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Abstract

There are usually two types of slopes in nature: soil and rock. However, the granular slope has gradually come into view
and has caused concern. In this paper, a modified Mohr—Coulomb (MC) criterion has been proposed to estimate the strength
parameters of medium materials using a new parameter (7o) instead of the traditional MC parameter (c). Meanwhile, there is
a new stability chart of a granular slope whose core is the dimensionless stability number Ns and dimensionless coefficient
DR based on a modified MC criterion to estimate the safety factor of a granular slope preliminarily when the geometric and
strength parameters of the slope are determined. A practical case is introduced to test the results, showing that the stability
chart proposed in this paper is applicable to granular slopes. The research content and the proposed new viewpoints are
intended to offer preliminary judgments on the stability analysis of granular slopes and provide guidance for the stability
analysis and construction design of granular slope engineering.

Keywords Granular slope - Modified Mohr—Coulomb criterion - Slope stability - Stability chart - Dimensionless stability

number and coefficient

1 Introduction

Slopes are common engineering geological bodies in nature.
With the gradual acceleration in the pace of human explo-
ration of nature, an increasing number of projects are
developed with slopes as the objects of development, such

B Panagiotis G. Asteris
panagiotisasteris @ gmail.com

B Danial Jahed Armaghani
danialarmaghani @susu.ru

Jian Zhou
csujzhou@hotmail.com

Chuangi Li
lcqchuangicsu @ gmail.com

Xiuzhi Shi
baopo@csu.edu.cn

School of Resources and Safety Engineering, Central South
University, Changsha 410083, China

Computational Mechanics Laboratory, School of Pedagogical
and Technological Education, 14121 Heraklion, Athens,
Greece

Department of Urban Planning, Engineering Networks and
Systems, Institute of Architecture and Construction, South
Ural State University, Chelyabinsk, Russia

as tunnels, railways and dams [1-7]. However, in engineer-
ing practice, debris flow, landslide, collapse and rock-fall
are common disasters caused by slope instability caused by
external factors [8—11]. Therefore, slope stability has always
been one of the key issues in geotechnical engineering. To
ensure the safe and efficient development and protection
of slopes, different analysis methods have been developed
to simply and efficiently determine the existing slopes sta-
bility, including deterministic analysis [12—14], numerical
simulation [15—17], statistical analysis [18-20] and artificial
intelligence techniques [21-32].

Among the many methods of slope stability analysis,
the chart method was established early and applied to ana-
lyze common slope (soil slopes and rock slopes) works in
nature. Taylor [33] first proposed a chart to calculate the
safety coefficient of a simple homogeneous slope; however,
the calculation of the safety coefficient needs to go through
a complex iterative process. To abandon complex iterative
operations, Michalowski [34] proposed a kinematics method
based on the limit analysis method to establish a new type of
slope stability calculation chart. Klar et al. [35] made a new
chart explanation for the calculation of the safety factor (SF)
of soil slopes. Sun and Zhao [36] introduced a set of stability
charts for homogeneous soil slopes based on Klar’s research
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work and considered the effects of pore water pressure as one
of the influential factors on slope stability. Eid [37] designed
a graph for the stability of cohesive soil homogeneous slopes
and added a chart to determine the sliding SF under static and
dynamic loads. Vo and Russell [38] provided an illustration
of slope stability for solving the problem of a heterogeneous
unsaturated soil slope. At the same time, there are also a few
scholars who have utilized the chart method to study and con-
tribute to the stability of rock slopes. Carranza-Torres [39]
first proposed a chart to analyze the stability of rock slopes
with the Hoke Brown (HB) parameter, a = 0.5 and a sin-
gle slope angle. Li et al. [40] proposed a graph based on the
parameters in the HB criterion to evaluate rock slope stability
and systematically plotted the stability results under differ-
ent disturbances and earthquakes [41, 42]. Shen et al. [43]
recommended a new stability graph based on HB parameters
to estimate the SF values using the limit equilibrium method
and developed a new way to calculate the SF considering the
disturbance factor and the slope angle. Sun et al. [44] used
the strength reduction technique to map the stability of rock
slopes under specific angles and disturbance factors. In this
way, they estimated the safety coefficient of slopes simpler
and faster by using HB failure criterion parameters directly.

