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CURRENT STATE OF RESEARCH ON THE
GEOMECHANICAL CONDITIONS OF ROCK
MASSES DURING THE DEEPENING

OF OPEN-PIT MINING OPERATIONS

Abstract. The paper assesses the geomechanical conditions affecting the stability of pit slopes and benches in a deep open pit mine using an iron ore deposit in the
Kostanay Region of the Republic of Kazakhstan as a case study. Engineering-geological investigations included deep borehole drilling, geophysical surveys, laboratory
testing of the physical and mechanical properties of rocks, and in situ investigation of rock mass fracturing. Based on the obtained data, engineering-geological units and
design rock mass strength parameters were determined, and the probability of different bench failure mechanisms was evaluated. The results indicate that the least stable
conditions occur on the eastern wall of the pit due to the unfavorable orientation of the major joint system relative to the slope.

Keywords: pit slope stability, deep open-pit mine, rock mass fracturing, physical and mechanical properties of rocks, structural weakening coefficient, limit equilibrium
method, finite element method, Sokolov-Sarbai deposit.

AIIIBIK Tay-KeH 5KYMBICTAPbIH TePEeHJIeTy Ke3iH/e Tay KbIHBICTAPbI MACCHBTEPiHIH reOMeXaHNKAJIBIK KAFaii1apbiH
3epTTeyAiH Ka3ipri Kyiii

Amnjarna. Makana Kasakcran Pecry6nukaceinbiy, Kocranaii 00/1bIChIHAAFBI TEMIp KSH OPHBI MBICAJIBIH/A TEPEH Kapbep/iiH OOpTTapbl MEH KeMepIepiHiH OPHBIKTbI-
JIBIFBIHBIH TEOMEXAHHKAIBIK JKaFJailapblH Oaragayra apHaIFaH. 3epTTCYAe HHKCHEPIiK-TeOIOTHSUIBIK 13MCHICTepAIH HOTIDKENepl, OHBIH IMIHAe TepeH YHFbIMantapabl
OyprbuIay, reohU3HKaIIBIK 3ePTTEYNIEp, TAy HKBIHBICTAPBIHBIH (H3HKaJIbIK-MEXaHHKAJIBIK KACHETTEPIH 3ePTXaHAJIBIK aHBIKTAY )KOHE )KapTac MaCCUBIHIH JKapPbIKIIAKTbUIBIFBIH
3epTTey KapacTtbipbuiraH. CTaTHCTUKAJIBIK OHACY HOTHIKECIHC alnThl HHKECHEPITIK-TCOOTHsUTBIK SIEMEHT OOJIiHII, MACCHUBTIH €CenTiK OepiKTiK cumaTTamManapbl aHbIKTa-
bl JKOHE KapbepAiH ceri3 ydackeci OoiibiHia Kemep JedopManusIapbiHbIH Naiaa 00Ty BIKTHMAIABIFEI Oarananibl. 3epTTey HOTHIKENEeP] KapbepaiH MIBIFBIC OOPThIHAA
JKAPBIKIIAKTAPIBIH KyJlay OYPBIIIb! )KOOAIBIK CHIC OYPEIIIBIMEH Colikec Kellyine GailaHbICTh OPHBIKTBUIBIKTBIH CH KOIAiIChI3 XKaraailnapbl KalblITaCaTbIHBIH KOPCETTI.

Tyiinoi cesoep: kapvbep GOPMMApbIHLIY OPHLIKMbLILIZbL, MEPEH KAPbep, MACCUBMIH HCADBIKUIAKMBLIbIZbL, MAY HCHIHLICIAPLIHbIY DUIUKATbIK-MEXAHUKATbIK KACUem-
mepi, KYpulibiMObIK dicipey Kodghguyuenmi, wiekmix mene-meHoik 20ici, conzbl anemenmmep a0ici, Capwibail Ken opHbl.

