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Abstract
Purpose. To analyze the coupling effect between composite slope geometrical parameters.

Methods. The slope angle and excavation depth are coupled with load which is waste dump in this case. Several models
were created and analyzed to capture their coupling effect and interactions using FLAC/Slope.

Findings. When the slope angle and excavation depth are coupled with a load such as that of a waste dump, the factor of
safety decreases. But a suitable dumping position can prove vital to enhancing stability. The primary cause of this phenome-
non is that the stresses induced by the waste dump decrease as the dump is moved away from the crest of the slope and the
stress induced within the zone of active wedge beneath the dump reduces on the reference slip plane. Hence, it can be said
that the position of the waste dump in the formation of a composite slope plays a key role in enhancing stability. Factor of
safety have the same influence pattern for all parameters induced by stress as that of influence rule. The results obtained
from the finite element stress analysis are the same with those obtained for the slope stability analysis.

Originality. The current research presents for the first time the coupling effect of the composite slope geometrical parame-
ters and the results of finite element stress analysis, which are similar to those of slope stability analysis.

Practical implications. The current research results can be used to effectively analyze and design the composite slopes in

soft rocks specially in surface mines.
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1. Introduction

Slop stability is extremely important in surface structures
constructed in or/on the rocks such mines, dams, roads. Dif-
ferent researchers have worked on the slope stability analy-
sis. Composite stability is also important specially in coal
mines. Coupling effect of composite slope stability analysis
with special focus on surface mine stability is of prime inter-
est. The stability of structures in or/on the rocks are extreme-
ly important and if proper design parameters and approaches
are not adopted causes disasters which are both dangerous
for workers, structures and loss of production [1]-[4]. Differ-
ent researchers have worked on the slope stability of soft
rocks. Finite element analysis has been widely used for the
stability of rock slopes. The approach of boundary solution
procedures has been introduced as an independent alternative
which is more economical and have more advantages. It was
shown that how such procedures can be utilized in conven-
tional FEM context. It was also concluded that the FEM-
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IDPM has the advantage over limit equilibrium methods that
the strain and time-dependent behavior of soil and the staged
construction of the slope can be modelled but there is less
work done on the coupling effect of geometrical parameters
on composite slope stability [5]-[8]. A primary objective of a
slope stability analysis is the estimation of a factor of safety
for the considered slope and slide mass. The technique of
macro-mechanical parameters analysis was used for rock
slope analysis and was based on the partition classification
method. Critical factor of safety and the prediction of sliding
type was analyzed in homogenous and finite slopes. The
upper bound limit analysis method under specific conditions
was used to develop the slope stability charts [9]-[12].

The approach of geotechnical field survey was used to
identify and analyze the unstable slopes. The method of
Q slope was applied to slope stability analysis. The Nonlinear
Hoek-Brown Criterion utilizing the Equivalent Mohr-
Coulomb Parameters was used for the rock slope stability
analysis. A MATLAB code was developed and the efficiency
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and accuracy of that MATLAB code was tested by compari-
son with the exiting results of literature. It was concluded that
factor of safety (FS) value showing a decreasing pattern with
increasing slope height and angle [13]-[16]. Strength reduction
techniques have been implemented for the slope stability anal-
ysis. Stable angle and height for the dump was suggested [17].
The results couldn’t address the composite slope stability.

Finite element analysis was used for slope stability analy-
sis as compared to traditional equilibrium limit methods and
established new standards in the field of geotechnical engi-
neering. The approach of two-dimensional slope stability
analysis by limit equilibrium combined with strength reduc-
tion techniques was used to study the slope stability. It was
concluded that the strength reduction method (SRM) is most-
ly not sensitive to the dilation angle, soil moduli or the solu-
tion domain size and these parameters selection is not criti-
cal [18]-[21]. However, composite slope stability and cou-
pling effects between geometrical parameters were not being
studied. Another approach of probabilistic systems methodol-
ogy was applied for the stability of slopes and to analyze
various factors affecting the stability of rock slopes [22]-[25].

The approach of analysis with integrated shear strength
reduction algorithm was applied to ordinary slope stability
analysis [26]. For ordinary rock slopes geometrical effects
the criteria of three-dimensional strength-reduction finite
element analysis was used [27]. Shear strength reduction
technique of finite element was applied to the slope stability
analysis [28]. It was attempted to study the slip surfaces
stability [29]. The weathering effect on soft rock slopes was
analyzed [30]. In another study it was investigated to corre-
late the effect of materials spatial variability on the soft rock
slope stability [31].

An extensive analysis of the literature reveals that compo-
site slope stability is a complex process and therefore remained
a hot topic for the researcher. It is also revealed from the litera-
ture that coupling effect of composite slope geometrical pa-
rameters have not been thoroughly studied. An institutional
formulation for the factor of safety, appropriate for a compo-
site slope analysis has been presented in this paper. The dump
position, dump height, dump angle, slope angle and excavation
depth are key factors that influences the stability of a compo-
site slope. The basic influence rule caused by these geomet-
rical parameters on the stability of composite slope has been
highlighted; however, the impact and interaction among these
parameters are investigated and put forwarded.

2. Materials and methods

The physical-mechanical parameters used in these models
are from the surface mine site of the Datang surface coal
mine located within the eastern part of Shengli coalfield, a
project of Datang international power generation Co., LTD
located in Xilingol league, Inner Mongolia autonomous re-
gion is used as a case study [1]. The slope angle and excava-
tion depth are coupled with load which is waste dump in this
case. Several models were created and analyzed to capture
their coupling effect and interactions using FLAC/Slope.

The detailed methodology used in the current research
work can be breakdown as under:

— coupling effect between surface mines geometrical pa-
rameters and stability of composite slopes;

— improvement in FS, excavation depth and slope angle
coupling relationship;
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—coupling effect between waste dump geometrical pa-
rameters on composite slope stability;

— improvement in FS due to dump height and dump angle
coupling interaction;

— coupling effect between dump height and surface mines
geometrical parameters;

— improvement in stability due to dumping height and
surface mines coupling interactions;

— coupling effect of dump position and dump geometrical
parameters on composite slope;

— improvement in stability due to dump height and dump
geometrical parameter coupling interactions;

—coupling effect of dump position and surface mines
geometrical parameters on composite;

— improvement in stability due to dump position and sur-
face mines geometrical parameter coupling interactions.