In previous studies, the stability analysis of the soil slope
was based on the Mohr—Coulomb (MC) failure criterion, and
the rock mass of the rock slope meets the HB criterion due
to its nonlinear strength, as shown in Fig. 1. However, there
is a kind of engineering body called a granular slope (GS)
that is formed by accumulating medium material (e.g., waste
rock, metal, ore, gypsum and gangue). So, from the macro-
point of view, a GS does not belong to the soil slope, nor
does it belong to the seemingly complete rock slope. There-
fore, both the traditional MC criterion and the generalized
HB criterion could be inadequate to accurately describe the
strength properties of a GS with medium material.

Based on medium mechanics, this paper proposes a mod-
ified MC criterion to calculate the SF of a granular slope.
Then, combined with the characteristics of medium parame-
ters, a granular slope stability chart is provided to simple and
fast through preliminary and repose of SF chart for subse-
quent repose of slope stability analysis and provides certain
guidance for management.

2 Modified MC Method
2.1 Transnational MC Criterion
Using a series of test results on sandy soil, Coulomb [45]

concluded that the shear strength of soil is in the stress range
with some small changes, which could be expressed as a
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linear function of normal stress on the shear sliding surface:
T =o0tang (1)

where ¢ is the internal friction angle of the soil, tan’ is called
the coefficient of the internal friction of soil, T is the ultimate
shear stress on the shear sliding surface, and o is the stress
on the vertical shear sliding surface.

Subsequently, Coulomb [45] proposed a general shear
strength formula based on the test results of cohesive soil
as follows:

T=c+otang 2)

where c is undrained cohesion values.

Mohr [46] mentioned that when the shear stress on a
section of a material reaches a certain value related to normal
stress on the surface, the material undergoes shear failure.
This function is a curve in a Cartesian coordinate system that
is commonly referred to as the Mohr envelope, as shown in
Fig. 2 (a). Many scholars have processed the Mohr envelope
according to the strength test data in different mathematical
forms. The parabolic, hyperbolic, cycloid, straight line and
other forms of approximation of the real experience curve
have appeared. However, most of the related researchers
agreed that in a case where the stress on the material is not a
large amount, the linear MC strength curve (Fig. 2 (b)) tends
to yield better results.

According to the traditional MC criterion, in the destruc-
tion of soil and rock masses, the cohesive force (cohesion,
¢) and ¢ are the strength parameters of the material. In other
words, ¢ and ¢ are attributes of the material itself. Accord-
ing to the explanation of c in the dictionary, the attraction
between adjacent parts within the same substance is a mani-
festation of molecular force. It can be judged from the above
knowledge that the true c is a microforce, which may exist in
the macroscopic pure soil and rock mass material with com-
plete individuals. Therefore, it is persuasive to use the MC
criterion to consider c as a fixed value in such material.

As shown in Fig. 3, it is found from the triaxial shear test
that greater ¢ values lead to greater compressive strength and
shear resistance. In addition, greater c values lead to a larger
difference between the maximum and minimum principal
stresses. Wang [47] introduced an equation for estimating
the rock’s cohesion under different stress states according to
different. Since a crack inside a rock cannot be observed, ¢
values obtained from the end of the strength test are normally
used in studies related to rock mechanics. At the same time,
it is noted that the cohesive force is not a kind of force but
represents the ability of the rock to bear various forces, which
is controlled by the initial force and is not a fixed value.

Compared with the internal structure of rock and soil
material, the “independence” of granular materials is more
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Fig. 1 Relationship between HB

and equivalent MC envelopes
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Fig. 2 Mohr envelope and MC strength curve

obvious at the macrolevel, as shown in Fig. 4. Granular mate-
rials contain discrete elements of different sizes, which prove
that there is no cohesive force generated by intermolecular
forces at the macrolevel.

As displayed in Fig. 5, there is no cohesive force or ¢ in
the ideal medium material. In fact, the interaction between
the medium materials is completely balanced by the friction
force. Failure means that the shear stress on a certain section
exceeds the combined force of the internal friction force and

6 9 12
Normal stress o,(Mpa)

14

(b)
TA

=S >

the bite force between the element materials. For general
medium materials, it is very important to find the true ¢ values
to be used in the MC criterion.

