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Abstract
Introduction. Preventing landslides of slopes formed by sand and clay of quaternary sediments with
a thickness of 40—-50 m is an essential task of opencast mining. Possessing significant stability at natural
moisture content, rocks drop soil strength in water saturated condition. In some instances, it may cause
disequilibrium in the marginal rock mass. The maintenance of slopes (pit edges, waste dumps, dams,
mounds, etc.) stability is the most basic requirement imposed on mining enterprises today.
Research aim is to improve the accuracy of slopes stability analysis by means of automatic search of the
most strained glide surface with the lowest value of slope stability safety factor, both at the design stage
and at the stage of emergency control associated with slope stability violation.
Methodology. The method of analyzing slope stability in the main computational models, including
models with low-angle concordant bedding of a natural plane of weakness. The alegorithm was
implemented by an analytical simulation method in Stable slope (Russ. Ustoichivyi bort) software
package.
Results. Based on the data from slope stability analysis at a polymetallic mine in Altay krai, a graph
of slope angle versus slope height in quaternary sediments has been built for various values of the angle
of incidence for the contact “quaternary sediments—underlying bedrock”.
Summary. Slope design procedure involves making laborious polycyclic calculations associated with
the selection of the resultant angles of slopes, which will provide stability, for the specified height, mine
and geological conditions and physical-mechanical characteristics of the marginal rock mass. Automatic
analysis with Stable slope software makes it possible to improve stable slopes parameters computational
accuracy when designing mining, by means of an option of searching for the most strained glide surface.
Further fundamental improvement of analysis accuracy is possible with 2D geological models of slopes
substituted for 3D models with slope stability factor determination by the most critical area. Such 3D
models may be developed by geologic sections and geophysical sounding in the areas with abnormal
density and water saturation. Besides, analysis accuracy may be improved if the model is developed as
far as the real contour of mine profile, lithological types of rock, variability of physical-mechanical
properties of rock are concerned.

Key words: ground slopes; stability; computational automation; safety factor; limiting equilibrium;
back calculation; physical and mechanical properties of soils.

Introduction. The maintenance of slopes stability is the basic requirement imposed
on mining enterprises today [1]. Preventing landslides of slopes formed by clay of
quaternary sediments with a thickness of 40—50 m is an essential task. Possessing
significant stability at natural moisture content, rocks drop soil strength in water
saturated condition. In some instances, it may cause disequilibrium in the marginal
rock mass [2, 3].
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Charles-Augustin de Coulomb laid the theoretical substantiation of stability
computation by formulating the main principles of the limiting equilibrium theory and
proved its application to engineering problems. Limiting equilibrium calculation
methods were developed by national (V. V. Sokolovskii, S. S. Golushkevich,
N. N. Maslov, R. R. Chugaev, G. M. Shakhuniants, V. T. Sapozhnikov, G. L. Fisenko,
etc.) and foreign (N. R. Morgenstern, N. Janby, E. Spenser, V. Fellenius, A. Bishop, and
Y. M. Cheng and C. K. Lau) scientists [4—-8].
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Fig. 1. Algorithm of a soil slope stability analysis
Puc. 1. Anroputm nporsosa ycroii4MBOCTH TPYHTOBOIO OTKOCA

At the present time, a range of software programs has been developed based on
these methods, making it possible to quickly assess the stability of slopes in various
engineering and geological conditions. GeoStudio Slope/W, Galena, Geo5, GeoStab,
RS Slide are the best known [8—11].