3. Results and discussion

3.1. Coupling effect between surface
mines geometrical parameters and
stability of composite slopes

The stability of near surface structure is governed by the
rock intact structure, whereas, deeper excavations can be
more affected by the intact rock and the pre-existing stresses.
Failures may be costly in the extreme and have tragic per-
sonal consequences. Steep slopes are favourable to the eco-
nomics of surface mines, while low slope angles favour sta-
bility. The trade-off between these two trends almost always
results in some failures in large surface mines. This section
focuses on the coupling relationship between a surface mines
slope height and its angle. These two parameters are the
major determinants of slope stability. However, when a
waste dump is placed on the crest of a slope, the system
becomes a composite slope rendering the mines height as the
excavation depth. The surface mines slope reaches the waste
dump slope bottom line by distance d and the composite slope
direct functional relationship is difficult to accurately measure
due to its multiple parameters. However, given the dump posi-
tion d =10 m, dump height 4H =20 m, dump angle 6 = 33°,
wt and H are successively interchanged, the coupling effect of
the excavation depth and slope angle can be obtained.

The excavation depth and factor of safety influence rule
is established for different slopes angles as shown in Fig-
ure 1. The general trend obtained from the analysis results
is such that the excavation depth has an inverse relationship
to the factor of safety. Even though the overall results indi-
cate a downward trend in the FS values, it can be seen that
when the slope angle ys = 20°, higher FS is obtained than
for ys = 25°; similarly, wi = 30°, produces higher factor of
safety than ws = 35°.

Therefore, lower slope angles produce higher FS values
than slope with steeper angles. It can also be seen from Figure
5-1, that for each angle, the factor of safety FS converges at
lower excavation depths and scatter outwardly as the excava-
tion depth increases. This phenomenon is mostly due to influ-
ence of other geometrical parameters when the excavation
depth is low. The results spread out at higher excavation depth
because at greater depth the excavation depth becomes the
controlling factor influencing stability. The analysis results
shows that there exists a critical breaking point in the FS
value due to variation in the excavation depth which serves
as the vertex of a parabola curve which opens sideways.
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Figure 1. Coupling rule for different excavation depth at different
slopes angles

For yr = 20° the critical breaking point related to the ex-
cavation depth is H=75m and H =125 m for ;= 25°. As
the slope angle increases these breaks within the trend of the
FS values diminish forming a more perfect parabolic shape.
Practically, this phenomenon occurs due to the change in
critical parameter that control stability. Figure 2 shows the
slope angles and factor of safety influence rule for different
excavation depths. It can be seen from the group of curves
that the FS values show a consistent decrease pattern when
the slope angle increases for each excavation depth.
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Figure 2. Influence rule for different slopes angles at different
excavation depth

The general influence rule obtained is such that the slope
angle is inversely proportional to the factor of safety; howev-
er, when the excavation depth H =100 m, higher FS values
are obtained than for H = 125 m. Similarly, when the excava-
tion depth is further increased to H =300 m far lower FS
value is obtained than the previous two cases (H = 100 m and
H =125 m). Therefore, higher excavation depth produces
lower FS values and lower excavation depth produces higher
FS values. Hence, these parameters have functional relation-
ship that when understood can greatly improve stability and
the economic profitability within any given surface mine.

3.2. Improvement in FS, excavation depth
and slope angle coupling relationship

The factor of safety of a composite slope decreases when
the excavation depth and slope angle are jointly increased.
However, it is obtained that by considering the coupling inter-
action amongst these parameters can greatly improve the fac-
tor of safety. Figure 3 illustrates a 3D Data plot of the excava-
tion depth, and slope angle as contour outlines in 2D space.
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Figure 3. 3D Data plot of excavation depth, and slope angle as
contour outlines in 2D space

In Figure 3, the vertical axis represents the excavation
depth while the x-axis represents the slope angle. Moving
along the vertical axis from the point of origin (20, 0), the
factor of safety decreases with increase in excavation depth
while if moving on the x-axis from the point of origin the
factor of safety also decreases with increase in slope angle.
However, considering an abscissa and ordinate value within
the 2D space a conclusion can be drawn that how the FS
behaves when these two parameters are coupled.

Firstly, when H =100 m and s = 20° the obtained factor
of safety FS =1.26, however when both parameters are in-
creased simultaneously such that H = 500 m and s = 40°, the
obtained FS =0.54, thus it can be seen that the coupling of
low excavation depth with low slope angle produces higher
factor of safety than higher excavation depth and steep slope
angles. Secondly, when H =500 m and y;=20°, FS=1.08.
Nevertheless, when the slope angle increases from y: = 20° to
wi = 40°, the factor of safety decreases to FS = 0.54. Similar-
ly, if the slope angle is maintained at s = 40° and the excava-
tion depth is reduced to H = 100 m the resulting factor of safe-
ty is improved from FS = 0.54 to FS = 0.72. Hence, it can be
seen, that in order to enhance stability and increase the factor
of safety an inverse parametric technique must be employed in
order to select the suitable surface mines parameters.

A rule of thumb can be drawn from the assertion made
above in order to improve stability within any given surface
mine. It means that deep excavation should be created with
lower slope angles and steep slope angles with shallower ex-
cavation depth. By understanding the influence and changes in
the FS values due to the interaction between the surface mines
key geometrical parameters can help engineers and managers
in making sound decision regarding parametric selection.

