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Drawing on the theories of limit equilibrium and finite-element strength reduction, this
paper explores the instability modes and stability change laws of the slope in zones E,
W, and S of Jiajika spodumene mine, through rock mechanics tests, field survey, and
numerical simulation. The results show that the sliding mode of the slope is circular arc
sliding or circular arc + plane sliding. Overall, the final slope of the open-pit mine is
generally stable under the current design, and the slope of the current steps is reasonable.

1. INTRODUCTION

The development of mineral resources is an important
guarantee for the development of the national economy. Open-
pit mining has been widely adopted in domestic and foreign
mines, owing to its large production scale, high labor
efficiency, and low production cost [1]. During open-pit
mining, slope stability is critical to the work safety of the mine.
With the continuous advancement of open-pit mining
technology and the large-scale exploitation of surface
resources, open-pit mines are witnessing the growth of mining
depth and slope height [2]. The excavation of open-pit mines
is shifting from shallow buried layers to deep open layers, and
to underground layers in some cases [3]. The growing depth of
open-pit mining inevitably pushes up the height of the open-
pit mine slope, raising higher requirements for slope stability.

After years of exploration, there are systematic analysis
approaches for the stability of open-pit mine slope, which
mainly falls into qualitative analysis and quantitative analysis.
Specifically, qualitative analysis approaches include
geological history analysis, engineering geological analogy,
and graphic method; quantitative analysis approaches include
limit equilibrium method, numerical analysis, and reliability
analysis. Among them, numerical analysis can be broken
down into finite-element method (FEM), finite-difference
method (FDM) [4], boundary element method (BEM) [5],
discrete element method (DEM) [6], numerical manifold
method (NMM) [7], element-free method (EFM) [8],
discontinuous deformation analysis (DDA) for block systems
[9], and fast Lagrangian analysis of continua (FLAC) [10, 11].

For its simplicity of mechanical modeling and ease of use,
the limit equilibrium method has been extensively applied in
engineering, creating lots of practical experience. Strength
reduction method, a common approach for the finite-element
analysis of slope stability, directly solves a safety factor
through finite-element analysis. This method not only inherits
the merits of the FEM in simulating complex problems, and
boasts clear concepts and intuitive results. Hence, more and
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more projects have resorted to strength reduction method. As
aresult, this paper studies slope stability with limit equilibrium
method and strength reduction method.

2. THEORIES ON LIMIT EQUILIBRIUM AND FINITE-
ELEMENT STRENGTH REDUCTION

2.1 Basic principles of limit equilibrium method

According to the principle of mechanical equilibrium, the
limit equilibrium method analyzes the stress state of the slope
under various failure modes, and evaluates slope stability
based on the relationship between the anti-sliding force and
the sliding force [12-14].

The basic principle of the limit equilibrium method for rigid
bodies is to assume that the rock mass will be on the verge of
failure, if the shear parameters (friction coefficient tan ¢ and
cohesive force ¢) of the rock mass on the sliding surface are
reduced by F; times [15]. In this case, Fj is the safety factor for
the stability of the rock slope, i.e., the ratio of the shear
strength of the entire sliding surface to the actual shear stress
of the sliding surface:

(1

where, Tris the shear strength; 7 is the actual shear stress.

Trial calculation is often adopted to compute the safety
factor F of the sliding rock mass. Firstly, different sliding
surface forms are selected for different rock masses, according
to the actual engineering experience or experimental analysis
results. Next, several different sliding surfaces are assumed,
and the safety factor is calculated for each of the surfaces.
Finally, the minimum safety factor is selected as the safety
factor of the slope, and the corresponding sliding surface taken
as the most probable sliding surface of the slope [16].
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2.2 Basic principle of finite-element strength reduction
method

The basic principle of the finite-element strength reduction
method is to divide the shear strength indices (cohesive force
¢ and internal friction angle @) of the slope by a reduction
factor Fj, producing a new set of strength parameters ¢ and ¢';
the new strength parameters are then imported to the model for
repeated trial calculations [17]. When the computation no
longer converges, the Fs value is determined as the minimum
safety factor for slope stability. In this case, the slope reaches
the limit state and suffers shear failure. Hence, the failure
sliding surface of the slope can be obtained. The shear strength
reduction of the rock and soil mass can be calculated by:
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where, ¢ and ¢ are the cohesive forces of the soil before and
after reduction, respectively; @ and ¢ are the internal friction
angles of the soil before and after reduction, respectively; F is
the reduction coefficient.

