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To study the influence of profile shape on the stability of nonhomogeneous slopes, strip mechanical models of slopes with different
profile shapes were established following the simplified Bishop method. Three hundred and seventy slope models with different
profile shapes and strata sequences were simulated and analyzed with FLAC3D. The results show that slopes with weaker-to-
stronger (WtS) strata sequences are, in most cases, more stable than slopes with stronger-to-weaker (StW) strata sequences when
all other conditions are the same. Slopes with linear shapes are the most stable. With increasing arch height, the stability of convex
slopes decreases, and the stability of concave slopes first increases slightly and then decreases. When the strata sequences are WtS,
the factors of safety (FoSs) of slopes with convex and exterior polyline shapes decrease more slowly. However, when the strata
sequences are StW, the FoSs of slopes with concave and interior polyline shapes decrease more slowly. The greatest X-dis-
placements are concentrated in the steeper areas of the slopes. For different strata sequences, the higher the rock strength at the
steeper position is, the more stable the slope is, and the opposite trend is also observed. For the same strata sequence, the stability

of a polyline-shaped slope is always better than that of a curved slope with the same inflection point.

1. Introduction

In recent years, with the continuous development of open-
pit mines, water conservancy projects, road and bridge
construction, and other geotechnical engineering projects,
the stability of high and steep slopes formed during con-
struction has become increasingly important. Slope stability
is a complex geotechnical engineering problem with nu-
merous influencing factors, which can be broadly divided
into slope factors (slope height, slope angle, slope shape,
geotechnical mechanical properties, etc. [1-4]) and external
forces (regional tectonic stress, hydraulic seepage, seismic
action, human disturbance, etc. [5-8]). Among these factors,
the slope shape is a direct reflection of the geometric
characteristics of slopes, and its influence on slope stability
has important research significance.

Slope shape can be divided into plan shape and profile
shape. Affected by natural action or human disturbance, it
often presents convex, concave, and linear shapes [9] (see

Figure 1). There are significant differences in slope stability
among different slope shapes [10, 11]. A previous force
analysis of slopes with different plan shapes showed that
under the same other conditions, the direction of the re-
sultant force of the circumferential lateral pressure on the
concave slope is opposite to the sliding direction of the slope,
while the direction of the resultant force of the circumfer-
ential lateral pressure on the convex slope is the same as the
sliding direction of the slope [12]. Slope top loading tests
have shown that a slope with a concave plan can withstand a
greater top peak load, followed by a slope with a linear plan,
and a slope with a convex plan can withstand only a small
top peak load [13]. In addition, 205 landslide cases that
occurred in the Yunyang-Wushan section of the Three
Gorges Reservoir area in China after 1970 were statistically
analyzed, and it was found that the number of landslides on
slopes with concave plans was the lowest, that on slopes with
linear plans was the second highest, and that on slopes with
convex plans was the highest [14, 15]. In summary, among
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FiGure 1: Different slope shapes. (a) Convex plan. (b) Concave plan. (c) Linear plan. (d) Convex profile. (e) Concave profile. (f) Linear

profile.

these slope shapes, slopes with concave plans are the most
stable, followed by those with linear plans, and the stability
of slopes with convex plans is the worst [16, 17].

Different from the plan shape, the profile shape of a slope
affects the direction and amount of subsurface flow [18, 19].
Under the conditions of the same rainfall amount and
rainfall duration, slopes with concave profiles have a larger
volume of fully saturated soil [20], which causes these slopes
to be more prone to damage and instability. Moreover, the
stability of slopes with different profile shapes was analyzed
using the simplified Bishop method and numerical simu-
lation methods. It was found that the stability of slopes with
linear shapes was the best, while the stability of slopes with
both convex and concave shapes was lower [20, 21].

On the other hand, for the same slope shape, the stability
of slopes with different curvatures is also quite different. In
general, with the decrease in curvature radius, the stability of
slopes with convex plans decreases; in contrast, the stability
of slopes with concave plans gradually increases [22].
However, when the curvature radius decreases to a certain
extent, the factor of safety (FoS) of the slope will first reach a
peak value and then gradually decrease due to the influence
of the increasing free surface area of the concave profile slope
[23]. In addition, with increasing slope height, the stability
enhancement of slopes with concave plans will gradually
decrease compared with that of slopes with linear plans
[24, 25].