2.2 Limit Equilibrium of Granular Materials
Wang [47] introduced an equation for solving the rock cohe-

sion in different states according to different variations in
rock cohesive forces:
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Fig.3 MC strength curve T 4
(resulting from triaxial shear test)
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Fig.5 Curve of ultimate shear
stress of non-cohesive medium
materials ¥1
A
T P2
P3
>
o2
Ry 1 —sing 7 parameters of the traditional MC criterion, but by the ini-
c=\7")o0 3cosg D tial shear stress 1o of the medium material proposed in this

where og is the maximum principal tangential stress in the
surrounding rock.

In this paper, a limit equilibrium experiment is adopted
to explore the strength parameters of the MC criterion for
general viscous medium materials (Fig. 6), material density
y of viscous medium materials, local gravity acceleration,
g, and packing height, h0. The vertical pressure at point o
is equal to yho g in Fig. 6, and it cannot act on point o in
the horizontal direction, which is equivalent to the maximum
and minimum principal stress. Therefore, the stress state at
point o is represented in Fig. 6.

In Fig. 6, the longitudinal intercept, o, represents the ini-
tial shear stress of general medium materials during initial
accumulation. By geometric drawing, the known stress circle
radius and ¢ can be used to solve tg:

hoyg cosg
T0 — e —
0= 72 T1+sing

®)

According to the above equation, it is shown that the ini-
tial shear stress of the medium material in the experiment
is related to the initial vertical stress and the internal fric-
tion angle carried by the medium material in general viscous
accumulation, which directly verifies that the cohesive force
is not a fixed value Wang [47]. The medium material of the
initial stress is not affected by the macrodiscreteness of the
repose on the material, regardless of the form and function,
and the inner cohesion of the soil and rock mass is roughly
the same.

In this paper, the stability of the granular slope is not
studied by the cohesion force, which is one of the strength

paper, which is controlled by the height of the piled medium
material and its internal friction angle.

2.3 Modified MC Criterion

The limit equilibrium formula of the general viscous medium
material is shown as follows:

T=1)+0otang )

According to previous studies, this paper proposes a suit-
able shear strength formula for medium material based on
the modified MC criterion.

r:w-ﬂ+atan<p (10)
2 1 4 sing

where y; is the medium material density during the test, hg

is the maximum height (40 cm) of the standard direct shear

apparatus, ’ is the internal friction angle of the medium mate-

rial, o is the normal stress and T is the shear stress.

In the traditional MC failure criterion, ¢ and ¢ are deter-
mined from the shear strength experiment. In the modified
MC criterion, the initial shear stress, which is similar to c,
is related to ’, material stacking height, density and other
parameters. It shows that ’ can still be obtained from the
conventional shear strength test, and the initial shear stress
can be calculated according to the test results. It can be found
from the actual test results (Fig. 7) that when the traditional
MC parameters obtained from the medium material are used
to analyze the actual engineering body, results with large
deviation are often achieved (ultrahigh safety factor).

@ Springer
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As shown in Fig. 7, when c obtained from the direct
shear strength test is an input of the software, the SF of
the granular slope will obviously exceed the standard safety
value (the instability probability is definitely zero). By com-
parison, when the parameters in the modified MC criterion
are software inputs, the SF of the slope with loose mass is
significantly reduced (instability probability is high). It is
obvious from the field observation in Fig. 8 that when c val-
ues obtained from the test are input, the judgment of the
stability of the granular slope is seriously distorted. On the
other hand, the ¢ value obtained from the modified MC for-
mula after participating in the analysis shows only a small
difference from the actual situation.
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Fig.7 Stability of a granular slope with traditional MC and modified MC strength parameters, a cohesive force from test and b initial shear stress

3 Stability Number Based on the Modified
Mohr-Coulomb Criterion

3.1 Traditional MC Stability Number for Soil Slope

Taylor [33] suggested the use of the dimensionless variable
stability number to analyze the stability of the soil slope
(Fig. 9), which can be defined as:

Cd Cc
N=—=
yH  yHSF

Y

where y is the unit weight of a single soil layer, H is the
vertical height of the slope, SF is the safety factor, and c is
soil cohesion.
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Fig. 8 Actual situation of a
granular slope
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Fig.9 Stability number of uniform slopes [17]

Bell [48] proposed a modified dimensionless number, N*
to make the dimensionless number of the stability number
independent of the SF.