3.3. Coupling effect between waste dump geometrical
parameters on composite slope stability

Surface mining operations involve the removal of huge
quantities of overburden, dumping and backfilling. Substan-
tial increase in the rate of accumulation of waste materials in
recent years has resulted in greater height of dumps in order
to minimize ground cover area and consequently, this has
given rise to the danger of dump failures, gully erosion and
various associated environmental problems. Inorder to de-
duce the coupling relationship between the dumping height
and the dump angle in a composite slope system several
numerical models were analyzed using FLAC/Slope and a
finite difference method. According to [1], the composite
slope angle relates the different geometrical parameters.
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Given the dump position d =50 m slope angle ws = 30° and
excavation depth H = 125 m and the dump angle 6 and dump
height AH are successively changed, their coupling interac-
tion and influence on the factor of safety can be established.
Figure 4 shows the analysis results for different dump height
and FS values at varying dump angles and it can be seen that,
when the dump angle 6 = 20° a higher FS value is obtained
than for 6=25°. Similarly, when 6=30° the numerical
simulation produces higher factor of safety than for § = 33°.
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Figure 4. Influence rule for different dumping angles at different
dumping height

Therefore, lower dump angles produce higher FS values
than dump with steeper angles. The general pattern of the
dump height, when coupled with the dump angle shows a
decrease in relationship with the factor of safety; When the
dump angle 8 =20° and 6 = 30°, the critical break point in
the FS value falls at AH = 30 m, while for 8 = 30° the num-
ber of break points increases. However, when 0 = 33°, the
break point is at AH = 40 m and the variation pattern changes
to a near straight diagonal line which indicates that a control
transition between the dump heights and the dump angle is
gradually occurring.

The reason for the changes in the curve is such that the
magnitude of the dump angle increases with the increase in the
dump angle, hence the influence of the dump increases. An-
other critical aspect when the dump height and dump angle is
coupled is such that the maximum dump height is a function of
the dump angle. Considering factors such as the number of
benches, the maximum height that the dump with angle
6 = 20° within this study could be constructed was AH =40 m.
Thus, any increment in the dump height would have resulted
in the crest of the dump turning into a cone shape.

Figure 5 shows the combined FS and influence rule for dif-
ferent dump angles as the dump height is interchanged. It can
be seen from the group of curves that the FS values decrease
for each dump height. The overall results indicate a decrease in
the FS values however it can be seen that when the dump
height AH=10m higher FS values are obtained than for
AH =20 m. Similarly, when the dump height is further in-
creased to AH =30 m far lower FS values are obtained from
the numerical analysis than the previous two cases (AH=10m
and H =20 m). Therefore, higher dump heights produce lower
FS values and lower dump height produces higher FS value.

It is also seen from the results, that when AH =10 m, the
factor of safety shows a gradual decline from 6= 20° to
6 = 30° and falls at 8 = 30°, this indicates that for § > 30° the
influence of the dump height vanishes and the dump angle
becomes the factor controlling the stability of the slope.

38

0.98
—=—AH=10m
—=—AH=20m
0.96
0.94
n
s
0.92
0.90;
0.88
18 20 22 24 26 28 30 32 34

Dump angle (6),°

Figure 5. Factor of safety for different dumping height and dum-
ping angles

However, as the dump height increases from AH = 10 m to
AH=20m the FS shows an accelerated decline between
6 =20° and 6 = 30° before falling at & = 30° and the reason is
obvious. This indicates that the magnitude of the dump on the
stability of the composite slope increases with increase in
dump height. Furthermore, as the dump height increases to
AH =30 m the factor of safety depicts a fall at =25° and a
continuous decline forming a near straight diagonal line. Simi-
larly, the phenomenon becomes visible for AH=40m, an
accelerated decline occurs in the factor of safety and falls at
6 =30° at the line which becomes straighter than in previous
cases. The analysis results has shown that the dump height
and angle are two parameters with functional relationship.

3.4. Improvement in FS due to dump height
and dump angle coupling interaction

The factor of safety decreases with increase in both the
dump height and dump angle. However, by considering the
coupling interaction between the two parameters in a compo-
site slope system can enhance stability. Figure 6 illustrates a
3D data plot of the dump angle, and dump height as contour
outlines in 2D space.
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Figure 6. 3D Data plot of dumping height, and angle as contour
outlines in 2D space

In Figure 6, the vertical axis represents the dump height
while the x-axis shows the dump angle. Moving along the
vertical axis from the point of origin (20, 0), the factor of
safety decreases with increase in dump height while it de-
creases along the x-axis with increase in dump angle. Let’s
consider an abscissa and an ordinate value within the 2D
space in order to draw a conclusion on how the FS behaves
when these two parameters are coupled.
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Firstly, when AH =20 m and moving along the x-axis
where 6 = 20° the obtained factor of safety FS =0.92, how-
ever when both parameters are increased simultaneously
such that AH = 40 m and ¢ = 33° the obtained factor of safe-
ty is FS = 0.85, thus it can be seen that the coupling of low
dump heights with shallower dump angles, produces higher
factor of safety than higher dump height and steep dump
angles. Secondly, when AH =40 m and 6 = 20° the factor of
safety FS = 0.88, nevertheless when the dump angle increas-
es from 6 = 20° to 6 = 33°, the factor of safety decreases to
FS =0.85. Similarly, if the dump angle is maintained at
6 =33° and the dump height is reduced to AH =20 m the
resulting factor of safety is improved from FS = 0.85 to
FS =0.91. It can be seen from the results that in order to
enhance stability and increase the factor of safety when the
dump height and dump angle are the determinant factors
influencing stability in a composite slope system an inverse
parametric technique must be employed in order to select
suitable dump parameters. Therefore, it can be concluded
that the two key geometrical parameters of a waste dump are
important factors influencing the stability of a composite
slope and that the coupling interactions between these pa-
rameters can improve the factor of safety significantly.

3.5. Coupling effect between dump height
and surface mines geometrical parameters

This section seeks to evaluate and understand the coupling
relationship between the dump geometrical parameters to that
of the foundation slope. In order to deduce the coupling rela-
tionship between the dumping height and the slope geomet-
rical parameters (slope angle and excavation depth) several
numerical models were analyzed using the finite difference
method employed in FLAC/Slope. As discussed in section
3.4, the composite slope angle relates the different geomet-
rical parameters within the system. Given the dump position
d=10m, dump angle 6= 33° and the excavation depth H,
slope angle and the dump height AH are successively inter-
changed and their influence on stability can be obtained along
with their coupling interaction on the factor of safety.

