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Abstract
Purpose. To analyze the key parameters influencing the stability of a composite soft rock slope.

Methods. Description of the key geometrical parameters of a composite slope and their influence on soft rock slope stabil-
ity. Numerical simulation is performed to validate the primary effects of the key geometrical parameters of a composite
slope on stability without consideration of external factors such as ground water, seismic and blasting factors.

Findings. This paper put forward the influence pattern of the dumping height, excavation depth, slope angle, dumping an-
gle, and dumping position on the safety factor of the composite slope. Furthermore, the results prove that as the dump is
moved away from the reference crest or toe, the factor of safety increases. Thus, improvement of the safety factor on the
critical sliding surface is defined by the area of the parallelogram. Also, when the critical position of the dump away from
the edge is exceeded and the lateral pressure induced by the superimposition of the waste dump has no influence on the
critical sliding surface, failure takes place in the surface mines slope and stability is relatively controlled by the mechanical
strength and geometrical parameters of the surface mines slope.

Originality. The paper provides a pioneering detailed description of the interactions of the key geometrical parameters of a

composite slope and their influence on stability and the factor of safety.
Practical implications. The results can be used for designing and stability analysis of composite slopes.
Keywords: Composite slope; dumping angle; geometrical parameters; lateral pressure

1. Introduction

Regardless of the fact that surcharge loading caused by
structures is a common destabilizing force in most mining
and civil engineering projects, slope stability analysis con-
sidering surcharge, particularly its effect on the factor of
safety, has not received proper attention in the past. The
problems of slope stability have been discussed in several
articles and books related to rock engineering and there have
been several developments [1]-[15]. However, there is little
known about the interactions and influence of the key geo-
metrical parameters of a composite slope and how they influ-
ence stability and the factor of safety.

Different researchers have utilized finite element meth-
ods for slope stability [16]-[23]. Since the stability of com-
posite slope is extremely important in open cast mining, an
opposite direction piecewise local control which was based
on the composite high slope was utilized to calculate the
composite slope stability.In order to obtain the influence
rule of the key geometrical parameters of a composite slope
on stability, FLAC/Slope is employed. FLAC/Slope pro-
vides a full solution of the coupled stress/displacement,
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equilibrium and constitutive equations. Given a set of pro-
perties, the system is determined to be stable or unstable by
automatically performing series of simulations while chang-
ing the strength properties. The factor of safety can be found
to correspond to the point of stability, and the critical failure
surface can be located. The strength reduction technique is
typically applied in factor of safety calculations by progres-
sively reducing the shear strength of the material to bring
the slope to a state of limiting equilibrium. The factor of
safety Fs is defined according to the following equations:

trail _ 1 .
¢ _{Ftrail JC' 1)
s

" = arctan (% tan ¢J : 2)
FS

A series of simulations are made using trail values of the
factor F"' to reduce the cohesion, ¢, and friction angle, ¢,
until slope failure occurs.
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A detailed parametric study is presented to investigate the
effect of the key geometrical parameters of a composite slope
on stability. The essence of this analysis is to create a frame-
work that improves the idea for computing composite slopes
stability and to compare with results obtained from stress
computations.

2. Materials and methods

In the current research, Datang Surface coal mine lo-
cated within the eastern part of Shengli coalfield which is a
project of Datang international power generation co., LTD
located in Xilingol league, Inner Mongolia autonomous re-
gion is considered as a case study. In order to study the effect
of the geometrical parameters on the factor of safety of a
composite slope, a control variant method using FLAC/Slope
is adopted. The strength parameters used in this analysis are
shown in Table 1.

Table 1. Composite slope physico-mechanical parameters

Name Cohesionc Internal friction  Unit weight
(KPa) angle ¢ (°) (kg/m?3)
Bed rock 40 20 2270
Foundation slope 25 20 1400
Dump 16 8 2120

The influence pattern of the excavation depth, dumping
height, slope angle, dumping angle, and dumping position on
the factor of safety of the composite slope has been analyzed
using FLAC/Slope. Detail analysis and results are presented.