The basic idea of the specialized software application can be described by a general
algorithm. Firstly, a geometry model of a slope is built: the height and the angle of
slope, from which the program automatically builds the section, are specified
analytically, and the section is simulated in a vector editor graphically. Secondly,
geological conditions are simulated, for instance, using polygonal objects responsible
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for a particular geological object with a minimum set of physical and mechanical
characteristics required for calculation, or weighted-average characteristics of layers
composing the marginal rock mass are specified. After that, stability is assessed with
one of the following methods: Bishop’s, Morgenstern-Price’s, Shakhuniants’, Spenser’s,
Fellinius’, etc. [11-14].
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Fig. 2. The section to the back-calculation method:
1 — contact quaternary sediments—underlying bedrock; 2 — the position of the slope after the landslide;
3 — the position of the slope before the landslide; 4 — the most strained glide surface in the marginal rock
mass; 5 — the position of the waste dump after the landslide; 6 — the position of the waste dump before
the landslide

Puc. 2. Ceyenne Kk MeTOay 0OpaTHBIX pacdyeToOB:
| — KOHTAKT YemeEepmuuibie OMAONCeHUA—KOPEHHbIE NOpoObl; 2 — TNonokeHue COpTra MOC/Ie ONONI3HA;
3 — nonoxeHHe GopTa 0 OMON3HS; 4 — HanboJee HaPHKEHHAsk TOBEPXHOCTE CKOBKEHHA B IPHOOPTOBOM
MaccuBe; 5 — IMOJOKEHHE OTBasla MOCiIe OMOI3HA; 6 — MOIOKEHHE OTBAJIA IO OTION3HA

It should be noted that the Rules for ensuring the stability of slopes on coal mines
regulate slope stability assessment according to particular schemes, which take into
account engineering and geological conditions of a rock mass by the methods of
algebraic and vector superposition of forces. The mentioned methods are scarcely used
by present-day stability assessment programs [15]. The authors of the article have
developed an algorithm of analytically calculating the equilibrium conditions of a
system of forces acting on the elements of the potential glide plane design blocks; the
conforms with the Rules for ensuring the stability of slopes on coal mines. The algorithm
was implemented in Stable slope (Russ. Ustoichivyi bort) software package. The
developed software allows calculating the limiting parameters of inclination of a pit
slope flat profile by the methods of limiting equilibrium — algebraic and vector
superposition of forces (equilibrium polygon) for various mine geological conditions
of a marginal rock mass: the lack of planes of weakness concordant with slope, the
presence of low-angle and steep natural planes of weakness concordant with the slope
and concordant layer occurrence.

Research aim is to improve the accuracy of slopes stability analysis by means of
automatic search of the most strained glide surface with the lowest value of slope
stability safety factor, both at the design stage and at the stage of emergency control
associated with slope stability violation.

Research methodology. When analyzing the stability of slopes, the methods of
limiting equilibrium, back calculation, and analytical simulation are used. Back
calculation is the most reliable way to determine the shearing resistance of rock in a
massif from the mine survey of natural failures. The method is based on the fact that up
to the moment of failure, rock equilibrium in a slope is described by the equality of
retention (friction and cohesion) forces and shearing forces.

After landsliding, when cohesive forces of the glide surface are no longer in force,
there is equilibrium between the caved masses, when shearing forces are balanced only
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by frictional forces. Thus, for each block, two equations with two indeterminates, angle
of internal friction ¢, and soils adhesion C,, can be solved.

After that, an algorithm of soil slope stability analysis is considered which is
prevailing in the conditions of opencast geotechnology of a computational model with
low-angle concordant bedding of a natural plane of weakness by limiting equilibrium
method, i.e. vector superposition of forces.

The algorithm includes the following basic stages (fig. 1):

— specifying rock mass physical and mechanical properties, geometric parameters,
regulatory value of slope stability safety factor, and the frequency of a search for the
most strained glide surface;

— developing potential glide surfaces, calculating forces and building the polygon of
forces;

— selecting the most strained glide surface.