COBpeMeﬂﬂoe COCTOSIHHE HUCCJICAOBAHUSA I'€OMEXAaHHUYCCKUX yCJ'lOBPlﬁ MacCCMBOB IIOpOA Nnmpu ymyﬁ.ﬂemm OTKPBITBIX

TOPHBIX padoT

Aunoranus. Ctarbs MOCBAIICHA OLEHKE TeOMEXaHHYECKUX YCIOBHI yCTOHYMBOCTH OOPTOB M YCTYIIOB IIIyOOKOTO Kapbepa Ha IPUMEpE HKeIe30PYHOTO MECTOPOXK/Ie-
HUs, pacnonaokeHHoro B Kocranaiickoii oonactu Pecniyonuku Kazaxcran. [IpencraBieHsl pe3yibraTbl HHKCHEPHO-TEOIOTHYECKUX UCCIIEI0BAHUH, BKIFOUAIONIMX OypeHne
DTyOOKHX CKBAXKHH, Fe0(pU3HICCKHE HCCIIEI0BAHM, TaD0PaTOPHOE ONpeaeIeHHEe (PU3HKO-MEXaHHIECKUX CBOWCTB MOPOJ M N3yUYEeHHE TPEIMHOBATOCTH MaccuBa. Ha ocHo-
BE CTATHCTHYECKON 00pabOTKH BBIACICHBI IIECTh HHKCHEPHO-TEOIOTHYECKUX IEMEHTOB, OIPEICICHBI PACUCTHBIC IPOYHOCTHBIC XapaKTEPUCTHKH MACCHBA H BBIIOJIHEHA
OIICHKA BEPOSATHOCTU Pa3BUTHUS JeopMaInii yCTyIoB Ha BOCbMHU y4acTKaxX Kapbepa. YCTaHOBJICHO, 4TO Hanbosiee HeOIaronpHaTHBIC YCIOBUS YCTOHYNBOCTH XapaKTePHbI
JUIsL BOCTOYHOTO O0pTa Kapbepa BCJIEICTBUE COBIAICHMUS YIUIa T1aJICHHsI OCHOBHOI CHCTEMBI TPEIIHH C IIPOSKTHBIM YIJIOM OTKOCA.

Knroueswie cnosa: ycmouuusocmos 60pmos kapvepa, 2nybokuil kapbep, mpeuuHosamocms Maccusd, QusuKo-mexaHuieckue c6olicmea nopoo, Kodpuyuenm cmpyx-
mypHo2o ocradnenus, Memoo npeoenbuo20 PasHOBeCUs, MeNOO KOHEUHbIX dNeMEeHMOE.

Introduction

The development of the modern global mining industry
is characterized by a steady trend toward increasing the
depth of open-pit mining. The depth of a number of operat-
ing open-pit mines worldwide (Bingham Canyon, Chuqui-
camata, Escondida, Grasberg, etc.) has already exceeded
500-1200 m from the earth’s surface, making the justifi-
cation of the maximum parameters of slopes and benches
one of the most pressing issues in modern open-pit mining
geomechanics.

The subject of this study is the Sarbay iron ore deposit, lo-
cated in the northwestern part of the Kostanay region of the
Republic of Kazakhstan. Open-pit mining has been conducted
since 1960; The current quarry bottom elevation is minus 390
meters, and design documentation calls for a depth of minus
500 meters. The deposit has a two-tiered structure: a platform
cover 150-230 meters thick, composed of loose Mesozoic-Ce-
nozoic sediments, rests on a folded Paleozoic basement broken
by a system of large faults (including a meridional reverse-slip
fault with a vertical displacement amplitude of 1,100-1,350
meters).

The stability of the Sarbai quarry walls is affected by
the presence of weakness surfaces (fracturing, layering,
and schistosity), waterlogging of the massif, and the re-
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duced strength properties of rocks in certain areas. The
main destabilizing factor is the intense fracturing of cer-
tain sections of the near-wall massif. To further design sta-
ble slope parameters for the transition to deeper horizons,
it was necessary to obtain up-to-date data on the geome-
chanical state of the rock mass at elevations from 0 to mi-
nus 660 m.

The objective of this study is to substantiate the stability of
the Sarbai quarry slopes during its deepening based on a com-
prehensive geomechanical assessment, including an analysis
of initial mining and geological data, the results of laboratory
and in-situ studies, and an assessment of the likelihood of var-
ious bench deformation mechanisms [1-3].