In summary, these studies reveal the influence law of
slope shape on slope stability, but their research objects are
all homogeneous soil slopes, and no discussion has been
provided on how the stability of nonhomogeneous slopes

FOS =

Yo, [Clicosa; + (W; — Ujl;cosa;)tang]1/cosa; + sina;tang/FOS

changes with the change in slope shape. There has also been
little discussion on the influence of profile shapes with
different curvature radii on slope stability. Therefore, this
study analyzes the influence of the change in profile shape on
the strips in the slope sliding mass based on the simplified
Bishop method and reveals the influence law of the profile
shape with different curvature radii on the stability of a
nonhomogeneous slope using a numerical simulation
method.

2. Strip Mechanical Model

The simplified Bishop method is commonly used in engi-
neering to calculate the FoS for circular sliding surfaces [26].
Its calculation model is shown in Figure 2.

Here, 7 is the radius of the circular sliding surface; a; and
a; are the base angles of strip i and strip j, respectively; /; and
[; are the circular lengths of strip i and strip j, respectively; W;
and W; are the gravities of strip i and strip j, respectively; N;
and Nj are the normal forces of strip i and strip j, respec-
tively; S; and S; are the shear resistances of strip i and strip j,
respectively; U; and U; are the pore water pressures at the
bottom of strip i and strip j, respectively; E;, E;,; and Ej, Ej,,
are the horizontal interstrip forces of strip i and strip j,
respectively; and T;, Ty, and T;, T}, are the vertical interstrip
forces of strip i and strip j, respectively.

The simplified Bishop method considers only the force
balance in the vertical direction and the overall moment
balance and ignores the vertical force between strips. Thus,
the FoS of a sliding surface is [27] as follows:

n o
Yy Wising;

where C is the cohesion of the soil and ¢ is the internal
friction angle of the soil.

, (1)

Equation (1) shows that the FoS is related to I;, a;, W, U,
C, and ¢. For a certain sliding surface in the slope, Cand ¢ of
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FigUrk 2: Influence of slope profile shapes on strips.

the soil of the sliding mass are determined to be constant.
Therefore, if the method of strip division and the pore water
pressure at the bottom of the strips do not change, /;, o;, and
U; are also constant, and the FoS of the sliding surface is
related only to the gravity of the sliding mass.

As shown in Figure 2, some of the strips in the sliding
mass provide a sliding force (such as strip i), which are called
sliding strips, while some of the strips provide an antisliding
force (such as strip j), which are called antisliding strips. The
stress analysis of sliding strip i and antisliding strip j shows
that W, increases when the profile shape changes from a
linear shape to a convex shape or exterior polyline shape,
and N;, S;, and E;+ E;,, are also increased to maintain the
balance. When the strip to the right of strip i cannot provide
enough horizontal force, strip i will be unstable and slide
down. Conversely, when the profile shape changes from a
linear shape to a concave shape or interior polyline shape, W;
decreases, and the sliding force produced by strip i decreases.

For the antisliding strip j, when the profile shape changes
from a linear shape to a convex shape or exterior polyline
shape, W; increases, but the horizontal force provided by
strip j to the strip to the left also increases. In contrast, when
the profile shape changes from a linear shape to a concave
shape or interior polyline shape, W; decreases, and the
antisliding force provided by strip j also decreases.

Therefore, we can see that the sliding force of the sliding
strip and the antisliding force of the antisliding strip are
positively related to the gravity of the strip. When the profile
shape changes, if the increase in the antisliding force is larger
than that of the sliding force or the decrease in the anti-
sliding force is smaller than that of the sliding force, the FoS
of the sliding surface will increase; otherwise, the FoS of the
sliding surface will decrease.

3. Numerical Simulation Method

The simplified Bishop method requires many iterative cal-
culations to obtain the FoS of each potential sliding surface,
and the sliding surface with the smallest FoS is the most
critical sliding surface. When the profile shape changes, the
most dangerous sliding surface of the slope may also change,
so we cannot directly use the simplified Bishop method to
compare the magnitudes of change in the sliding force and
the antisliding force. The numerical simulation techniques
that have become increasingly sophisticated in recent years
can not only calculate the FoS of slopes but also simulate the
displacement and slippage of slope rock masses. FLAC3D
[28] is numerical analysis software that can be used for large-
scale geotechnical engineering; it calculates the FoS of slopes
by the strength reduction method and has been widely used
in the field of slope engineering. In this study, the influence
of profile shapes on the stability of nonhomogeneous slopes
is numerically simulated using FLAC3D software.