. cd _ c/SF _ c
" yHtangy; yH(tang/SF) yHtang

12)

However, the calculation of the safety coefficient of the
cohesive-frictional soils slope through Taylor’s stability chart
requires complex iteration. Steward et al. [49] proposed a sta-
bility chart without iterative calculation for the estimation of
the safety coefficient of the cohesive-frictional soils slope, as
shown in Fig. 10.

Based on Steward et al.’s chart, the abscissa is ¢/HF, and
the ordinate is tan’/F. When solving F, ¢/Htan’ should be
determined first, then input the slope angle, find the unique
coordinate point (X, y) in the figure and finally establish the
equation to solve the coordinate value and the horizontal and
vertical coordinate expression and verify whether the F value
is reasonable in the allowable range of error.

3.2 HB Stability Number for Rock Slopes

Similarly, in the rock slope stability chart, the dimensionless
stability number is defined as:

N = Oci
yHSF

13)

where SF is the slope safety factor, y is the unit weight of
the rock mass, H is the slope height, and o; is the uniaxial
compressive strength (UCS) of the rock mass [40].

Shen et al. [43] studied the concept of the strength rate
used in tunnel research and correlated it with the stability
number [50]. When the HB parameters (i.e., GSI, mb, s and
a) are determined, the SF of the rock slope is only related to
the strength rate. These parameters can be plotted as a series
of graphs (Fig. 11) to characterize the relationship between
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Fig. 10 Slope stability design chart for cohesive-frictional soils [49]

the SF and strength rate (SR) under different HB parameters
[51].

Carranza-Torres [39] further studied the HB criterion and
found that when the HB parameter a = 0.5, the rock slope SF
is only related to three independent variables: H, s/mp? and
B. The function that is combined with the three independent
variables is modified as follows:

H
yH=-" :

T
OciMp my

(14)

In Fig. 12, the abscissa is a combination of the three inde-
pendent variables, and the ordinate is the slope SF. When the
values of mb and s are calculated using the generalized HB
criterion proposed by Hoek et al. [51], except for the angle,

@ Springer
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the remaining two independent variables can also be calcu-
lated. Finally, based on the known values, the SF values can
be obtained directly in the chart.

3.3 Modified MC Stability number for Granular
Slopes

By reviewing the application of the stability number in the
stability charts of soil and rock slopes, a common point that
the factors in the expression of the stability number are related
to their respective media can be found. For example, the
molecules of two kinds of stability numbers represent one
of the characteristic properties of soil materials and rock
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masses. Therefore, the two mentioned dimensionless stabil-
ity numbers are not applicable to the chart analysis of the
stability of granular slopes for two reasons:

A: From the macroscopic point of view, there is no
intermolecular force between the medium materials in the
granular slope, and the macroscopic equilibrium is basically
maintained by a series of physical actions such as interparti-
cle friction.

B: From the point of view of laboratory tests, the core
sampling of the granular slope cannot be carried out, so the
UCS test cannot be carried out o;.

Based on Taylor [33] study, the following dimensionless
stability number was applied to the granular slope in this

paper.

_YHSF yHSF

~ ygho .
2

Ny 15)

cos @

T
0 1+sing

where y; is the weight of the medium material unit in the
direct shear test, y is the weight of the medium material unit
in the granular slope, H is the granular slope height, SF is the
safety factor of the granular slope, g is the local gravitational
acceleration, hy is the maximum loading height of the shear
instrument for medium materials, and ’ is the internal friction
angle obtained by the shear test.

Springer

In addition, during the stacking process, the density of
medium materials in the granular slope will be different
from that of the medium density in the test due to vibration
and compaction, and the variation range of medium mate-
rial is generally from 1.05 to 1.52 g/cm® [52]. At present,
researchers often choose medium density as the experimen-
tal density in the actual direct shear test. Based on this, this
paper proposes a dimensionless number DR, which is defined
as the ratio of the field density of the granular slope to the
experimental medium density so that the field density change
is incorporated into the depiction of the stability chart to more
accurately solve the stability of the granular slope.