3. MINE OVERVIEW AND
GEOLOGICAL ZONING

ENGINEERING

3.1 Mine overview

On the southeastern margin of Sichuan-Tibet Plateau,
Jiajika spodumene mine is excavated by open-pit mining,
coupled with highway transportation. The horizontal layers of
the mine are exploited from the top to bottom. After the mining,
the open-pit mine slope will be 30-90m tall in the east, west,
and north, and 130m tall in the south. The mining mainly takes
place in the strata of quartz schist and pegmatite. As part of the
surrounding rock, quartz schist is relatively soft, and thin to
medium-thick, with well-developed joints and fissures. The
poor physical and mechanical properties of the rock is not
conducive to the stability of the slope. From the angles of
safety management and economic benefits, it is highly
necessary to comprehensively evaluate the slopes in the mine.

3.2 Engineering geological zoning

The engineering geological zoning of the slope is based on
the following elements: the shape and height of the slope, the
lithology of the location, the occurrence of structural planes,
the distribution features of engineering geological rock groups,
and the condition of groundwater. The principle of zoning is
to divide the areas with roughly the same elements into the
same engineering geological zone [18].

According to the actual situation of the mine and the
principle of zoning, the open-pit mine slope was divided into
four engineering geological zones (N, S, E, and W), in
reference to the elements of “the location and the height of the
slope, the combination between slope and the occurrence of
the dominant structural surface of the rock mass, and other
factors affecting slope stability”, as well as the final planar
drawing of the open-pit boundaries in the resource
development and utilization scheme of the mine prepared by
the design institute. The situation of the zones is illustrated in
Figure 1.
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Figure 1. Slope zoning

4. ROCK MECHANICAL PROPERTIES AND
ENGINEERING GEOLOGICAL SURVEY

4.1 Rock mechanical properties

The rock mechanical properties were investigated through
block density test, uniaxial compressive strength test, uniaxial
compression deformation test, and tensile strength test. Two
moisture conditions were considered in the tests: indoor
natural state, and saturated state. The test indices include the
density, tensile strength, uniaxial compressive strength, elastic
modulus, and Poisson's ratio of the rock blocks. The test
results are listed in Table 1.

4.2 Survey of structural plane occurrence

The structural plane survey targets the dominant lithology
in the open-pit slope: quartz schist and pegmatite. The selected
survey area has obvious and representative features of
structural plane development, and ensures the safety of the
surveyors. The final survey locations include the platforms at
4,420m, 4,430m, 4,440m, and the toe of the slope. According
to the survey results, the Dips software was called to
summarize the occurrence of the structural planes of the rock
mass in the open-pit slope: quartz schist (surrounding rock)
and pegmatite (ore). The survey results show that the mean
interval and linear density of quartz schist (surrounding rock)
were 0.73m/line, and 1.37 lines/m, respectively; the mean
interval and linear density of pegmatite (ore) were 0.8m/line,
and 1.25 lines/m, respectively.

4.3 Engineering geological quality evaluation of rock mass

Since the topography of the mining area is favorable for
natural drainage, our quality evaluation of rock mass mainly
considers the natural conditions of the rock, using the rock
quality designation (RQD) measure [19]. According to the
field survey results and RQD measure, the quartz schist
(surrounding rock) and pegmatite (ore) both belonged to the
relatively good level of Grade III.

4.4 Mechanical parameters of rock mass

The mechanical parameters of the rock mass can be
determined by various methods. This paper explores these
parameters with multiple strategies, including ®uceHko’s
method, M. Georigi’s method, empirical reduction method,
the CSIR (Council for Scientific and Industrial Research)
engineering geological classification method of jointed rock
masses, and the rock mass friction angle conversion algorithm.
On this basis, the physical parameters of the rock were selected
compressively (as shown in Table 2).