3.1. Curvature Radius of Curved Slopes. The profile shape is
controlled by the curvature radius. Taking the concave shape
as an example, the value range of the curvature radius is
calculated.

Here, « is the slope angle; b is the 1/2 arch span; a, is the
theoretical maximum arch height; R, is the theoretical
minimum curvature radius; O, is the center of the concave
arc with the theoretical minimum curvature radius; D, is the
vertex of the concave arc with the theoretical minimum
curvature radius; a, is the actual maximum arch height; R, is
the actual minimum curvature radius; O, is the center of the
concave arc with the actual minimum curvature radius; and



D, is the vertex of the concave arc with the actual minimum
curvature radius.

As shown in Figure 3(a), when a; =0, the curvature
radius of the concave shape can attain the minimum value
R, At this time, the concave arc lies outside slope lines AB
and BC, so the curvature radius of the concave shape cannot
take the minimum value R;. As shown in Figure 3(b),
connecting O; and D intersects line AC at point N and line
BC at point M, and polyline AMC is the constraint boundary
of the concave shape. The vertical line of MC intersects the
extension line of MN at point O,. The arc with O, as the
center and A and C as the endpoints is the limit concave
shape of the constraint boundary AMC. R, is the minimum
value that can be obtained for the curvature radius of the
concave shape. Therefore, the curvature radius of the con-
cave shape takes a range of [b/sina, +00); similarly, the
curvature radius of the convex shape takes a range of [b/sina,
+00).

3.2. Model and Material Parameters. To fully study the in-
fluence of different profile shapes on slope stability, slope
numerical models of different heights and profile shapes are
established. These models have heights of 30 m, 60 m, and
90 m, and all have an angle of 45°. The profile shapes of the
slope numerical models include a linear shape, a convex arc
shape, an exterior polyline shape, a concave shape, and an
interior polyline shape. Among them, the inflection point of
the exterior polyline shape coincides with that of the convex
shape, and the inflection point of the interior polyline shape
coincides with that of the concave shape (see Figure 2).

According to the calculation results in Section 3.1, when
the slope height is 30 m and the angle is 45°, the curvature
radius of both the concave and convex shapes lies in the
range [30m, +00). When the slope height is 60 m and the
angle is 45°, the curvature radius of both the concave and
convex shapes lies in the range [60 m, +00). When the slope
height is 90 m and the angle is 45°, the curvature radius of
both the concave and convex shapes lies in the range [90 m,
+00). The slope numerical models of different heights are
divided into nine curvature classes, as shown in Table 1.

To fully study the influence of the rock strength dif-
ference in nonhomogeneous slopes on the stability of slopes
with different profile shapes, all of the slope numerical
models are divided into three layers. Each layer of a slope
with a height of 30 m is 10 m thick, each layer of a slope with
a height of 60 m is 20 m thick, and each layer of a slope with a
height of 90m is 30 m thick. The physical and mechanical
parameters of the rocks are shown in Table 2.

According to the differences in lithology and the physical
and mechanical parameters of the strata, we define a slope
with the strata sequence ABC as “weaker to stronger” (WtS)
and a slope with the strata sequence CBA as “stronger to
weaker” (StW). By comparing the FoSs and displacements of
these two types of slopes with different profile shapes, the law
governing the influence of profile shape on the stability of
nonhomogeneous slopes is explored.

Considering that the inclination and dip angle of the
strata may affect the stability of nonhomogeneous slopes
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with different profile shapes, as the control group, a group of
dip slope numerical models with a strata dip angle of 10° and
a slope height of 90 m and a group of antidip slope numerical
models with a rock strata dip angle of 10" and a slope height
of 90 m are added. In total, 370 slope numerical models are
constructed in 5 groups. The parameters of the slope nu-
merical models are shown in Table 3.