4 Chart Method for Granular Slope Based
on Modified MC

Taylor [33] identified three types of failure slip planes for soil
slopes, i.e., toe circles, slope circles, and midpoint (or base)
circles, as shown in Fig. 13. The appearance of different slip
surface shapes is not only limited to slope height and the
height from the top of the slope to the formation, but more
importantly, it is related to the slope angle.

In this paper, two-dimensional software, i.e., Slide 6.0,
which is popular in the field of geotechnical engineering, was
used to analyze the granular slopes. After fitting thousands of
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Fig. 13 Slip circles: a toe circle; b slope circle; and ¢ midpoint circle [33]

test data, the relationship between the angle of the granular
slope and the dimensionless number, Ns, under the different
DR can be found as follows:

1. With the increase in the slope angle, the value of the
stability number has been on a downward trend. The sta-
bility numbers for slope angles less than 30 degree are
significantly higher than those for slope angles greater
than 30 degree, indicating that the influence rate of slope
angle on the safety coefficient in a granular slope is dif-
ferent. When the slope angle is less than 30 degree, small
changes in the slope angle may also cause a large change
in the slope safety coefficient. In contrast, when the slope
angle is greater than 30 degree, even if the slope angle
changes considerably, the slope safety coefficient will not
significantly change.

2. 1I. This paper studies the relationship between > and sta-
bility number. According to Fig. 14, under the same slope
angle, the stability number increases with the increase in
’, which indirectly verifies that * cannot be 0O in the sta-
bility of a granular slope. This is quite different from the
traditional MC criterion used in the strength parameter
analysis of soil slopes (stability chart friction angle = 0
[33]), so the existence and value of * are crucial to the
stability of granular slopes.

3. III. Based on the research conducted by Huang [52], a
general variation range of medium material density was
introduced as (1.05-1.52 g/cm?). A stability chart for
granular slopes with different * and DR values is dis-
played in Fig. 14. According to this figure, the DR values
are changed from 1 to 1.52 g/cm3, the maximum values
of Ns are 159.5, 169.8, 235.3, and 275.0, and the max-
imum and minimum ’ values are considered 55 and 15
degrees.

4. 1V. In this paper, we modified four slide circles—*“sur-
face,” “top + surface,” “top + bottom” and “bottom +
surface,” which occur in granular slopes, as shown in
Fig. 15. It can be clearly observed that the main slide

circles are “surface” and “top + surface” when DR =
1. With the increase in DR values, the main slide circle
also changed, and the ratio of “top + bottom” and “bot-
tom + surface” gradually increased. This indicates that
there is a close relationship between DR and the stability
of granular slopes. Meanwhile, considering safety factor
responses of different slide circles under different DR
values, the results show that a higher safety factor always
occurs in slide circles of “top + bottom” and “bottom +
surface.”

In this paper, the stability chart (which can be used for SF
calculation) is put forward emphatically as shown in Fig. 16.
It provides a direct, simple and efficient solution method for
the initial design of a granular slope. The stability chart of a
granular slope proposed in this paper takes the stability num-
ber as the abscissa and the tangent value of * as the ordinate
and the ratio of the SF of the granular slope. The input param-
eters are * data obtained from the shear strength test and slope
parameters (slope angle and slope height) of medium materi-
als, so the unique data intersection point (X, y) can be directly
found in the chart. Finally, the outputs of SFyx and SF, take
the average value of the SF within the allowable error range
as the reference opinion for preliminary stability analysis.

It can be found from the arbitrary stability chart drawn in
this paper that when mechanical and geometric parameters
of the granular slope other than the slope angle are fixed,
then, t9/HSF and tan’ /SF increase with the increase in the
slope angle, which means that the SF of the slope decreases.
When all the geometric parameters related to a slope are
determined, to/HSF and tan’/SF increase with a decrease
in ’, and the SF values increase. At the same time, the com-
parison of the stability chart (a, b, ¢ and d) shows that when
the mechanical and geometric parameters of the slope are
determined, the to/HSF and tan’/SF values decrease with
increasing DR. This indicates that the SF is closely related
to changing DR, and the regional SF with larger DR may be
higher. This phenomenon is verified in the actual granular
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Fig. 14 Stability chart for granular slopes with different ¢ and DR values