The influence rule for the key geometrical parameters of a
given surface mine and the factor of safety is established for
different dumping heights. The numerical analysis results
shows that the slope parameters in the formation of a compo-
site slope have an inverse relationship to the factor of safety.
The factor of safety decreases with increase in both excavation
depth and slope angle. Figure 7a, b shows the analysis results
for different composite slope model analyse at different sur-
face mines parameters and dumping heights. From Figure 7a,
when the dump height AH =20 m a higher FS values are ob-
tained than for AH =30 m. However, when AH =40 m, the
numerical simulation produces higher factor of safety than for
AH > 40 m. Figure 7b depicts similar trend in the FS value
even when the dump height is coupled with the slope angle.
Therefore, lower dump heights produce higher FS values than
dump with higher heights in a composite slope system.

Even though an inverse relationship is established when
the dump height is coupled with the excavation depth and
slope angle, the influence rule between these parameters are
significantly different (Fig. 7a, b). According to the theory
of vertical stresses in a rock mass, the induced stresses re-
duces in magnitude with depth, however the stress induced
will reach a maximum value that is equivalent to the sur-
charge load.
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Figure 7. Factor of safety for different excavation depth and slope
angle at varying dumping heights

When this happens the competition for control occurs
within the rock mass as the stresses induced by the magni-
tude of the surcharge is resisted by the pre-existing stresses
within the excavation. This phenomenon can actually be seen
in Figure 7a, where there exists a break point in each curve.
Furthermore, when the equivalent surcharge due to the
dumping height is excessive further deformation occur with-
in the system due to the loading height but if the opposite
occurs then the FS will tend to rise to the original FS value
when the slope has no surcharge and takes a decrease pattern
if the excavation depth are to be increase.

It can also be seen from Figure 7a, b that the FS converge
at a constant value when the dumping height is coupled with
the slope geometrical parameters. Figure 8a, b shows the
dump height influence rule for different excavation depths
and slope angles. The general influence pattern obtained
from the analysis is such that the dump height is inversely
proportional to the factor of safety. From Figure 8a, it can be
seen that when the excavation depth H =25m higher FS
values are obtained than for H = 50 m and when the excava-
tion depth is further increased to H =75 m much lower FS
values are obtained from the numerical analysis than in the
previous two cases (H=25mand H =50 m).

Therefore, greater excavation depths produces lower FS
values and lower excavation depths produces higher FS val-
ue. Similarly, Figure 8b shows that when the slope angle
wi = 20° higher FS values are obtained than for s = 25° and
when the slope angle is further increased to ws = 30° much
lower FS values are obtained from the numerical analysis
than when s = 20° and ws = 25° respectively.
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Therefore, steeper slope angle produces lower FS values
and lower angles produce higher FS value. As discussed
earlier, Figure 8a shows that the FS value converges to a
single value when AH =70 m indicates an influential break
point where the dump height has a significant influence on
the factor of safety.

3.6. Improvement in stability due to dumping
height and surface mines coupling interactions

By understanding the influence and changes in the FS
values due to the interaction between the dumping height and
the surface mines key geometrical parameters, engineers and
managers can make sound decision regarding parametric
selections that govern stability.

Figure 9a, b illustrates a 3D data plot of the dump height,
and surface mines geometrical parameters as contour outlines
in 2D space. In Figure 9a, the vertical axis represents the
dump height while the x-axis shows the excavation depth. As
moving along the vertical axis from the point of origin (20,
10), the factor of safety decreases with increase in dump
height while it decreases along the x-axis with increase in
excavation depth.

Similarly, it is seen from Figure 9b, moving along the
vertical axis from the point of origin (20, 10), the factor of
safety decreases with increase in dump height and decreas-
es along the x-axis with increase in slope angle.
However, let’s consider an abscissa and ordinate values
within the 2D space in order to draw a conclusion on how
the FS behaves when the dumping height is coupled with
the excavation depth.
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Figure 9. 3D data plot of dumping height, and excavation depth
as contour outlines in 2D space

Firstly, from Figure 9a, when AH =20 m and moving
along the x-axis were H = 100 m the obtained factor of safety
FS =1.08, however when both parameters are increased
simultaneously such that AH=60m and H=150m the
obtained factor of safety is FS = 0.93, thus it can be seen that
the coupling of low dump heights with lower excavation
depth, produces higher factor of safety than higher dump
height and higher excavation depth. Secondly, when
AH=50m and H=150m the factor of safety FS =0.96,
nevertheless when the excavation depth decreases from
H=100m to H=60m, the factor of safety increase to
FS = 1.02. Similarly, if the excavation depth is maintained at
a constant depth of H = 60 m and dump height is increased to
AH =60 m the resulting factor of safety decreases from
FS=1.02to FS=0.96.

Hence, it can be seen from the results that in order to en-
hance stability and increase the factor of safety when the
dump height and dump angle are the determinant factors
influencing stability in a composite slope system an inverse
parametric technique must be employed in order to select
suitable dump height and excavation depth.

A similar descriptive analysis can be done from Figure 9b,
to draw a conclusion on how the FS behaves when the dump-
ing height is coupled with the slope angle. It can be seen from
the Figure 9b that at a constant excavation depth, a lower
slope angle and lower dump height will produce a higher
factor safety than a composite slope with a high dump heights
and steep slope angles. The results also shows that a high
dump heights coupled with shallower slope angles will pro-
duce comparatively better factor of safety than upper limits
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between the both parameters. Finally, it can be concluded that
by understanding the coupling interactions between the upper
and lower limits of the surface mines geometrical parameters
and the dumping heights can improve the factor of safety
significantly; thus, the stability of the system.