Considering the calculation accuracy of the numerical
models, models with different slope heights have different
model sizes and different mesh sizes. When the slope height
is 30 m, the dimensions of the slope numerical model are
110 m x 60 mx50 m. Figure 4(a) shows a linear horizontal
slope model of 30 m in height with a WtS strata sequence,
divided into 32395 grid points and 29100 zones. Other slope
numerical models of 30 m in height have similar meshing to
this model. When the slope height is 60 m, the dimensions of
the slope model are 200mx 110m x 100 m. Figure 4(b)
shows a concave horizontal slope model of 60 m in height
with a StW strata sequence, divided into 27466 grid points
and 27593 zones. Other slope numerical models of 60 m in
height have similar meshing to this model. When the slope
height is 90 m, the dimensions of the slope numerical model
are 290 m x 160 m x 150 m. Figure 4(c) shows an interior
polyline-shaped horizontal slope model of 90m in height
with a WtS strata sequence, divided into 25522 grid points
and 24429 zones. Figure 4(d) shows a convex antidip slope
model of 90 m in height with a StW strata sequence, divided
into 26685 grid points and 24512 zones. Figure 4(e) shows an
exterior polyline-shaped dip slope model of 90 m in height
with a WS strata sequence, divided into 26138 grid points
and 23896 zones. Other slope numerical models of 90 m in
height have similar meshing to these three models.

4. Results

4.1. FoS. The FoSs of the 5 groups of slope models as cal-
culated by FLAC3D are shown in Figure 5.

As shown in Figure 5, the slopes with WtS strata se-
quences are, in most cases, more stable than the slopes with
StW strata sequences under the same conditions. This in-
dicates that when the weaker strata are located in the lower
part of the slope, the slope stability is worse. As the arch
height increases, the FoSs of slopes with different profile
shapes and different strata sequences generally show a
gradually decreasing trend. In particular, with increasing
arch height, the FoSs of concave and interior polyline-
shaped slopes first increase slightly and then gradually
decrease.

The slope numerical models of group ¢, represented in
Figure 5(c), are taken as examples for a detailed
discussion. When the arch height a is 0, i.e., the profile
shape is linear, the FoS of the slope with the WtS strata
sequence is 2.164, and the FoS of the slope with the StW
strata sequence is 1.707. With a gradual increase in arch
height, the FoSs of slopes with different profile shapes and
different strata sequences generally show a gradually
decreasing trend. When the strata sequence is WtS, as the
arch height increases, the FoSs of convex and exterior
polyline-shaped slopes decrease more slowly than those
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F1Gure 3: Calculation diagram of the value range of the arch height and the curvature radius. (a) Theoretical minimum value of curvature

radius. (b) Actual minimum value of curvature radius.

TaBLE 1: Curvature classes for slope numerical models.

Slope Arch Curvature Slope Arch Curvature Slope Arch Curvature radius (m)
height (m) height (m) radius (m) height (m) height (m) radius (m) height (m) height (m)
1 225.50 2 451.00 3 676.51
2 113.50 4 227.00 6 640.50
3 76.50 6 153.00 9 229.50
4 58.25 8 116.50 12 174.75
30 5 47.50 60 10 95.00 90 15 142.50
6 40.50 12 81.00 18 121.50
7 35.64 14 71.29 21 106.93
8 32.13 16 64.25 24 96.38
8.79 30.00 17.57 60.00 26.36 90.00

TaBLE 2: Physical and mechanical parameters of the modeled rocks.

Bulk modulus Shear modulus Cohesion Internal friction . Density
Rocks (GPa) (GPa) (kPa) angle(’) Tensile strength (kPa) (kg /m?)
Mudstone (A) 6.08 3.47 120 30 96 2460
fg)ty mudstone 512 473 216 36 175 2510
Siltstone (C) 10.83 8.13 275 38 220 2460
Sandstone 8.28 6.39 270 33 216 2500
TaBLE 3: Parameters of the slope numerical models.
Profile shape and strata sequence
Group Slope height/m Thickness per stratum/m Inclination/dip angle  Linear Concave Inter}or Convex EXter}or
polyline polyline
WtS StW WtS StW WtS StW WtS StW WtS StW
a 30 10 Horizontal 1 1 9 9 9 9 9 9 9 9
b 60 20 Horizontal 1 1 9 9 9 9 9 9 9 9
c 90 30 Horizontal 1 1 9 9 9 9 9 9 9 9
d 90 30 Antidip/10° 1 1 9 9 9 9 9 9 9 9
e 90 30 Dip/10° 1 1 9 9 9 9 9 9 9 9

Note. Values of 1 and 9 in the table indicate the numbers of models established in the various cases.