3. Results and discussion

3.1. Effect of surface mines slope angle
on the stability of composite slope

In order to study the variation of surface mines slopes an-
gle on the stability of composite slope, a control variant
technique was used to calculate the factor of safety of a Sur-
face mine slope by varying the slope angles. Two sets of
analysis (under the action of an external load and without an
external load) were done in order to analyze the slope angle
influence rule. The essence of these analyses is to obtain the
relative influence and interaction of the slope angle under the
action of loading on the stability of composite slope. In the
first sets of analysis, only the foundation slope strength pa-
rameters were used to analyze the factor of safety.

The slope angles were varied in all models from y; = 20°
to yr = 40° at an interval of 5°. At the same time a constant
slope height of H=100m and strength parameters were
adopted for the analysis. The strength properties used in
these analyses are those shown in Table 1 for foundation
slope and bed rock. The importance of these analyses is to
understand different mode of failure and how the factor of
safety behaves without the application of a surcharge load.
The results are then compared with slopes with a surcharge.
Figure 1, shows the graphical output of the numerical analy-
sis when the models are run without the application of a
surcharge while Figure 2 depicts its influence rule. From
Figure 2, it is seen, that with increase in the angle of the
slope, the factor of safety decreases indicating a quadratic
change rule. The results shows that the slope angle influences
not only the factor of safety but also the mode of failure.
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Figure 1. Graphical output of numerical results by variation in
slope angle: (a) wr=20; (b) wr=25; (c)yr=230;
(d) wr=35; (e) wr=40
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Figure 2. Stability factor influence rule due to Slope angle variation
For the second set of models, with a surcharge such as the

waste dump, the basic geometrical parameters used in the analysis
were such that /AH =20 m, # =33°,d =10 m; and H =100 m.
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The strength parameters are those shown in Table 1, and
only the slope angle was interchange within all models.
Figure 3 shows the graphical outputs from the numerical
simulations while Figure 4 shows the influence rule of the
slope angle on the factor of safety under the action of an
applied load.
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Figure 3. Graphical output of numerical results by variation in slope
angle under the action of applied load: (a) wr=20;
(b) wr=25; (c) wr=30; (d) wr=35; (€) wr=40
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Figure 4. Stability factor influence rule due to variation in slope
angle under the action of applied load
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The analysis results shows a constant change rule as that
described in Figure 2 as the factor of safety deceases with
increase in slope angle. Considering, Figure 1b, when the
slope isn’t loaded by any external loading, the factor of safe-
ty Fs=1.14 for ys=25°. However, under the action of a
surcharge load, the factor of safety decreases from Fs =1.14
to Fs = 1.06. This highlights the relative importance of con-
sidering the effect of surcharge such as that of a waste dump
within stability analysis. Furthermore, it is seen that the ap-
plication of an external load leads to further reduction in the
stability factor and influences the mode of failure.

3.2. Effect of surface mines slope height
on the stability of composite slope

In order to study the variation of surface mines slopes
height on the stability of composite slope, a control variant
technique was used to calculate the factor of safety of the
slope by varying the slope heights. Two sets of analysis were
done in order to analyze the slope height influence rule under
the action of an external load and without an external load.
These analyses were done in order to deduce the influence
and interaction of the slope height under the action of loading
within a composite slope system. In the first sets of analysis,
only the foundation slope strength parameters were used to
analyze the factor of safety. The slope height used in the two
sets of models varied from H=100m to H=600 m at an
interval of 100 m while a constant slope angle y; = 25° and
strength parameters were used in all models. The strength
properties used in these analyses are those shown in Table 1
for foundation slope and bed rock. The importance of these
analyses is to understand different mode of failure and how
the factor of safety behaves without the application of a sur-
charge load. The results are then compared with slopes with
a surcharge. Figure 5 shows the graphical output of the nu-
merical analysis when the models are run without the appli-
cation of a surcharge while Figure 6 depicts its influence
rule. From Figure 6, it is seen, that with increase in the height
of the slope, the factor of safety decreases indicating a nega-
tive logarithmic change rule. The results shows that the slope
height influences not only the factor of safety but also the
mode of failure. The results also shows that as the height H
increases the relative contribution of the cohesion to the total
resistance decreases, however for very high slopes, the stable
slope angle approaches the friction angle ¢.