3.7. Coupling effect of dump position and dump
geometrical parameters on composite slope

This section seeks to understand the coupling relationship
between the dump geometrical parameters and the dump
position in a composite slope system by using FLAC/Slope, a
finite difference method. According to [1], the composite
slope angle relates the different geometrical parameters. Giv-
en the slope angle ys = 20° and excavation depth H =100 m
and the dump position d, dump angle 6 and dump height AH
are successively changed, their coupling interaction and influ-
ence on the factor of safety can be established. The influence
rule for the key geometrical parameters of a waste dump and
the factor of safety is established for different dump position.
Figure 10a, b shows the analysis result for different dump
geometrical parameters and varying dump position, while
Figure 11a, b shows the analysis result for different dump
position and varying dump angles and dumping height.

@

FS

20 22 24 26 28

Dump angle (), °

(b)

30 32 34

15

—=—d=10m
—=—d=50m

1.4 d=100m

13

FS

1.2

11

1.0

0.9

10 20 30 40 50

Dump heigh (AH), m

60 70

Figure 10. Factor of safety for different dumping height and
dump angle at varying dump position

From Figure 10a, b it can be seen that the dump key geomet-
rical parameters in a composite slope system have an inverse
relationship to the factor of safety. It means the factor of safety
decreases with increase in both the dump height and dump an-
gle. However, it can be seen from Figure 11a, b, that the dump
position has a direct relationship with the factor of safety.
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Figure 11. Factor of safety for different dump position at varying
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From Figure 10a, it is seen that when the dump position
d =100 m lower FS values are obtained than for d = 150 m.
However, when d = 200 m, the numerical simulation produces
higher factor of safety than for d <200 m. Figure 10b depicts
similar trend in the FS value when the dump position is cou-
pled with the dump angle. Therefore, lower dump position
produces lower FS value than dump with great distances away
from the crest of a surface mines in a composite slope system.

From Figure 12a, it is seen that when the dump height
AH =20 m higher FS values are obtained than for AH =30 m.
However, when AH =50 m, the result shows lower factor of
safety than for AH <50 m. Figure 11b depicts similar trend
in the FS value when the dump position is coupled with the
dump angle. Therefore, lower dump height and dump angle
produces higher FS than dump with steep angle and high
dump height within a composite slope system. According to
the theory of vertical stresses in a rock mass, the application
of a surcharge induces additional stresses within a rock mass
and if the magnitude of the surcharge is excessive defor-
mation of the rock mass will occur.

Hence, it is expected that the increase in the dumping
height and dump angle will induce additional stress thereby
resulting in the reduction of the factor of safety as seen in
Figure 10a, b. Similarly, according to the theory of vertical
stresses in a rock mass, the induced stress due to a surcharge
reduces in magnitude away from the point of application.
Hence, in a composite slope system, it is expected that the
factor of safety will increase as the load is moved away from
the crest of the slope as that shown in Figure 11a, b. Fur-
thermore, the results shown in Figure 11a shows a direct
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relationship between the dump position and FS when cou-
pled with the dump height, however the influence rule be-
tween these parameters are significantly different.

From Figure 11a, it can be seen that when AH = 20 m the
maximum safe distance is d = 250 m. From this position the
factor of safety remains constant for d > 250 m and the mag-
nitude of the dump with AH =20 m has no influence on the
stability of the system. However, when the equivalent sur-
charge due to the dumping height is increased from
AH=20m to AH=30m the maximum safe distance is
d =450 m and from this position the factor of safety remains
constant for d >450 m. For dump height AH>40m, the
influence rule shows constant increase in the value of the
factor of safety indicating that the magnitude of dumping
height yet influences the stability of the system. Hence, it can
be said that the influence of the dump position is a function
of the loading condition.

3.8. Improvement in stability due to dump height and
dump geometrical parameter coupling interactions

By understanding the influence and changes in the FS
values due to the interaction between the dump position and
the dump key geometrical parameters, the stability of a com-
posite slope can be enhanced greatly. Figure 12(a-b) illus-
trates a 3D data plot of the dump position, and dump key
geometrical parameters as contour outlines in 2D space. In
Fig 12a, the vertical axis represents the dump position while
the x-axis shows the dumping height. Moving along the
vertical axis from the point of origin (20, 0), the factor of
safety increases with increase in dump position while it de-
creases along the x-axis with increase in dumping height.
Similarly, it is seen from Figure 12b, moving along the verti-
cal axis from the point of origin (20, 0), the factor of safety
increases with increase in dump position and decreases along
the x-axis with increase in dump angle.

By considering an abscissa and ordinate values within the
2D space a conclusion can be drawn that how the FS behaves
when the dumping height is coupled with the dump position.
From Figure 12a, when d = 10 m and one moving along the
x-axis were AH=20m the obtained factor of safety
FS = 1.33; however, when the dump position is increased to
d =150 m the factor of safety increases to FS =1.37. If the
dump position has to be maintained at d = 10 m and moving
along the x-axis such that AH = 40 m, the obtained factor of
safety is FS = 1.28, thus it can be seen that the coupling of
low dump heights with lower dump position, produces higher
factor of safety than higher dump height and lower dump
positions. Secondly, when AH =40 m and d = 10 m the factor
of safety FS =1.28, nevertheless when the dump position is
increased from d =10 m to d =200 m, the factor of safety
increases to FS =1.35, indicating that the coupling of high
dump height with high dump position significantly increases
the factor of safety.

Furthermore, a conclusion can be drawn that how the FS
behaves when the dump angle is coupled with the dump posi-
tion by analyzing Figure 13b. From Figure 12b, when
d =10 m and moving along the x-axis where 6 = 20° the ob-
tained factor of safety FS=1.28; however, when the dump
position is increased to d = 150 m the factor of safety increases
to FS=1.33. If the dump position has to be maintained at
d =10 m and moving along the x-axis such that 6 = 33°, the
obtained factor of safety is FS = 1.16, thus the coupling of low
dump angles with lower dump position, produces higher factor
of safety than steeper dump angles and lower dump positions.
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Secondly, when ¢ =33° and d = 10 m the factor of safety
FS =1.16, nevertheless when the dump position is increased
from d =10 m to d =200 m, the factor of safety increases to
FS =1.22, indicating that the coupling of steep dump angles
with high dump position can improve the factor of safety sig-
nificantly. Hence, it can be seen from the results that in order
to enhance stability and increase the factor of safety when the
dump key geometrical parameters are the determinant factors
influencing stability in a composite slope system the position
of the dump within the system plays a critical role.