Table 1. Physical-mechanical characteristics of rock in quaternary sediments
and the indicators of resistance to shear on the contact of rocks
Tadaupa 1. PH3HKO-MeXaHHYECKHEe XapaKTepHCTHKH NMOPOJ YeTBEPTHYHBLIX OT/IOKeHHHA
H NMOKAa3aTeJIH CONMPOTHBJIEHHSA CABHIY MO0 KOHTAKTY NMOPoOa

: Internal
Indicator s densslty L friction angle Cohesion C, kN/m?
kN/m
@, degrees
Quaternary sediments 19 s 17 17.6
Contact quaternary sediments—
underlying bedrock - 8 6.9

The calculation results in the discrepancy AF which is compared with the permissible
value of AF

AF;) = ki’Y;an
i=1

where &k — the error of the grapho-analytical calculation accepted in the range within
0.01-0.02; v, — bulk density of soil, kKN/m?3; V,— the volume of the design block, m>.

With AF' < AF_ stability is not ensured with the specified stability safety factor. In
this case, the input original data are updated and the calculation is made again.

Compared to the Rules for ensuring the stability of slopes on coal mines which
restrict the quantity of potential glide surfaces by the labour intensity of hand calculations
(not less than three), the developed algorithm allows specifying any frequency of an
increment in the width of the possible sliding wedge — the function of search for the
most strained glide surface which insures the improvement of slope stability analysis
accuracy.

Results. Research object is the north-eastern slope of an open pit in quaternary
sediments of a polymetallic ore deposit in Altai krai (the enterprise is not named due to
confidentiality concerns). The deposit is mined by opencast, and as of June 2018
the open pit had slope height of about 205 m with the resultant angles of 19°-28°.
The upper part of the slope is composed of the strata of quaternary sediments with a thickness
of 20 to 44 m with a resultant inclination angle of 10°-30°. The external dumps, Western
and Eastern, are situated at the marginal zone of the open pit. The natural relief with pit
oriented inclination serves as a base of dumps. The central part of the Eastern dump is
piled on the old streambed. The river is shallow, and its upper part dries up in the
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summer. Treatment plants are located at the northern edge of the open pit. In June 2017,
in the section area (fig. 2), land sliding was recorded in quaternary sediments.

With slope height of 44 m, the resultant angle made up 16°, the angle of incidence
for the contact quaternary sediments—underlying bedrock made up 2°. Up to June 2018
the slope flattened up to 13°, dragging into the landslide the first 27 m high horizon of
the Eastern dump situated in the marginal zone of the open pit at the distance of 70 m
from the upper edge.

In the course of engineering and geological investigation, four engineering and
geological elements (EGE) have been singled out: EGE 1 —loamy soil of black or black
brown color; EGE 2 —loam of hard and low-plastic texture with the veinlets of carbonate
salts and patches of ferruginization; EGE 3 — loam of high-plastic texture, yellowish
brown with the patches of ferruginization; EGE 4 — loam of fluid-plastic texture,
yellowish brown with the patches of ferruginization .

Fig. 3. Section of a slope
Puc. 3. Ipodwuis GopTa

For engineering and geological elements EGE 2 and EGE 3 composing the greater
part of the geological section, the regulatory values of the angle of internal friction ¢
vary from 21° to 24°, bulk density y — from 18.5 kN/m? to 19.9 kN/m? with average
values of 22.5°, and 19.2 kN/m? correspondingly. The regulatory value of cohesion C
is 12.7 kN/m?2. For engineering and geological element EGE 4, underlying EGE 2 and
EGE 3, the regulatory values of internal friction angle ¢, cohesion C and bulk density
v correspondingly are 17°, 17.6 kN/m? and 19.2 kN/m?. The analysis of the engineering
and geological instigations has shown that the strata of quaternary sediments is
composed by the loams from top downward from hard and low-plastic to fluid-plastic
texture. The main reason for landslide was the overwetting of quaternary sedimentary
rocks. The sources of water are the following: the ancient streambed, treatment plants,
rain and melt water. Due to low filtration properties, the water absorbed by clay does
not percolate at the slope but increases water saturation up to the complete swelling and
transition into free-flowing. Due to rock density reduction, plastic deformations
develop, tension joints occur parallel to the edge of the slope, and gradual subsidence
of the spalled block is observed. Joints eventually become wider and deeper with
further landslide.