For the slope with a surcharge such as that of a waste
dump the basic geometrical parameters used in the analysis
were such that AH=20m, 6=33°, d=10m; and ;= 25°.
The strength parameters are those shown in Table 1, and only
the height was interchange within all models. Figure 7 shows
the graphical outputs from the numerical simulations while
Figure 8 indicates the influence rule of the slope height on the
factor of safety under the action of an applied load. The anal-
ysis results shows a constant change rule as that described in
Figure 6 as the factor of safety deceases with increase in slope
height. Considering, Figure 5, when the slope isn’t loaded by
any external loading, the factor of safety F,=0.99 for
H =200 m. However, under the action of a surcharge load,
the factor of safety further decreases from Fs=0.99 to
Fs =0.96. This highlights the relative importance of consider-
ing the effect of surcharge such as that of a waste dump with-
in any stability analysis. Furthermore, it is seen that the appli-
cation of an external load leads to further reduction in the
stability factor and influences the mode of failure.
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Figure 5. Graphical output of numerical results by variation in
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Figure 6. Stability factor influence rule due to slope height variation
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3.3. Effect of a waste dump height
on the stability of a composite slope

In order to obtain the influence of the variation of the
loading condition especially the change in dumping height, a
constant dump angle 6 = 20°, Excavation depth, H =150 m,
slope angle, ys=20° and dump position d =50 m was used
in all models within this section (Fig. 9).
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The slope stability is analyzed as a two-dimensional
problem using FLAC/Slope. From the analysis, the relative
influence of the dumping height on the factor of safety is
obtained. Figure 9 shows the graphical outputs from the
numerical analysis while Figure 10 depicts the influence rule
of the dumping height.
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Figure 10. Stability factor influence rule due to dumping height
variation

The analysis results shows, that following the increase in
the dumping height the factor of safety decreases indicating a
quadratic functional rule as the stability coefficient decreases
to a minimum value.

3.4. Effect of surface mines waste dump
position on composite slope stability

Open pit slopes exist with a factor of safety without the
application of external loads. The surcharge is estimated as a
distributed load caused by the weight of the waste dump. It
has been seen that the waste dump placed on the surface
mines slope induces additional stresses which lead to reduc-
tion in the factor of safety. In order to obtain the influence of
the variation of the dumping position, the slope stability is
analyzed using the 2-dimensional stress reduction method
employed in FLAC/Slope.

The dump parameters and slope parameters were held
constant in all models including the strength parameters
described in Table 1. The dump position was interchanged in
12 different models ranging from d=10m to d =800 m.
Figure 11 shows the graphical outputs from the numerical
modeling while Figure 12 shows the influence rule of the
dump position on the factor of safety when all other parame-
ters are held constant. The results shows an increase in the
factor safety when the dump is moving away from the crest of
the pit slope.
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Figure 11. Influence rule of dump position on composite slope
stability
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Figure 12. Graphical representation of variation in dump position, when AH=50m, w=20° (a)d=10m; (b)d=50m; (c)d =100 m;
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The results also shows a negative quadratic change rule,
indicating a direct relationship with the factor of safety. Hence,
the dumping position of the waste dump is a key factor that
influences the stability and profitability of any surface mining
operation.