slope, as shown in Fig. 16. From both field observations and
experimental studies, it can be seen that the area with high
slope density is concentrated in the central area at the top
of the slope. The closer the area is to the slope surface, the
smaller the density of the granular materials will be, until the
density at the toe of the slope is almost the same as that of
natural medium materials. At the same time, it can be seen
from the field slope stability that the central region of the top
of the slope body is in well-stability, the closer to the slope
surface, the worse the regional stability is, and it is more
likely to incur local collapse, edge crack and other adverse
phenomena, which correspond to the meaning of the stability
chart under the different DR proposed in this paper.

Figure 16 (a, b, ¢ and d) contains more than 2000 sets of
data. In contrast, Fig. 10 [49] shows that the stability dia-
gram drawn of cohesive-frictional soils outside the dotted

@ Springer
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line whose ’ can approach 0 and 90 degrees, but the stability
chart of granular slopes studied only considering the granu-
lar slope characteristics caused by the medium material itself
whose internal friction angle is different from soil and rock
materials in this article. Kefin [53] studied some physical
properties of granular bodies and showed that > in medium
materials ranged from 15 to 55 degrees (see attached Table
1). And the internal friction angle of medium materials in
stability chart for granular slope is considered range from 15
to 55 in this paper.

5 Case Study

This paper uses the modified MC criterion based on the chart
method to evaluate the SF results of the waste rock slope
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Fig. 15 Structure and slide
circles of slopes

‘top + bottom’
= = = ‘top+ surface’
‘surface’

‘bottom + surface’
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of the Fankou lead—zinc mine in Renhua County, Shaoguan
City, Guangdong Province, China. In the following subsec-
tions, more details regarding this project will be given.

5.1 Site Investigation

The Fankou lead—zinc mine waste rock slope was built in the
1970s. It is mainly used for piling up the waste rock produced
by excavation and blasting. After the waste rock is lifted from
the underground to the surface, it is transported to the waste
rock slope by car and discharged by bulldozer, with a daily
discharge of approximately 300 ~ 400 tons. After a long
period of mine production, a waste rock dump of approxi-
mately 20 m above the ground has been formed in the Fankou
lead-zinc mine, as shown in Fig. 17. The waste rock pile
site is located in the upper part of the original tailings pond.
The average elevation at the bottom of the pile site is 108 ~
109 m, and the average elevation at the top is 129 ~ 130 m.
The whole pile is made up of the waste rock layer-by-layer
from the underground hoisting. The north side of the waste
heap site is close to the highway, and the slope angle ranges
from 30 to 40 degrees. The overall slope surface is similar
to a straight line and smooth. The angle of the south slope is
between 40 and 50 degrees.

The Fankou lead—zinc mine granular slope, which is made
of waste rock, is completely formed by the accumulation of
hauled waste rock materials. This material is different from
both the soil slope with high cohesion and the rock slope with
good rock mass integrity. At present, there have been some
regional collapses and landslides on the granular slope, so it

VAV AV A A AV A AV e eV

is very important to conduct effective stability evaluation on
the granular slope.

5.2 Parameter Acquisition

Four specific locations (Fig. 18) were selected for the stability
analysis of the granular slope (the slope height was fixed at
20 m), which was made of waste rock.

According to the modified MC criterion, first, it is nec-
essary to perform physical and mechanical experiments on
medium materials to obtain strength parameters of the inter-
nal friction angle to simulate.

At present, the direct shear test and triaxial shear test are
the main strength tests for medium soil material. In the triax-
ial shear test, triaxial shear equipment with a high degree of
automation was used to measure the strength and obtain the
relevant parameters. However, according to the feedback of
actual results, the data of the triaxial test are often inaccurate
because of the interference of external conditions. Therefore,
this study used the manual direct shear instrument to conduct
the direct shear test of medium material, as shown in Fig. 19.
The direct shear data were recorded and are shown in Table
2 and Fig. 20. The relevant-modified MC criterion, mainly
parameters and slope geometry, is shown in Table 3.