3.9. Coupling effect of dump position and surface
mines geometrical parameters on composite slope

An exposed ground surface that stands at an angle with
the horizontal is called an unrestrained slope. When an excava-
tion is created such as that of a surface mine, the pre-existing
stress state within the ground can dramatically change. This is
because rocks which previously contain stresses are removed
and the load has to be taken up elsewhere and displacement
occurs because stressed rock has been removed, allowing the
remaining rock to move due to unloading.

This section seeks to understand the coupling relationship
between the surface mines geometrical parameters and the
dump position in a composite slope system by using
FLAC/Slope, a finite difference method. According to [1], the
composite slope angle relates the different geometrical param-
eters. Given the dump angle #=20° and dump height
AH =40 m and the dump position d, slope angle s and exca-
vation depth H are successively changed, their coupling inter-
action and influence on the factor of safety can be established.
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The influence rule for the key geometrical parameters of
a surface mine slope and the factor of safety is established
for different dump position. Figure 13a, b shows the analysis
results for different slope geometrical parameters and vary-
ing dump position, while Figure 14a, b shows the analysis
results for different dump position at varying slope angles
and excavation depths. From Figure 13a, b it can be seen that
the surface mine key geometrical parameters in a composite
slope system have an inverse relationship to the factor of
safety. However, it can be seen from Figure 143, b, that the
dump position has a direct relationship with the factor of
safety. From Figure 133, it is seen that when the dump posi-
tion d=50m lower FS values are obtained than for
d =100 m. However, when d = 200 m, the numerical simula-
tion produces higher factor of safety than for d <200 m.
Figure 13b depicts similar trend in the FS value when the
dump position is coupled with the slope angle. Therefore,
lower dump position produces lower FS value than dump
constructed further away from the crest of a slope.

Even though the factor of safety decreases with the in-
crease in excavation depth, Figure 13a, shows that there
exists a critical break point in the influence curve for each
dump position when coupled with the excavation depth and
this critical break point occurs at H =75 m. The break point
in the influence rule is related to the transition between one
influencing parameter to the other. Since the dump position
is a function of the loading condition, it can be said that the
dump position has an indirect influence on the excavation
depth but a direct relationship with the factor of safety.
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For the influence rule shown in Figure 13b, the direct in-
fluence pattern between the factor of safety and the slope
angle is obtained. The factor of safety directly reduces with
an increase in the slope height.

From figure 14a, it is seen that when the excavation depth
H =25 m higher FS values are obtained than for H =75 m.
Similarly, when the excavation depth is increased to
H =150 m, the factor of safety further decreases than for
models with H <150 m. Figure 14b depicts far slower
growth in the FS curve than for the influence rule shown in
Figure 14a. The reason is obvious; the relationship between
the excavation depth and the factor of safety is more direct
than the relationship between the dump position and the
slope angle to the factor of safety. However, the factor of
safety increases with increase in dump position even when
the dump position is coupled with the slope angle. It is also
seen from Figure 14b that steep slopes produces lower FS
than slope with lower angles.

3.10. Improvement in stability due to dump
position and surface mines geometrical
parameter coupling interactions

By understanding the influence and changes in the FS va-
lues due to the interaction between the dump position and a
surface mines geometrical parameter the factor of safety of a
composite slope can be improved greatly; hence the stability of
the system. Figure 15a, b illustrates a 3D data plot of the dump
position, and surface mines geometrical parameters as contour
outlines in 2D space. In Figure 15a, the vertical axis represents
the dump position while the x-axis shows the dumping height.
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As moving along the vertical axis from the point of origin
(20, 0), the factor of safety increases with increase in dump
position while it decreases along the x-axis with increase in
excavation depth. Similarly, it is seen from Figure 15b, that
moving along the vertical axis from the point of origin (20,
0), the factor of safety increases with increase in dump posi-
tion and decreases along the x-axis with increase in dump
angle. The rate of increase in the factor of safety when the
dump position and the excavation depth is coupled is far
greater then when the slope angle is coupled with the dump
position. However, considering an abscissa and ordinate
values within the 2D space a conclusion can be drawn on
how the FS behaves when the excavation depth is coupled
with the dump position. From Figure 15a, when d =50m
and moves along the x-axis where H =100 m the obtained
factor of safety FS = 1.29; however, when the dump position
is increased to d =150 m the factor of safety increases to
FS=1.32.

If the dump position has to be maintained at d = 50 m and
moving along the x-axis such that H = 150 m, the obtained
factor of safety is FS = 1.23, thus it can be seen that the cou-
pling of low excavation depths with lower dump position,
produces higher factor of safety than higher excavation depths
with lower dump positions. Secondly, when H =100 m and
d =50 m the factor of safety FS = 1.23, nevertheless when the
dump position is increased from d =50 m to d = 200 m, the
factor of safety increases to FS =1.25, indicating that the
coupling of high dump height with high dump position in-
creases the factor of safety. Furthermore, a conclusion can be
drawn that how the FS behaves when the slope angle is cou-
pled with the dump position by analyzing Figure 15b.
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From Figure 15b, when d =50 m and moving along the
x-axis where w=20° the obtained factor of safety
FS = 1.28; however, when the dump position is increased to
d =150 m the factor of safety increases to FS =1.33. If the
dump position has to be maintained at d = 50 m and moving
along the x-axis such that y; = 40°, the obtained factor of
safety is FS=0.72, thus the coupling of low slope angles
with lower dump position, produces higher factor of safety
than steeper slope angles and lower dump positions. Second-
ly, when wt=40° and d=50m the factor of safety is
FS =0.72, nevertheless when the dump position is increased
from d =50 m to d = 200 m, the factor of safety increases to
FS = 0.75, indicating that the coupling of steep slope angles
with high dump position can improve the factor of safety
significantly. Hence, it can be seen from the results that in
order to enhance stability and increase the factor of safety
when the slope geometrical parameters are the determinant
factors influencing stability in a composite slope system the
position of the dump within the system plays a critical role.