3.5. Effect of surface mines waste dump angle
on composite slope stability

The impact due to instability in surface mining cannot be
overemphasized as there have been several literatures that
discuss the adverse effect this may have on people and the
environment. The waste dump angle is a key parameter that
determines the volume of waste rock material and the maxi-
mum capacity of the dump. To find the relative influence of
the dump angle in the formation of a composite slope, sever-
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al analyses were performed. The use of parametric modeling
was the best choice suitable for computing the factor of safe-
ty and understanding the influence of the waste dump angle
on the stability of the slope.

The geometrical parameters used in the models were such
that w;=30°, 4H=10m, H=100m, d =50 m while the
strength parameters used are shown in Table 1. Figure 13
shows the graphical outputs from the numerical analysis
while Figure 14 shows the influence rule of the dumping
angle when all other parameters are held constant. From the
analysis results it can be seen that the factor of safety de-
creases with increase in the dumping angle indicating a nega-
tive quadratic change rule. Hence it can be said that the
dumping angle is a key parameter that influences the stability
of composite slopes.
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4. Conclusions

When the load is applied on the surface mines slope it in-
duces additional stresses within the rock mass and the magni-
tude of the load reduces away from the point of application.
However, it is seen that an increase in the other geometrical
parameters results in a decrease in the factor of safety and the
result is obvious. From the analysis, it is seen that the influence
of the dumping position on the critical sliding surface to the
factor of safety is defined by the area of a parallelogram whose
base is equivalent to the distance moved and the height and
angle of the parallelogram is determined by the waste dump.

With increase in the angle of the slope, the factor of safe-
ty decreases indicating a quadratic change rule. The results
shows that the slope angle influences not only the factor of
safety but also the mode of failure.
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It is observed that the relative importance of considering
the effect of surcharge such as that of a waste dump within
stability analysis. It is seen that the application of an external
load leads to further reduction in the stability factor and
influences the mode of failure.

The slope height influences not only the factor of safety
but also the mode of failure. The results also shows that as
the height H increases the relative contribution of the cohe-
sion to the total resistance decreases, however for very high
slopes, the stable slope angle approaches the friction angle.

The relative importance of considering the effect of sur-
charge such as that of a waste dump within any stability
analysis has been observed. It is observed that the application
of an external load leads to further reduction in the stability
factor and influences the mode of failure.

From the analysis, the relative influence of the dumping
height on the factor of safety is obtained.

The analysis results shows, that following the increase in
the dumping height the factor of safety decreases indicating a
quadratic functional rule as the stability coefficient decreases
to a minimum value.

The results also shows a negative quadratic change rule,
indicating a direct relationship with the factor of safety.
Hence, the dumping position of the waste dump is a key
factor that influences the stability and profitability of any
surface mining operation.

The dumping angle is a key parameter that influences the
stability of composite slopes.
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AHaJIi3 0CHOBHUX NapaMeTpiB, 10 BU3HAYAIOTH CTiliKicTh yKOCY,
CKJIAJIeHOT 0 3i 3MilIaHUX M'SIKHX MOPia

111. Baua, SI.1. Bapsop, 1I. Kinrxiaur, U.C. )Kao, M. Banr

Merta. OOrpyHTYBaHHS IapaMeTpiB, [0 BU3HAYAIOTh CTIMKICTh YKOCY, CKIaJeHUX 31 3MILIaHUX M'SIKHX HOPiJ Ha OCHOBI IPOBEICHHS YH-
CEJILHOTO MOJICTIOBAHHSI.

MeToanka. 3aCTOCOBaHO YHCEIbHE MOJIEIIOBAHHS [UIS BU3HAUEHHS 0a30BOT0 BIUIMBY OCHOBHHMX F€OMETPHYHHX ITapaMeTPiB KOMITO3HT-
HOTO OOpPTY Ha HOro cTabLIbHICTE 0e3 ypaXyBaHHS TaKUX 30BHIIIHIX (aKTOPiB, SIK TPYHTOBI BOAH, cCeicMiuHMI Ta BUOYX0BHI BILTUB. Cxema
BIUIMBY IIMOMHHM BUIMKH, BUCOTH PO3BAHTa)KCHHS, KyTa HAXWIIy, KyTa PO3BAaHTAXKEHHS 1 MOJIOKCHHS PO3BAHTAXKCHHS Ha (akTop Oe3meKku
KOMITO3UTHOT'O YKOCy Oyia rpoaHaiisoBana 3a jgornomororo FLAC/Slope.