of concave and interior polyline-shaped slopes. When the
arch height takes the maximum value of 26.36 m, the FoS
of the convex slope (1.715) is 17.71% higher than that of
the concave slope (1.457), and the FoS of the exterior
polyline-shaped slope (1.816) is 15.37% higher than that

of the interior polyline-shaped slope (1.574). In contrast,
when the strata sequence is StW, as the arch height in-
creases, the FoSs of concave and interior polyline-shaped
slopes decrease more slowly than those of convex and
exterior polyline-shaped slopes. When the arch height
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FIGURE 4: Representative slope numerical models. (a) A linear horizontal slope model of 30 m in height with a WtS strata sequence. (b) A
concave horizontal slope model of 60 m in height with an StW strata sequence. (c) An interior polyline-shaped horizontal slope model of
90 m in height with a WtS strata sequence. (d) A convex antidip slope model of 90 m in height with an StW strata sequence. (e) An exterior

polyline-shaped dip slope numerical model of 90 m in height with WtS strata sequence.
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Advances in Civil Engineering

0.8 1 1 1 1 1 1 1 1 1 )
0 3 6 9 12 15 18 21 24 27
Arch height (m)

Concave WtS
Interior polyline WtS
Convex WtS

Exterior polyline WtS
Concave StW
Interior polyline StW
Convex StW

Exterior polyline StW

(d)

brititet

0.91 1 1 1 1 1 1
0 3 6 9 12 15 18 21 24 27

Arch height (m)

Concave WtS
Interior polyline WtS
Convex WtS

Exterior polyline WtS
Concave StW
Interior polyline StW
Convex StW

Exterior polyline StW

(e)

bttt

FiGURE 5: FoSs for slopes with different profile shapes and different strata sequences.

takes the maximum value of 26.36 m, the FoS of the
concave slope (1.488) is 16.52% higher than that of the
convex slope (1.227), and the FoS of the interior polyline-
shaped slope (1.559) is 18.47% higher than that of the
exterior polyline-shaped slope (1.316).

When the strata sequence is WtS, the FoSs of concave
slopes with arch heights of 3m and 6m and interior
polyline-shaped slopes with arch heights of 3m, 6 m, and
9m are all 1.715, greater than that of a linear slope (1.707).

As seen by comparing Figures 5(a), 5(b), and 5(¢c), a
change in the slope height alters the range of variation in the
FoS with the profile shape but does not affect the relative
trend of variation in the FoS with the arch height. Similarly,
by comparing Figures 5(c), 5(d), and 5(e), it can be found
that changes in strata inclination and dip angle affect the FoS
variation range, but do not alter the relative variation trend
between curves.

In addition, the FoS results of slopes with different profile
shapes show that under the same strata sequence conditions,
the stability of exterior polyline-shaped slopes is better than
that of convex slopes with the same inflection point, and the
stability of interior polyline-shaped slopes is better than that
of concave slopes with the same inflection point.

4.2. X-Displacement. To investigate the reasons for the
difference in the FoS of slopes with different profile shapes
under different strata sequences, still taking the slope nu-
merical models of group ¢ as examples, X-displacement
contour plots of linear slopes, curved slopes with arch
heights of 26.36 m, and polyline-shaped slopes with the same
inflection point were selected, as shown in Figure 6.

As shown in Figures 6(a) and 6(b), when the strata
sequence is WtS, the maximum X-displacement of a linear
slope occurs in the upper part of the slope. When the strata
sequence is StW, the maximum X-displacement of a linear

slope occurs in the lower part of the slope. This means that
when the profile shape is linear, the slope is more likely to
deform in the weaker rock.

From Figures 6(c), 6(d), 6(e), 6(f), 6(g), 6(h), 6(i), and
6(j), it can be seen that regardless of the strata sequence, the
maximum X-displacement of the slopes with a concave
shape and interior polyline shape always occurs at the upper
part of the inflection point. The maximum X-displacement
of the slopes with a convex shape and exterior polyline shape
always occurs at the lower part of the inflection point. This
reflects that when the profile shape of the slope changes, the
slope is more prone to deform in the steeper part.

As shown in Figures 6(c), 6(e), 6(g), and 6(i), for a WtS
strata sequence, because slopes with concave and interior
polyline shapes are steep at the top and gentle at the bottom,
the weak rock above the inflection point is prone to de-
formation. However, because slopes with convex and ex-
terior polyline shapes are gentle at the top and steep at the
bottom, the strong rock below the inflection point is prone
to deformation. Because of the different strengths of the
strata that are prone to deformation, the FoS differs for the
slopes with the same profile shape but different strata
sequences.

