148 m, the maximum horizontal
displacement is 0.117 m, and the maximum stress in the XZ
plane is 336.198 kPa. The slope plastic zone is completely
through and the slope safety factor is 1.58, which fails to
meet the requirements of the code. The friction angle of the
whole stone slag is slightly larger than that of the mixture of
stone slag and stone powder, while the cohesion is slightly
smaller than that of the latter. Hence, the same slope support
scheme with whole stone slag is adopted to establish the finite
element model for slope stability after support. The analysis
results are provided in Figure 14.

The calculation results imply that the maximum vertical
displacement of the slope is 0.460 m, the maximum horizontal
displacement is 0.416 m, and the maximum stress in the XZ plane
is 805.43 kPa. Due to the failure of the plastic zone in the slope,
the slope safety factor is 2.67, whichmeets the requirements of the
code. The indicators after the construction of the supporting
structure of the two materials are exhibited in Figure 15.

It can be concluded from this figure that the maximum
bending moment of the shotcrete panel of the rock-slag
material slope is greater than that of the rock-slag and sand-
soil mixture, while other engineering indexes are smaller than the
latter. The friction angle of stone slag is higher than that of stone
slag and sand mixture, and the cohesion is smaller than the latter.
The numerical simulation results show that the stability of the

coarse-grained soil slope is significantly affected by the friction
angle of the material and is less affected by the cohesion of the
material; that is, the friction angle directly affects the slope sliding
fracture angle. The smaller the friction angle, the smaller the slope
sliding fracture angle, the further the sliding surface extension,
and the stronger the cohesion of the resistance. Nonetheless, the
coarse-grained soil friction angle is extremely large, and the
cohesion is relatively small. Thus, the stability of the coarse-
grained soil slope is mainly affected by the friction angle and
stone slag should be selected as the pile material of the abandoned
soil site (Simoni and Houlsby, 2006).

5 CONCLUSION

1) Influence of stone content on cohesion: when water content
remains unchanged, the cohesion decreases as the stone
content increases, and the decrease in cohesion increases.
The cohesion of accumulated gravel soil mainly depends on
sample density and fine soil content. The cohesion
increases as the density increases, and decreases as the
fine soil content decreases. Due to the increase in stone
content, the decrease in cohesion caused by the decrease in
fine particle content is much larger than the increase in
cohesion caused by density increase. The hydraulic and
electric force molecules on the surface of the fine aggregate
increase the cohesion, which is far greater compared to
increasing the density to enhance the interlocking
(interlocking) effect between soils.

2) Influence of stone content on internal friction angle: when the
water content is unchanged, the internal friction angle
increases with the increase in stone content, and the
increase in the internal friction angle increases. Rubble acts
as a skeleton and fine-grained soil coats the surface of the
gravel. Hence, it plays the lubrication function. When the
water content remains unchanged, with the increase in stone
content, fine soil content decreases, more gravel is in direct
contact, and the friction angle increases.

3) The influence of initial dry density on strength: under
different confining pressures, with the increase in initial
dry density, the ability of coarse-grained soil to resist shear
increases gradually because the coarse-grained soil
becomes more compact. Macroscopically, this
demonstrates relatively large strength. Meanwhile, the
greater the confining pressure, the stronger the lateral
constraint of soil, the longer the contraction phaser, the
stronger the capability of the soil to resist shear, and the
higher the value of (σ1-σ3)max.
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