Table 1. Physical and mechanical properties of ore-bearing rocks

Name of rock

Block density Tensile strength Uniaxial compressive Elastic modulus Poisson’s

Internal friction Cohesive force ¢

(g/cm?) (MPa) strength (MPa) (GPa) ratio angle @ (°) (MPa)
Quartz schist 271 10.59 5371 4.56 0.26 42.1 11.9
(natural)
Quartz schist
(saturated) 27.1 8.70 40.39 3.35 0.17 40.2 9.4
Pegmatite 26.5 8.22 111.95 3.90 0.1 59.7 15.2
(natural)
Pegmatite 26.5 6.39 72.19 3.39 0.14 56.9 10.7
(saturated)
Table 2. Mechanical parameters of the rock mass in the open-pit mine slope
Name of Bulk density y Tensile strength o Compressive strength . Elastic modulus Poisson’s Internal friction Cohesive force
rock (g/cm?) (MPa) (MPa) Emn (GPa) ratio u angle ¢ (°) c(MPa)
Quartz schist ;| 0.3 10.0 24 0.18 35.0 0.7
(natural)
Quartz schist 271 02 7.8 2.0 0.21 32.0 0.3
(saturated)
Pegmatite 26.5 20 12.0 34 0.16 40.0 0.8
(natural)
Pegmatite
(saturated) 26.5 1.8 10.8 3.0 0.18 38.0 0.6

5. SLOPE STABILITY ANALYSIS
5.1 Limit equilibrium analysis

Based on the zones of the open-pit mine slope delineated for
stability analysis in Section 3, two profiles were selected for
limit equilibrium analysis of the slope, namely, PO8 and POA.
Specifically, POA was adopted to compute the stability of
slope S; the southwestern and northern ends of P08 were
employed to compute the stability of slopes E and W,
respectively. The open-pit mine slope is 120m tall at the two
profiles. The two profiles and three zones of the open-pit mine
slope were analyzed under three conditions (I, 11, and III), and
the allowable safety factor [K] was determined for each of the
three conditions:

I: Dead load + groundwater; [K]=1.20

II: Dead load + groundwater + blasting vibration; [K]=1.15

III. Dead load + groundwater + seismic force. [K]=1.10

The simplified Bishop method was chosen to analyze slope
stability [20]. It is assumed that the force between the blocks
remains in the horizontal direction, that is, the horizontal thrust
is the only force, without considering the vertical shear
between the blocks. In this case, the safety factor K of the
stability of the arc sliding surface can be expressed as:

1
l+tang tang, /K

D (W;sing; +Q cosa;)

>lok +(Wseca ~U L) ]
Ko

(4)

where, c; is the cohesive force of rock i (MPa); L; is the bottom
side length of block i (kg); o is the angle between the bottom
side of block i and the horizontal plane of the coordinate axis
(°); U is the horizontal force acting on block i (N); ¢; is the
internal friction angle of rock 7 (°); Q; is the horizontal force
acting on block i (N).

Table 3 displays the results of limit equilibrium analysis of
slope stability. It can be observed that the overall safety factors
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of the slope derived from the three zones under conditions I,
I1, or III always surpassed the allowable safety factors (1.20,
1.15, and 1.10), indicating that the slope is generally stable.

Table 3. Calculated safety factors of each profile in the slope

Profile Zone Condition Overall safety factor
I 1.519
POS E E I 1.253
I 1.240
I 2.581
POS W w I 1.966
I 1.956
I 1.598
POA S S I 1.304
111 1.288

5.2 Strength reduction method

According to the engineering geological features of the
open-pit mine slope, the POA and POS8 profiles were selected
for analysis, due to their typicality. Three finite-element
analysis models E, S, and W were established for strength
reduction calculation. The Canadian geotechnical engineering
analysis software Phase 2.8.0 was selected as the analysis
program.

The boundary conditions of the models were configured as
follows: The slope is a free surface; the two end faces of the
slope are fixed in the horizontal direction, and the bottom is
fixed in the vertical direction; the original stress field of the
rock mass is the dead load stress field. The maximum tensile
stress criterion was combined with the Mohr-Coulomb yield
criterion to determine the stress, displacement, and possible
tensile-shear failure range of the slope after mining, such as to
evaluate the stability of the open-pit mine slope of Jiajika
spodumene mine.

During the analysis, the load was applied automatically in
stages by the program. The Gaussian elimination method was
employed to solve the equations. The maximum number of



repetitions was set to 500, and the cumulative error was 0.001.