Additionally, comparing Figure 6(c) and Figure 6(e), the
part above the inflection point of the concave slope is steeper
than the part above the inflection point of the interior
polyline-shaped slope, so the interior polyline-shaped slope
is more stable than the concave slope. Similarly, under the
condition of the same strata sequence, the stability of the
polyline-shaped slope is always better than that of the curved
slope with the same inflection point.

5. Discussion

5.1. Comparison with Previous Studies. In this study, a nu-
merical simulation method is used to study the influence of



X-displacement (mm)

180
175

125
100

X-displacement (mm)
90

FoS=1.457

(c)

X-displacement (mm)

176
175

FoS=1.715 150
125
100
75
50
25
0

X-displacement (mm)

81
80
70

FoS=1.574

(g)

X-displacement (mm)

145
140

FoS=1.816 120
100
80
60
40
20
0

Advances in Civil Engineering

X-displacement (mm)

198
175
150

125
100
75
50
25
0

FoS=1.707

(®)

X-displacement (mm)

210
200
FoS=1.488 175
150
125
100

X-displacement (mm)

177
175
150

125
100

FoS=1.277

()

X-displacement (mm)

211
200
175

150
125
100

FoS=1.559

()

X-displacement (mm)

145
140
I 100

FiGure 6: X-displacement contour plots of slopes with different profile slopes and different strata sequences. (a) Linear shape, WtS
strata sequence. (b) Linear shape, StW strata sequence. (c) Concave shape, WtS strata sequence. (d) Concave shape, StW strata
sequence. (e) Convex shape, WtS strata sequence. (f) Convex shape, StW strata sequence. (g) Interior polyline shape, WtS strata
sequence. (h) Interior polyline shape, StW strata sequence. (i) Exterior polyline shape, WtS strata sequence. (j) Exterior polyline

shape, StW strata sequence.

different profile shapes on the stability of nonhomogeneous
slopes by controlling certain variables. In the past few de-
cades, many studies have considered only the profile shape,
one of the many influencing factors of slope stability, for

sensitivity analysis. These studies obtained influence laws of
profile shape on slope stability by the statistics of numerous
landslide cases, but the conclusions are not unified because
of the different landslide cases considered in different



Advances in Civil Engineering

studies. For example, F. C. Dai et al. [29] stated that concave
slopes have the highest landslide frequency, followed by
linear slopes and then convex slopes. A. Shirzadi et al. [2]
also proposed that concave slopes have the highest landslide
frequency, but W. Chen et al. [3] indicated that convex
slopes are more prone to landslides.

In the analysis of single slope cases, more studies have
focused on the changes in the stability of slopes with dif-
ferent profile shapes under the action of external factors. To
illustrate, profile shape is an important factor in controlling
subsurface flow [18]. Under the action of subsurface flow,
slopes become unstable more quickly when the profile shape
changes from convex to concave [19]. On the other hand, the
damage of slopes under seismic action is also closely related
to the profile shape [30]. Under the same amplitude, the
stability of the slopes with different profile shapes is ordered
as follows: from high to low: interior polyline-shaped slope,
concave slope, linear slope, exterior polyline-shaped slope,
and convex slope [9].

In a similar study, R. H. Sharma [20] also adopted the
numerical simulation method, established nine homoge-
neous slope models with different plan and profile shapes
using FLAC3D, and obtained the same conclusion regarding
the displacement distribution as identified in this work. That
is, the displacement at the top of the concave slope is the
largest and that at the bottom of the convex slope is the
largest. It is considered that the displacement is caused by
the difference in pore water pressure distribution and soil
saturation of the slopes with different profile shapes. In
contrast, the simulation results obtained in this study under
the condition of neglecting the pore water pressure indicate
that the maximum displacement occurs at the steeper po-
sition in the slope. Nevertheless, the effects of pore water
pressure and soil saturation may have exacerbated the
displacement performance. In addition, different from this
study, these previous studies all take homogeneous slopes as
the research object and do not consider the case of non-
homogeneous slopes [9, 18, 20, 30]. Moreover, the convex
slope and concave slope have fixed curvatures, and the
influence of the change in curvature on the slope stability is
not discussed.