4. Conclusions

The general trend obtained from the analysis results is
such that the excavation depth has an inverse relationship to
the factor of safety.

A rule of thumb can be drawn from the assertion made in
order to improve stability within any given surface mines
that is deep excavation should be created with lower slope
angles and steep slope angles with shallower excavation
depths. By understanding the influence and changes in the
FS values due to the interaction between the surface mines
key geometrical parameters can help engineers and managers
in making sound decision regarding parametric selection.

The analysis results has shown that the dump height and
angle are two parameters with functional relationship.

The results show the influential break point where
the dump height have a significant influence on the factor
of safety.

Finally, it can be concluded that by understanding the
coupling interactions between the upper and lower limits of
the surface mines geometrical parameters and the dumping
heights can improve the factor of safety significantly; thus,
the stability of the system.

It is concluded that the influence of the dump position is
a function of the loading condition.

It can be seen from the results that in order to enhance
stability and increase the factor of safety when the dump key
geometrical parameters are the determinant factors influenc-
ing stability in a composite slope system the position of the
dump within the system plays a critical role.

The factor of safety increases with increase in dump
position even when the dump position is coupled with
the slope angle.

It can be seen from the results that in order to enhance
stability and increase the factor of safety when the slope
geometrical parameters are the determinant factors influenc-
ing stability in a composite slope system the position of the
dump within the system plays a critical role.
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JlocaizkeHHsI CYyKYIHOT0 BIJIMBY FeOMeTPHYHHUX NapaMeTPiB KOMIO3UTHOI0 YKOCY

.. Bapsop, I11. baua, I1. incssx, Y.I11. Yxao, H. Moxamman, [.M. [xuckani, H. Xan

Merta. JlocnipKkeHHs Ta aHali3 CyKyITHOTO BIUIMBY T€OMETPHUYHHX MapaMeTpiB KOMIIO3UTHOTO YKOCY Ha HOro CTiHKiCTh IUISIXOM 3aCTO-
CYBaHHSI YHCEIIBHOTO MOJIEIIFOBAaHHSI METO/IOM KIiHIIEBUX €JIEMEHTIB.

MeTtoauka. BuiseHo OCHOBHI MapaMeTpH BIUIUBY KOMIIO3UTHOTO YKOCY Ha CTIHKICTBh: KyT yKOCY Ta INIMOWHA BUPOOKH pa3oM 3 HaBaH-
TakeHHsM (BinBasiom). Ha ocroBi mporpamu FLAC/Slope Oynu noOymoBaHi i mpoaHaTi3oBaHi KiJibKa MOJENIEH U1 BUSHAYECHHS IX CYKYyITHO-
ro BIUTUBY Ta B3a€EMOJIIT.

Pe3yabTaTn. BecraHoBIEHO, IO KOJM KYT YKOCY Ta IIMOMHA BUPOOKHU 3’€IHYIOTHCS 3 TaKUM (haKTOPOM SIK HaBaHTA)KEHHS BiJBaiy, 1€
MPHU3BOUTH J0 MPoOIeM y BUpOOHMYIN Oe3memni. BiaMiueHo, 1m0 npaBWiIbHE PO3MIIIEHHS BiBally BiAirpae KIIOYOBY POJIb B 3a0€3MEeYEeHHI
Woro crilikocTi. Bu3HadeHo, MO HaNpy>KeHHs, BUKIMKAHI BiZBaJOM, 3MEHIIYIOThCS B Mipy BiIIaJeHHS BiJ TpeOHS yKOCy, B TOW Hac sK
HaTpY>XCHHS B 30HI aKTUBHOTO BIUIMBY 3a BiJIBAJIOM 3MEHIIYIOTHCS HA YMOBHIH NOBEPXHI KOB3aHHA, a MiCIle PO3TallyBaHHS BiJIBALy B IPO-
neci popMyBaHHS KOMIIO3UTHOTO YKOCY 3a0e3neuye criiikicts. DakTop O6e3nekn Mae Tol jke XapakTep BIUIMBY IS BCIX MapaMeTpiB, BUKIH-
KaHUX HalpyXXEHHSM 1 MPaBWIOM BIUIMBY. 3arajbHa TEHJCHIS, OTpUMaHa 3a pe3yJbTaTaMH aHA3y, Taka, 10 IIMOWHA BUIMaHHS Mae
3BOPOTHY 3JISKHICTH BiJ KoedimieHra Oe3nekn. ChopMynbOBaHO IMPaKTHYHE NMPABHIO — ITTMOOKe BHHMAHHS ITOBHHHO OyTH CTBOpEHE 3
MEHIIMMH KyTaMH yYKOCY i KPyTHMH KyTaMH YKOCY 3 MCHILOIO TIIMOMHOIO BUiiMaHHS. Pe3ynbpTraTn, OTpUMaHi IpH aHali3i HapyXeHb METO-
JIOM KiHIIEBUX €JIEMEHTIB, CXOXKIi 3 JaHUMH aHai3y CTabiIbHOCTI YKOCY.

HayxoBa HoBH3HA. Briepiie po3riisiHyTo CyKyIHHUH BIUIMB F€OMETPUYHUX NapaMeTpiB KOMIIO3UTHOTO yKocy. BusiBieHo ¢yHKIioHaNb-
HU B3a€MO3B’ 130K BHCOTH Ta KyTa yKocy. BcTaHoBIICHO, 110 KoedimieHT Oe3Mmek 30UIbIIYETHCS 3 MiIBUIIEHHSM ITOJI0KEHHS PO3BaHTaXKECH-
Hs1, HAaBITh KOJIM PO3TAIIyBaHHS PO3BAHTAKEHHS 30Ira€ThCs 3 KyTOM HaXMITy.