With the method of back calculation on section, the indicators of shear resistance
on the contact quaternary sediments—underlying bedrock (table 1) have been
determined.
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The calculation of slope parameters is made according to the scheme of low-angle
concordant bedding of the contact quaternary sediments—underlying bedrock in Stable
slope software package.

The section of a slope (fig. 3) in Stable slope software package is built by describing
its elements (slope, berm, natural plane of weakness, glide surface) by algebraic
equations (table 2).

Table 2. Algebraic equations of slope section elements
Tadauua 2. AnredpanyecKkne ypaBHeHHS 2JIeMeHTOB npoguias Gopra

Slope element Equation Key

Slope yi = xitgo a — slope inclination angle, degrees; Hs —
slope height, m; B — the angle of incidence

Berm yi=Hs of the natural plane of weakness, degrees

Natural plane of weakness yi = xitgp

The algebraic equations used to create the section of a slope are limited by the
points: 1, 2 — lower and upper edges of the slope; 3 — the border of the terrace (berm);
4 — the border of the natural plane of weakness; S, 6 — tension joint borders; 6, 7, 8, 9 — points
on the tangent lines of the smooth curved part of glide surface. Glide surfaces are built
from point 5 along the whole width of berm / with the specified value of possible
sliding wedge a. From the terrace (berm) of a slope, vertical tension joint terrace the
size of Hy,is formed.

a, degrees
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Fig. 4. A graph of slope angle a versus slope height / in quaternary sediments
at the angles of incidence B of quaternary sediments—underlying bedrock:
1—-B=0°%2—PB=2°3-—PB=4%4—P=6°
Puc. 4. 'paduk 3aBUCHMOCTH yrila OTKOCA O OT BICOTHI GopTa H B yeTBep-
THYHBIX OTJIOKECHHSX IIPH YIJIaxX NaACHHA KOHTaKTa P uemsepmuunvie omio-
JHCEeHUA—KOpeHHble NOPOObL B BRIPaOOTKY:
1-B=0°%2_-B=2°3_B=4°4_B=6°

In the lower part, glide surface coincides with the natural plane of weakness (between
points 1 and 8), in the upper part, circular cylindrical surface (between points 6 and 8)
1s inscribed between tangent lines at angles @ and 0. The borders of the design blocks
are determined by the glade surfaces of the second class: for the first block — points 10
and 11, for the second block — points 8 and 12. At the place of second class glide surface
exposure, vertical tension joint terrace is formed (points 2-10 and 13-12).
The determination of the vectors of forces acting on possible sliding wedge, as well as
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the development of a polygon of forces are also carried out analytically. The calculation
results in the discrepancy of the polygon of forces for the specified value of stability
coefficient. Closure of the polygon of forces characterizes the equilibrium of retention
and shearing forces.

According to the results of the calculation, a plot (fig. 4) showing the dependence
between slope angle o and slope height A in the quaternary sediments at various angles
of incidence for the contact quaternary sediments—underlying bedrock with the use of
Stable slope software package. The results were compared with the values of stable
slopes angles presented in the graph of Appendix 5 of the Rules for ensuring the stability
of slopes on coal mines (table 3).

Table 3. Values of inclination angles a according to the developed algorithm
and Appendix 5 of the Rules for Ensuring the Stability of Slopes on Coal Mines
Ta6anna 3. 3HaYeHHs YIJIOB OTKOCOB @ COIJIACHO pa3paGoTaHHOMY aJIrOPHTMY H
IMpunoacenuro 5 IIpasun obecneuenus yCmouuugocmu omrKocoe
Ha y201bHBIX pa3pe3ax