5.2. Relationship between Inflection Point Positions and Slope
Stability. In the analysis of FoS in Section 4.1, we noticed
that the FoS of some concave and interior polyline-shaped
slopes is slightly higher than that of linear slopes, which may
be related to the location of the inflection point. In Section 2,
we found that the sliding force of the sliding strip and the
antisliding force of the antisliding strip are positively related
to the gravity of the strip. Different positions of the inflection
point of the slope will change the gravity of the strips.
Figure 7 illustrates that compared with the exterior polyline
shape corresponding to inflection point 1, the exterior
polyline shape corresponding to inflection point 2 increases
the gravity of the antisliding strips and reduces the gravity of
the sliding strips, which is more beneficial to the slope
stability. Similarly, the interior polyline shape corresponding
to inflection point 3 decreases the gravity of the sliding strips

—— Exterior polyline shape
— Interior polyline shape
@ Inflection point

FiGgure 7: Influence of inflection point positions on strips.

and increases the gravity of the antisliding strips over those
of the interior polyline shape corresponding to inflection
point 4, which is more conducive to slope stability. However,
this conclusion is still based on the assumption that the most
dangerous sliding surface of the slope does not change after
the profile shape changes, which needs further discussion
and verification.

5.3. Engineering Application. The X-displacement simula-
tion results in Section 4.2 show that when the slope shape
changes vertically, the slope tends to be destroyed in the
steeper part. This phenomenon has important practical
significance in the field of engineering technology, especially
in the production of open-pit mines. As shown in
Figure 8(a), when the coal seam lies at the bottom of the end
slope in an open-pit mine, the profile shape of the slope is
partially an exterior polyline shape after steep mining. The
maximum X-displacement of the slope will occur at the high
and steep step below the inflection point. Therefore, if the
rock stratum above the coal seam is of high strength, the
strength of the overlying rock stratum can be fully utilized to
ensure the safety of the slope during mining. After steep
mining, the stability of the slope can be improved by simply
reinforcing the high and steep steps below the inflection
point. Similarly, as shown in Figure 8(b), when the coal seam
lies in the middle of the slope, the profile shape of the slope is
partially an interior polyline shape after steep mining, while
as shown in Figure 8(c), when multiple coal seams exist in
the slope, a combination of exterior polyline and interior
polyline shapes will be present after steep mining. On the
premise that the end slope meets the safety requirements,
steep end-slope mining can make full use of the strength of
the overlying strata, reduce the stripping ratio, improve the
coal recovery rate, and increase the economic benefits.

The north end slope of the Baorixile open-pit coal mine
is used as an example to illustrate an engineering application
in detail. The Baorixile open-pit coal mine is located in
Hulunbuir City, Inner Mongolia Autonomous Region,
China. Its geographical location is 118°22'30"-121°10"45" E
and 48°43'18"-50°10'35" N. The north end slope is 141.46 m
high with a slope angle of 22°, and there are three coal seams
in the slope, as shown in Figure 9.

A numerical model of the north end slope of the
Baorixile open-pit coal mine is established. The model size is
550 m x 300 mx171.46 m. The model is divided into 130474
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FIGURE 8: Steep end-slope mining. (a) Coal seam at the bottom of the slope. (b) Coal seam in the middle of the slope. (c) Multiple coal seams

in the slope.
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FIGURE 9: North end slope of the Baorixile open-pit coal mine.
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FiGUure 10: Numerical model of the north end slope of Baorixile open-pit coal mine.
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TaBLE 4: Physical and mechanical parameters of the rocks in the north end slope.
Rocks Thickness/  Bulk modulus/  Shear modulus/  Cohesion/ Internal friction  Tensile strength/  Density/
m GPa GPa kPa angle/’ kPa kg/m3
Clay 18.46 0.28 0.093 42 25 40 1960
Glutenite 41.75 5.10 3.30 112 37 90 2650
Coal (#1) 21.62 491 2.01 65 32 52 1380
Sandstone 16.34 5.97 6.01 103 40 72 2480
Coal (#2) 21.62 491 2.01 65 32 52 1380
Siltstone 28.16 5.00 3.80 127 35 101 2500
Coal (#3) 21.62 491 2.01 65 32 52 1380
Sandy 30.00 4.90 3.20 58 35 46 2520
mudstone
i_ i i i
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FIGURE 11: Steep end-slope mining schemes. (a) Scheme I merges the bottom 3 steps. (b) Scheme IT merges the bottom 5 steps. (¢) Scheme III
merges the upper-middle 3 steps. (d) Scheme IV merges the lower-middle 3 steps. (¢) Scheme V merges 7 steps in different positions.

grid points and 124098 zones, as shown in Figure 10. The
physical and mechanical parameters of the rocks in the north
end slope are shown in Table 4.