PesyabTaTn. [loBesieHO, 110, YMM OLITBIIE BiICTaHh MiX BiJIBaJIOM 1 BEpXHKOI 200 HMXKHBOI OPOBKOIO YCTYITy, TUM BHIIE (akTop Oe3re-
KH, a HONINIeHHs (akTopy Oe3NeKkn MO0 KPUTUYHIM MOBEpXHI KOB3aHHS BH3HAYAETHCS IUIOMICIO Mapajienorpama. BecTaHoBIEHO, MO SKIIO
BIJICTaHb MK BiIBaJIOM 1 OPOBKOIO BiiBay OiIbIlle KPUTHYHOTO i GIYHOTO THCKY, 10 BUHMKAE 32 PaXyHOK HaIllapyBaHHS BigBaly, TO BOHA
HE BIUIMBAE HA KPUTUYHY ITOBEPXHIO KOB3aHHS i Ha MOBEPXHI YKOCY BHHHUKAIOTH AedopMallii, B TOH 4ac K HOro CTIMKICTh 3HAXOAUTHCS MiJ
BiJTHOCHHMM BIUTMBOM MEXaHIYHOI MIITHOCTI i T€OMETPUYHHX IapaMeTpiB yKocy. Bu3HaueHo, 1110 BHCOTa CXMITy BIUIMBAE HE TUIBKH Ha (hakx-
TOp Oe3meKy, aje 1 Ha peKUM pPyHHYBaHHS, 31 30UIBIICHHAM BUCOTH BiJHOCHHI BHECOK 3YCIUICHHS B 3arajJbHUH OMip 3MEHIIYETHCS, OTHAK
IUTSL Ty>K€ BUCOKHX YXHIIIB CTaOUIbHUAN KyT HaXWITy HaOJIDKAETHCS 710 KyTa TEpPTSI.

HaykoBa HoBU3HA. BusiBieHO HOBHil XapakTep B3a€MOii MiXK OCHOBHHMH T'€OMETPUYHHMH IapaMeTpaMH KOMIIO3UTHOTO YKOCY Ta X
BIUTHBY Ha CTa0IbHICTh Ta (hakTop OE3MeKH.

IpakTnyna 3HaYMMicTb. Pe3ylbTaT JOCIIDKEHHS MOXKYTh OYTH BHKOPHCTaHI U IPOSKTYBAaHHS Ta aHaJTi3y cTablIBHOCTI KOMITO3HT-
HUX YKOCIB, CKJIAZIEHHUX 3 M'SIKHX TTOpiJ.

Knruoei cnosa: komnosummnuil yxic, Kym 6i08any, 2eomempudri napamempamu, OiuHiid muck

AHAJIN3 0CHOBHBIX mapamMeTpoB, OIIpeaeIAI0INX yCTOﬁ‘lPIBOCTL O0TKOCA,
CJI0KEeHHOT'0 U3 CMCIIAHHBIX MATKHX NMOPOJ

I1I. baua, . Baprop, L. Kunarxuasr, Y.C. XKao, M. Baur

Ileas. OG0cHOBaHUE MapPaMETPOB, ONMPEACISIONINX YCTOHYMBOCTh OTKOCA, CIOKEHHOTO M3 CMEIIAHHBIX MSTKUX MOPOJ Ha OCHOBE IPO-
BEJICHUS YUCIICHHOTO MOJICITHPOBAHHSI.