5.3 Stability Analysis

The four different positions of the granular slope for chart
analysis were selected as case studies of this research.
According to these positions and the stability chart in this
paper, the unique coordinate corresponding to each of these

Springer
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Fig. 16 Stability chart for granular slopes
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Table 1 Internal friction angle of

medium materials [53] Medium materials Density (m3)  Internal friction angle Unit cohesion force (kPa)
(degree)

Iron ore 1.7~2 45 -
Soybean 0.6 ~0.8 32 -
Coarse gypsum 1.5 30 -
Fine gypsum 13 40 -
Saturated clay 1.9~22 15~25 1
Wet clay 1.7~1.9 25~35 20
Dry clay 1.6 ~1.7 40 ~ 45 200
Alumina 1.1~1.3 28 ~ 30 -
Pea 0.8 25 ~28 -
Saturated gravel 1.9~2.0 25~35 -
Dry gravel 1.8 35~45 -
Buckwheat 0.6 ~0.7 35 -
Saturated humus 1.7 28 ~ 30 1
Wet soil 1.6 30 ~45 5
Dry soil 12~15 28 ~ 35 50
Cultivated soil 0.85~1.3 30 ~ 36 -
Plant ash 04~0.7 40 ~ 50 -
Quick lime 0.8~ 1.1 30 ~ 45 -
Hydrated lime powder 0.6~0.7 30 ~45 -
Crushed limestone 1.4~1.7 35~55 -
Rock block 1.3~2.0 37 -
Calcium carbide 0.9 28 -
Slag 1.3~1.5 33 -
Coke 0.35~0.7 30 ~50 -
Hemp seed 0.5~0.6 30~ 38 -
Cryolite 0.85~1.0 30 ~ 37 -
Corn 0.7 ~0.75 28 ~ 40 -
Manna croup 0.68 30~35 -
Sunflower shell 0.3 50 -
Flax seed 0.65 ~0.75 25 -
Crushed chalk 1.4 39 -
Rye flour 0.4 ~0.55 35~50 -
Wheat flour 0.45 ~ 0.65 30 ~45 -
Selection of nepheline 1.1~1.3 31~40 -
Oat 04~0.5 28 ~35 -
Wood sawdust 0.15~0.3 30~55 -
Bran 0.18 ~0.45 55 -
Scum 1.9~2.1 30~35 -
Saturated sand 2.0 20 ~ 25 -
Wet sand 1.7~ 1.8 40 -
Dry sand 1.5~1.7 30 ~ 45 -
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Table 1 (continued)

Medium materials Density (m3)  Internal friction angle Unit cohesion force (kPa)
(degree)
Sunflower 0.42 33~45 -
Maiden cane 0.65 ~ 0.85 22 ~25 -
Wheat 0.65 ~0.80 25~35 -
Pulverized coal 0.7 15 -
Rice 0.5~0.8 40 -
Rye 0.65 ~0.80 25~35 -
Copper ore 1.9 - -
Sugar 0.7~0.9 50 -
Beet seeds 0.27 ~0.30 38 -
Saltpeter 0.8~1.1 40 -
Caustic soda 0.5~1.25 35~45 -
Wheat skin 0.32 ~0.56 22 -
Salt 0.7~1.3 30 ~50 -
Crushed volcanic ash 1.4 43 ~50 -
Saturated subclay 2.1 20 ~ 25 1
Wet subclay 1.9 15 ~20 10
Dry subclay 1.6 20 ~ 40 100
Ammonium sulfate 0.8~0.9 40 -
Peat 0.3~0.7 45 ~ 50 -
Non classified lump coal 0.95 27 ~32 -
Crushed coal 0.8 35 -
Lignite 0.6 ~ 0.65 30 ~45 -
Phosphate rock powder 1.3~1.38 40 ~ 45 -
Ammonium fluoride 0.8~0.9 33 ~40 -
Cement 1.0~1.6 27 ~ 40 -
Lentils 0.6 ~ 0.85 25~35 -
Slag 0.6 ~1.0 30 ~50 -
Crushed rock 1.3~2.0 40 ~ 45 -
Carbon dust 0.84 ~ 0.89 34 ~ 44 -
Barley 0.43 ~0.75 27 ~ 45 -

positions in the graph was found, and SF values of the hori-
zontal and vertical coordinate axes were calculated in reverse.