Based on the locations of the coal seams in the north end
slope, 5 schemes are proposed for steep end-slope mining: in
Scheme I, the bottom 3 steps are merged; in Scheme II, the
bottom 5 steps are merged; in Scheme III, the upper-middle
3 steps are merged; in Scheme IV, the lower-middle 3 steps
are merged; and in Scheme V, 7 steps in different positions
are merged, as shown in Figure 11.

In the excavation simulations carried out using the
FLAC3D software, the simulated excavation sequences
proceed step by step from top to bottom for all schemes. The
FoSs and X-displacement contour plots of the initial north
end slope and the slopes after steep mining under each
scheme are shown in Figure 12.

As shown in Figure 11, compared with the initial north
end slope, the FoS of the slope after steep end-slope mining
decreases under each scheme, but it is still greater than 1,
meeting the slope safety requirements. From Figure 12(a), it

can be seen that the maximum X-displacement of the initial
north end slope occurs at the top of the #1 coal seam step
because the #1 coal seam is weaker and 21.62m thick.
Figures 12(b) and 12(c) show that when the bottom steps are
merged, the profile shape of the slope is partially an exterior
polyline shape, so the maximum X-displacement occurs at
the steepest position of the slope below the inflection point.
Figures 12(d) and 12(e) show that when the middle steps are
merged, the profile shape of the slope is partially an interior
polyline shape, so the maximum X-displacement occurs at
the steepest position of the slope above the inflection point.
For the scheme of merging 7 steps in different positions, as
shown in Figure 11(e), we can clearly observe that three high
and steep steps are formed on the slope after steep end-slope
mining. Among these high and steep steps, the height
(36.33 m) and angle (67°) of the step at the bottom are greater
than those of the middle step (23.3m in height and 66 in
angle) and the upper step (21.62m in height and 64" in
angle), so the maximum X-displacement of the slope occurs
at the bottom high and steep step. After steep end-slope
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FIGURE 12: FoSs and X-displacement contour plots of the initial slope and the slope after steep mining under the different schemes. (a) Initial
north end slope. (b) Scheme I. (c) Scheme II. (d) Scheme IIL. (e) Scheme IV. (f) Scheme V.
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mining, the slope stability can be improved by reinforcing
the high and steep steps that are prone to displacement in
each scheme.

Based on the recoverable length of 300 m, the mining
and stripping amounts and the stripping ratio for each steep
end-slope mining scheme are shown in Figure 13. Each of
the steep end-slope mining schemes can increase coal re-
covery at a very low strip ratio.

6. Conclusions

In this study, a strip mechanical model of slopes with dif-
ferent profile shapes was established based on the simplified
Bishop method. Three hundred and seventy slope numerical
models with different profile shapes and different strata
sequences were constructed, and the influence of profile
shape on the stability of nonhomogeneous slopes was
studied using FLAC3D software. The conclusions are as
follows:

(1) The sliding force of the sliding strip and the anti-
sliding force of the antisliding strip are positively
related to the gravity of the strips. The gravity of the
strips will change with the profile shape of the slope.

(2) Under otherwise identical conditions, a slope with a
WIS strata sequence is more stable than that with an
StW strata sequence.

(3) The stability of a linear slope is the best among the
slope shapes investigated. With increasing arch
height, the stability of a convex slope decreases, and
the stability of a concave slope first increases slightly
and then decreases. When the strata sequence is WtS,
convex and exterior polyline-shaped slopes are more
stable, while when the strata sequence is StW,
concave and interior polyline-shaped slopes are
more stable. The height of the slope and the incli-
nation and dip angle of the strata do not affect the
trend of variation of the FoS.

(4) When the profile shape of a slope changes, the slope
is more prone to deform in the steeper part. For
different strata sequences, the higher the rock
strength at the steeper position is, the more stable the
slope is, and the lower the rock strength is, the more
unstable the slope is. For the same strata sequence,
the stability of a polyline-shaped slope is always
better than that of a curved slope with the same
inflection point.
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