H,m 5 10 15 20 25 30 35 40
B=0° | 468 25.1 18.9 17.1 15.2 14.3 14.1 13.8
443 19.3 £ 1 115 12.7 12.6 125 12.1
B=2° | 448 22.9 16.8 15.1 13.1 122 11.9 11.7
40.0 18.2 14.4 12.9 12.0 11.7 11.6 11.2
B=4° | 428 20.9 14.8 13.1 1hd 10.2 9.9 9.7
35.8 17.1 13.6 12.3 11.5 11.1 10.7 10.3
B=6° | 408 18.9 12.8 11.1 9.1 8.2 7.9 ;i
127 16.6 13.3 12.0 11.4 10.9 10.4 9.6

In the numerator — the values calculated with Stable slope software, in the denominator — the values
determined according to the graphs of Appendix 5 of the Rules.

A discrepancy between the values obtained with the help of the two methods is 14 %.
It is explained by the fact that the graphs of Appendix 5 of the Rules for ensuring the
stability of slopes on coal mines are applicable for the conditions when the cohesion of
rocks in the transverse direction to bedding C is five times as high as the cohesion along
the planes of weakness C’, consequently, they cannot be applied in the instance under
consideration.

Summary. Slope design procedure involves making laborious polycyclic
calculations associated with the selection of the resultant angles of slopes, which will
provide stability, for the specified height, mine and geological conditions and physical-
mechanical characteristics of the marginal rock mass. Automatic analysis with Stable
slope software makes it possible to improve stable slopes parameters computational
accuracy when designing mining, by means of an option of searching for the most
strained glide surface.