According to the results shown in Table 4, the SF obtained
by the two axis indexes is basically consistent within the
allowable range of error, and the average SF value is used
as the output value of the stability chart method. The results
of this case are in line with the stability of the slope posi-
tion corresponding to the actual site, which verifies that the
graphic method based on the modified MC criterion proposed
in this paper can make a preliminary SF estimation. In fact,
the proposed modified MC technique is able to provide some
guidance for the subsequent stability analysis.

S @ Springer

6 Conclusions

A stability chart based on the modified MC criterion is pre-
sented for granular slopes in this study. The parameters of
the new chart are basically the same as those included in
the chart using the traditional MC criterion (’, slope height,
slope angle, natural density of materials and SF). The purpose
of modifying the traditional MC criterion is to use only the
accurate internal friction angle parameter obtained from the
physical and mechanical experiments of granular materials,
to eliminate the influence of the inaccurate cohesion param-
eter in the experiment for medium materials and to obtain
another strength parameter of granular materials so that the
stability analysis of granular slopes is closer to reality.
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Hainan

Fig. 17 Granular slope in the Fankou lead—zinc mine

First, physical and mechanical experiments were carried
out on medium materials according to the experimental oper-
ation manual, and several data sets composed of c and ° were
obtained, but only an average value of ’. The modified MC
criterion parameter to was used to form the improved tradi-
tional MC criterion.

Second, in the modified MC criterion, the relationship
between input parameters and output parameters becomes
a simple one-to-one correspondence between * and the shear
strength, which rejects at the source the influence of the “un-
real cohesion” obtained from the physical and mechanical
experiments.

Third, according to the previous definition of medium
materials and physical properties analysis, the range of * for
medium materials is basically defined as 15 ~ 55 degrees.
The core of the stability chart proposed in this paper is the
dimensionless stability number. Based on the modified MC
criterion, when the shape of the slope and the DR are deter-
mined, the dimensionless stability number is only related to
the ° of the granular materials, which is one of the special
relations of the granular slope, which directly indicates that

the traditional strength parameter, cohesion, may not exist in
the granular slope.

Fourth, based on the modified MC stability chart, this
paper preliminarily determined the SF of the granular slope.
When the geometric and strength parameters of the slope are
determined, the unique coordinates can be determined in the
stability chart, so the horizontal and vertical coordinate val-
ues containing the safety coefficient can be read. Finally, the
two safety coefficient values can be calculated in reverse for
comparison. The result is considered desirable if the error is
within tolerance.

The research content and the proposed new viewpoints
are intended to offer preliminary assessment on the stabil-
ity analysis of granular slopes and provide guidance for the
stability analysis and construction design of granular slope
engineering. However, although the improved MC criterion
has been verified in this paper, there are still different gran-
ular slopes with various strength properties that need to be
considered to improve the criterion to increase its reliability
and universality.
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Fig. 19 Direct shear test of medium materials

Table 2 Direct shear test data

Position Measured cohesion Measured internal friction angle
1-1 165.99 49.9
1-2 152.41 493
1-3 99.30 44.0
1-4 59.18 409
1400 T —+=P=200 kPa —#—P=400 kPa
1400.0 r —+—P=600 kPa ==p=3(0KPa
- A1 16180415241
/ 1200.0
a0 0 y=096521499.3 )
£ y=1.1894x+165.99 / P’ 4 1000.0
5 a0 0 /‘. i 800.0
G / =0.8673x+59. g
; P / y=0.8673x+59.18 ;
o 600 / ¢ @ 600.0
[}
400 /-,/ 400.0
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Fig. 20 Recording graphs of direct shear test data

shear displacement
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Table 3 Modified MC criterion

main parameters and slope Position Angle of slope Density Initial shear stress Inter friction angle
geometry

1-1 30 32.68 2.336 49.9

1-2 35 29.03 2.125 49.3

1-3 45 22.58 1.881 44.0

1-4 55 21.50 1.926 40.9
Table 4 Safety factor of the
horizontal and vertical Position Horizontal safety factor Vertical safety factor Safety factor average
coordinate axis

1-1 3.042 3.125 3.084

12 2.344 2.373 2.359

1-3 1.201 1.192 1.197

14 0.800 0.795 0.798
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