Figures 2(a)-(c) explain the calculation procedure of the
safety factor for the slope E model by the strength reduction
method. Through trail calculation, the strength reduction
coefficient F was adopted as 1.5, 1.55, and 1.62, respectively.
Judging by the development of the maximum shear stress and
shear failure zone in the slope, there are shear failure zones at
the top and the toe of the slope. With the increase of the
reduction coefficient, the top shear failure zone gradually
extended to the body of the slope, and the toe shear failure
zone gradually moved upwards. When the reduction factor
rose to 1.62, the shear failure zones penetrated in the middle
of the slope, causing the overall failure of the slope. The
sliding surface was approximately a circular arc, and the
sliding mode is circular sliding. Figure 2(d) presents the cloud
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(a) Cloud map of maximum shear distribution at
F=1.62

(c) Cloud map of maximum shear distribution at F=1.5

map of the displacement at the final failure.

Figures 3(a)-(c) explain the calculation procedure of the
safety factor for the slope W model by the strength reduction
method. Since the simulated structural surface was relatively
large, and an out-dip structural plane was configured near the
slope toe, the shear stress was mainly concentrated on the steps.
Hence, it is necessary to pay attention to the step stability
during actual mining of slope W, and be aware of the plane
sliding of steps in dip slopes. During the calculation of the
safety factor for slope W model by strength reduction method,
the overall failure mode is the plane sliding failure, with the
gently dipping structural plane as the bottom sliding surface,
and the steeply dipping out-dip structural plane in the rear as
the rear cracking surface. Figure 3(d) presents the cloud map
of the displacement at the final failure.

() Cloud map of maximum shear distribution at
F=1.55

(d) Cloud map of overall displacement at F=1 .

Figure 2. Calculation procedure of the safety factor for the slope E model by the strength reduction method

(a) Damage with the out-dip structural plane as the
bottom sliding surface at F=2.12

(c) Damage with the out-dip structural plane as the
bottom sliding surface at F=1.8

(b) Damage with the out-dip structural plane as the
bottom sliding surface at F=1.90

(d) Cloud map of displacement at the failure of slope

Y

Figure 3. Calculation procedure of the safety factor for the slope W model by the strength reduction method



(b) Cloud map of maximum shear distribution at F=1.47

(c¢) Cloud map of maximum shear distribution at F=1.45

(d) Cloud map of overall displacement at F=1.45 |

Figure 4. Calculation procedure of the safety factor for the slope S model by the strength reduction method

Figures 4(a)-(c) illustrate the calculation procedure of the
safety factor for the slope S model by the strength reduction
method. Through trail calculation, the strength reduction
coefficient F was adopted as 1.45, 1.47, and 1.5, respectively.
Judging by the development of the maximum shear stress and
shear failure zone in the slope, there are shear failure zones at
the top and the toe of the slope. With the increase of the
reduction coefficient, the top shear failure zone gradually
extended to the body of the slope, and the toe shear failure
zone gradually moved upwards. When the reduction factor
climbed to 1.5, the shear failure zones penetrated in the middle
of the slope, causing the overall failure of the slope. The
sliding surface was approximately a circular arc, and the
sliding mode is circular sliding. The rear part of the sliding
surface tracked the development of the structural surface,
which conforms to the general law. Figure 4(d) presents the
cloud map of the displacement at the final failure.

6. CONCLUSIONS

This paper evaluates the slope stability of Jiajika
spodumene mine by limit equilibrium method and finite-
element strength reduction method. The main conclusions are
as follows:

(1) Through field engineering geological survey, indoor
rock tests, and quality evaluation of engineering geological
rock masses, it was concluded that the overall quality of quartz
schist and pegmatite both belong to Grade III, indicating that
the two are medium rock masses.

(2) According to the four major elements of “the location
and the height of the slope, the combination between slope and
the occurrence of the dominant structural surface of the rock
mass, and other factors affecting slope stability”, four
engineering geological zones were delineated in the open-pit
boundaries of the mine for slope stability analysis: E, W, S,
and N. The results show that shear failure exists on the top and
toe of slopes E and S; For slope W, the shear stress is mainly
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concentrated on the steps, making it necessary to pay attention
to the step stability during actual mining of that slope.

(3) The two profiles and three zones of the open-pit mine
slope were analyzed under three conditions, using limit
equilibrium method and strength reduction method. The
results show that the sliding mode of the slope is circular arc
sliding or circular arc + plane sliding. Overall, the final slope
of the open-pit mine is generally stable under the current
design, and the slope of the current steps is reasonable.
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