Further fundamental improvement of analysis accuracy is possible with 2D
geological models of slopes substituted for 3D models with slope stability factor
determination by the most critical area. Such 3D models may be developed by geologic
sections and geophysical sounding in the areas with abnormal density and water
saturation. Besides, analysis accuracy may be improved if the model is developed as far
as the real contour of mine profile, lithological types of rock, variability of physical-
mechanical properties of rock are concerned.
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Pecghepam
Beeoenue. [Ipu omipsimoii 2e0mexHoN02UY 66CbMA 6ANCHOU AGNAENCA 320a4aA npecomepauyeHis onos3-
Heli GOPMOS, CONCEHHBIX NeCYaHO-2IUHUCTTBIMU NOPOOaMU YemeepmuiHblx OMNONCEHULI MOUIHOCTBIO
20—50 m. O6radas 0ocmamo4Hol YyCmouYusoOCmvio NPU eCMECMEEHHOU 81AACHOCNU, 80 6/1A20HACHIUYEH-
HOM COCPOSHUL NOPOObI PE3KO CHUNCAIOM NPOYHOCMHbIE XAPAKMEPUCMUKLU, Ym0 8 pAJe CTyuaes cnocob-
HO npUBeCMU K HaPVILEHUIO PABHOEECHO20 COCMOAHUS NPUOOPMOE020 MACCUEA. O6ecneuerue ycmol4ueo-
Criu OMKOCHBIX COOpYXHcenull (60pmos Kapbepos, omeanos, 0amb, naceineti u 0p.) A613emca 8AJICHEULUUM
mpe6oganuem, nPpeovANIAEMbIM K CO8PEMEHHbIM 20pH0OO0OBIEAIOWUM NPEONPUANMUAM.
I[ensio paGomul 2613€mcs NOSbIUEHUE MOYHOCTU NPOZHO3A YCMOUYUEOCMI OMKOCOE 3A CHENT A6MOMAnmi-
3UPOBAHNO20 NOUCKA HAUDONEE HANPANCEHHOT NOBEPXHOCIMU CKONMbHCEHUA, KOMOPOU coomeemcmeyem Hau-
MeHbUAA BeTUYUHA KO Puyuenma 3anaca yCmou4ueocmuy Kak Ha cmaodui nPOeKmupOSatus 20pHslx pa-
Gom, max u npu MUKEUOAYUU A8APULIHBIX CUMYAYULi, CEAZAHNBIX C HAPYUEHUEM YCIOUYUSOCTU OMKOCOE.
Memooonozua. Henoavzoeana memoouka npocHo3a yCmou4ueoCmu OmMKOCO8 OCHOGHbBIX DACUEMHbBIX CXeM,
@ mMoM YuCie CxeMbl nPU NONOZ0M COZNACHO C OMKOCOM 3A/1e2aHUU eCMeCmB8eHHOU ROGEPXHOCMU ocrabne-
nus. Anzopumm peanu3o0ean nocpedcmeom AHANUMUYECKO20 Memooa MOOeNUPOSaHUs 6 NPpOoZPamMMHOM
xomnnexce « Yemouuugwiti 6opmy».
Pesynemamut. [1o pesynmamam npozno3a ycmouuugocmu Gopma Kapbepa RONuUMemaniuieckux pyo
Anmaticko2o Kpas nOCmpoen Zpagux 3a8UCUMOCMU Y2na OmKOCa O 6bicombvl OOpmMa 6 4emeepmuiHbix
OMNOMHCEHUAX NPU ECMECMEEHHOT SNANCHOCIU Ol PAZTUYHBIX ZHAYEHUIL Y2NIa NAJeHUs KOHMAKma «uem-
gePMUUHBLE ONIONCEHUS—KOPEHHbIE ROPOObLY.
Boteoowi. [Ipoyedypa npoexkmupoeanus OMKOCO8 3aKNI0HAemca 6 GblNONHEHUU mMpyooemMKux MHO20YU-
KAUYHBIX PACYEMO8, CEA3AHHbIX C NOOGOPOM 0N 3a0AHHOU BbICOMbL, 20PHO-2E€0N0ZULECKUX yenosuu u @u-
JUKO-MEXAHUYECKUX XAPAKMEPUCTUK nPpubopmosozo MacCcusa pe3ynbmupyowux y2noe omrocos, npu Ko-
mopeix 6Gyoem obecneuusamvbcs YCHIOUYUBOCMb. AemomamusupoeanHsiti. nNPOZHO3 C NOMOUBIO
NPOZPAMMHOZ0 KOMIIEKCA « YCmouuuebiti Gopm» no36o/sem nosblCunte MO4HOCb paciema napamempos
ycmotiuugsix 6opmoe npu npOeKMuposaHuy 2OpHbLx pabom 3a cuem GyuKyuu noucka Haubonee Hanps-
HCEHHOTI NOBEPXHOCHIU CKOAbCeHUA. Jlanbretiuee NPUHYUNUATbHOE ROSbLUUEHUE MOYHOCTMU NPOZHO3a 603~
MOJICHO HA OCHOBE Nepexoda om NAOCKUX 2e0N02udYecKux mooenetl bopmos Kk obvemubim C onpeodeneHuem
xoaghpuyuenma ycmotinusocmu no naubonee onactomy ceuenuio. [locmpoenue nOO0GHbBIX OGLEMHBIX MO-
deneii MOMNCHO peanu3oeéams nymem GopmMairusayuu OaHHbIX 2e0N102UYEeCKUX paspe3os u ceousuvecKux
30HOUPOBAHULL 30H, AHOMANLHBIX NO NIOMHOCMU U 61azoHacbiyenHocmu. Kpome mozo, nosviuuenue moy-
HOCMU RPO2HO3A BOZMONCHO NPU OopabomKke MOOenu 6 HanPasIeHuU y4ema peanrbiozo KoHmypa npoguna
20pHbIX PABGOM, TUMONOSUECKUX MUNOE NOPOO, USMEHYUSOCMU PUSUKO-MEXAHUYECKUX ceoticme nopoo.

AW IV FCUC L U OMe O/ J iV O VBN U, LU U IOV, O AT b DAL b AL SOl b, NI bt G bil e 2

naca,; npedenbHoe pasnosecue; 0opamubie paciemsl, PUIUKO-MEXAHUHECKUE CEOUCMEA ZPYHIMOS.
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