MeTtoauka. [TpuMeHEeHO YUCIeHHOEe MOIEIMPOBAHKE JUTS ONIPE/IEICHUs] 6A30BOT0 BO3/IEHCTBHS OCHOBHBIX T€OMETPHUYECKUX TaPAMETPOB
KOMITO3UTHOTO 60pTa Ha ero cTabHIbHOCTD 0e3 y4eTa TaKuX BHEUIHHX (paKTOpOB, KaK IPYHTOBbIE BObI, CEHCMUYECKOE U B3PBIBHOE BO3/ICH-
crBue. Cxema BIMSHUS TITyOHHBI BBIEMKH, BBICOTBI Pa3rpy3KH, yrila HaKJIOHA, yIiia pa3rpy3KH U TMOJIOKEHHS pa3rpy3KH Ha (aktop 6e3omac-
HOCTH KOMITO3UTHOTO OTKOCa OblIa poaHanu3upoBana ¢ nomorisio FLAC/Slope.

Pe3yabTaThl. Joka3aHo, 4TO, 4eM OOJIbIIE PACCTOSIHHE MEXIY OTBAJIOM M BEpXHEW MM HIKHEH OpPOBKOH ycTyrma, TeM Bbie (axTop
0e30macHOCTH, a yiydireHne (akropa 0e30MaCHOCTH IO KPUTHUECKOH MOBEPXHOCTH CKOJIBKEHHUS OIpPEIeNseTcs IUIOMIAABI0 Mapasiieso-
rpaMma. YCTaHOBIICHO, YTO €CJIH PACCTOSIHUE MKy OTBAIOM M OPOBKOI OTBasia 00JIbIe KPUTHYECKOrO M OOKOBOTO JaBJICHHsI, BO3HHUKAIO-
IIETO 32 CYET HAIUIACTOBAHHUS OTBaja, TO HE OKA3bIBACTCS BIUSHUSA HA KPUTUYCCKYIO MOBEPXHOCTh CKOJBKEHUS U HA MMOBEPXHOCTH OTKOCA
BO3HHUKAIOT JehOpMAIIMH, B TO BPEMSI KaK €r0 YCTOHYMBOCTh HAXOTHUTCSI Ol OTHOCHTEIBHBIM BIMSIHIEM MEXAHUYECKOH MPOYHOCTH U Te0-
METPHUYECKHX MapaMeTpoB oTkoca. OmpeaeseHo, 4To BHICOTAa CKIIOHA BIHSET He TONBKO Ha (pakTop 0€30MacHOCTH, HO M HAa PeXKUM pa3pylie-
HH4, C yBeJ’[I/I‘[eHI/ICM BBICOTHI OTHOCHTCJ’IbeIﬁ BKJIa/J CLCIIJICHUA B 06]1_[66 COIIPOTUBJICHUEC yMeHbI_HaeTCﬂ, OHAKO MJIs1 OYCHb BBICOKHUX yl(.]'lO—
HOB CTaOMJIBHBII yroJl HaKJIOHA MPUONMIKACTCS K YIITy TPEHUSI.

Hayunas HoBH3HA. BrisiBiieH HOBBIN XapakTep B3aUMOJCHCTBUS MEXKITYy OCHOBHBIMH I€OMETPHYCCKHMHU MapaMeTpaMyu KOMITO3UTHOTO
0TKOCA U WX BIIMSIHUS HA CTAOMIBHOCTD U (PakTop O6€30MacHOCTH.

IIpakTHyeckasi 3HAYUMOCTb. Pe3yIIbTaThl HCCISJOBAHUS MOTYT OBITh MCIIOJIB30BAHbI AJIsI IPOSKTHPOBAHUS U aHAIM3a CTAOWUIBHOCTH
KOMITO3UTHBIX OTKOCOB, CJIOXKEHHBIX U3 MSTKUX TTIOPOJ.

Knrouesvie cnosa: Komnosummublii omxoc, y20n omeana, 2eomempuieckue napamempol, 60Kosoe 0agieHue
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