IMpakTHyHa 3HAYMMicTh. Pe3ysbTaTi, OTpHMaHi B XOAi JAAHOTO JOCHTIIDKSHHS, MOXYTh OyTH €(eKTUBHO BHKOPHCTAHI I aHAI3y Ta
MIPOEKTYBAHHS KOMIO3UTHHX YKOCIB y M SIKMX IOPOJIax BiIKPHUTHUX Kap’epiB.

Kntouosi cnosa: cykynnuii 6naus, 6i0ean, cmadinbHiCmb KOMRO3UMHO20 YKOCY, Xapakmep 8Naugy
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HccaenoBanue COBOKYIIHOI'O BO31eHCTBUA reOMETPUYECCKUX MApaMeTPOB KOMIIO3UTHOI'0 OTKOCAa

A . bapsop, L. baua, 1. l{uncan, Y.I. Yxao, H. Moxamman, .M. Jlxxuckanu, H. Xan

Heas. MccnenoBanne u aHaIu3 COBOKYITHOTO BO3ACHCTBHE T€OMETPHUYECKHUX MAapaMETPOB KOMIIO3UTHOTO OTKOCA Ha €ro yCTOHYHBOCTh
MOCPEACTBOM IPUMEHEHUS YUCICHHOTO MOACTUPOBAHHS METOJOM KOHEUHBIX 2JIEMEHTOB.

MeToauka. BeiieneHsl 0OCHOBHBIC TapaMeTpPhl BO3ACHCTBHSI KOMIIO3UTHOTO OTKOCA HA YCTOHYMBOCTbD: YTOJl OTKOCA U TITyOHHA BEIPAOOT-
KM BMeCTe ¢ Harpy3koii (otBasiom). Ha ocHoBe FLAC/Slope 6buH IOCTPOCHBI U MPOAHATM3UPOBAHBI HECKOJIIBKO MOJICICH ISl ONPEACTICHUS
HUX COBOKYITHOTO BO3JICHCTBHS U B3aUMOJICHCTBUS.

Pe3yabTaThl. YCTaHOBICHO, YTO KOT/IAa YTOJ OTKOCA M IIIyOWHA BBIPAOOTKH COCTUHSIOTCS C TAaKUM (aKTOpOM Kak Harpyska oTBaja, 3TO
MPUBOIUT K mpoOieMaM B IMPOU3BOJACTBEHHON Oe3zomacHOcTH. OTMEUYEHO, YTO MpaBHIBHOE pa3MElIeHHE OTBajla HrpaeT KIIOUEBYIO POJb B
obecredeHun ero ycroiunBoctu. OnpenesaeHo, 4To HalpsHKeHUs, BBI3BAaHHbBIE OTBAJIOM, YMEHBIIAIOTCS [0 Mepe yAaIeHHs 0T TpeOHs 0TKOCa,
B TO BpeMs KaK HampsDKCHUS B 30HE aKTUBHOTO BO3JCHCTBHUS 3a OTBAJIOM YMEHBIIAIOTCS HAa YCIOBHOM MOBEPXHOCTH CKOJNBXKCHHUS, a MECTO
pacronoxeHus: OTBaja B mporecce GopMUPOBaHIS KOMIIO3UTHOTO OTKOCAa 00ECIICUHBACT YCTOWYHBOCTh. DaKkTOp OE30MAaCHOCTH MMEET TOT
JKe XapaKTep BIUSHUS IS BCEX MapaMeTPOB, BEI3BAHHBIX HAIPSHKCHUEM W MPABHIIOM BIUSHUS. OOIIast TCHACHIUS, TOTyYCHHAs 110 Pe3ybTa-
TaM aHaJu3a, TAKOBA, YTO IIyOHHA BEIEMKH UMECT 00paTHYIO 3aBUCHMOCTh OT ko3 dunmenta 6e3onacHocT. CHOpMyITUPOBAHO MPAKTHICCKOE
MPaBHJIO — TITyOOKas BBIEMKA JIOJDKHA OBITh CO3/[aHA C MEHBIIMMH YIJIaMH OTKOCA M KPYTBHIMH YIJIAMH OTKOCA C MCHBIICH TTyOHHON BBICMKH.
Pe3ysbTatThl, MONTYyUYCHHBIC TIPH AHATM3E HAMPSHKCHUI METOJJOM KOHEUHBIX JIEMEHTOB, CXOXKH C JAHHBIMU aHaJIM3a CTAOMIBHOCTH OTKOCA.

Hayunas HoBu3HA. BriepBrie paccMOTPEHO COBOKYITHOE BO3ACHCTBHE F€OMETPUYECKUX IMapaMeTPOB KOMIIO3UTHOTO OTKoca. BrisiBieHa
(yHKIMOHATBHAS B3aHMOCBS3b BBICOTHI M YIJIa OTKOCA. YCTaHOBJIEHO, YTO KO03((HUIKEHT 0e30MacHOCTH YBEIHYUBACTCS C YBEIHMUYCHUEM
TTOJIOXKEHUS PasTPy3KH, Jake KOTa MOJI0KEHUE Pa3Tpy3KH COBIAAACT C YTIIOM HAKJIOHA.

IIpakTHyeckas 3HAYUMOCTb. Pe3ynbTaTh, MOTyYEHHBIE B XO/I€¢ HACTOSIIETO UCCIENOBAHUS, MOTYT OBITh 3((PEKTUBHO HCIIOIH30BAHBI
JUTSL aHAJIM3a U IPOEKTHUPOBAHUS KOMIIO3UTHBIX OTKOCOB B MSATKUX MOPOJaX OTKPBITHIX KaphepoB.

Knrouesvie cnosa: cosoxynnoe 6o30eticmaue, omsai, CmabduibHOCHb KOMROZUNMHO20 OMKOCA, XapaKmep GIUHU
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