To achieve this goal, the following tasks were completed:
identifying the factors influencing the stability of the quarry
slopes as the mining depth increases; conducting laboratory
and in-situ studies of the rock mass with subsequent statis-
tical processing of the obtained data; studying the structur-
al and tectonic structure and fracturing of the rock mass at
the edge; determining the estimated strength characteristics
of rocks in the rock mass, taking into account the structural
weakening coefficient; and assessing the likelihood of vari-
ous types of bench deformation in characteristic sections of
the quarry.
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Materials and methods

Engineering and geological surveys

To study the geological and structural structure of the quar-
ry walls, the engineering-geological and hydrogeological con-
ditions of the massif, and the fracturing of the rock margins
within the absolute elevation range of -200 to -500 meters,
five deep vertical wells were drilled, totaling 2,195 linear me-
ters, oriented along five profiles across the strike of the quarry
walls. The geophysical survey included gamma-gamma densi-
ty logging (GGK-P), resistivity logging (RL), gamma ray log-
ging (GL), magnetic susceptibility logging, caliper logging,
inclinometry, and flow logging. The logging data was used to
identify intervals of fractured and unstable rocks, lithological-
ly dissect the section, and determine zones of water absorption
and influx.

Figure 1. Layout of geological boreholes at the Sarbai
quarry. Determination of the physical and mechanical
properties of rocks.

Cyper 1. Cap6aii kapbepinaeri reoJIOrusuibIK
yHFBIMAJIapAbIH OpHajacybl. Tay KbIHBICTAPBIHBIH
(pM3MKAIBIK JKOHE MEXaHNKAJIBIK KAaCHeTTePiH aHBIKTAY.
Puc. 1. Cxema pacnosioskeHusi reoJ10rH4ecKuX CKBaKMH
na Capoaiickom kapbepe. Onpenesienne pu3nKo-
MeXaHH4YeCKHX CBOICTB MOPO/.

Samples of all identified lithological variations were col-
lected from the borehole core. The following parameters were
determined in the laboratory using standard methods: densi-
ty (bulk density) y, uniaxial compressive strength oc, tensile
strength op, elastic modulus E, Poisson’s ratio g, specimen
cohesion C, internal friction angle ¢, and longitudinal and
transverse eclastic wave propagation velocity V. Tensile test
specimens were made with geometric dimensions of 1.0 x
1.0 cm and 1.5 x 1.5 cm (4.5 x 4.5 cm for weak and fractured

rocks). The end surfaces were polished to ensure parallel con-
tacts during load testing.

The density of regularly shaped specimens was determined
by weighing and then calculated as the ratio of the specimen
mass to the product of its cross-sectional area and height. The
elastic modulus and Poisson’s ratio were calculated using the
propagation velocities of longitudinal (Vp) and transverse (Vs)
ultrasonic waves, determined from the acoustic delay time (4¢)
at a constant specimen length of L = 100 mm. Cohesion and
the angle of internal friction were determined by constructing
a strength certificate based on the results of uniaxial compres-
sion and tension tests. For strong and medium-strength rocks
at the studied deposit, a logarithmic relationship was estab-
lished between the ultimate uniaxial compressive strength and
the cohesion of rocks in the specimen [4].

Samples of all identified lithological variations were col-
lected from the borehole core. Under laboratory conditions,
standard methods were used to determine the density (bulk
density) y, uniaxial compressive strength oc, tensile strength
op, elastic modulus E, Poisson’s ratio u, specimen cohesion C,
internal friction angle ¢, and longitudinal and transverse elas-
tic wave propagation velocity V. Tensile test specimens were
manufactured with geometric dimensions of 1.0 x 1.0 cm and
1.5x 1.5 cm (4.5 x 4.5 cm for soft and fractured rocks). The
end surfaces were polished to ensure parallel contacts during
load testing.

The density of regularly shaped specimens was determined
by weighing and then calculating the ratio of the specimen
mass to the product of the cross-sectional area and the height.
The elastic modulus and Poisson’s ratio were calculated using
ultrasonic measurements of longitudinal (Vp) and shear (Vs)
wave propagation velocities after an acoustic delay time of A¢
at a constant specimen length of L = 100 mm. Cohesion and
the angle of internal friction were determined by construct-
ing a strength certificate based on the results of uniaxial com-
pression and tension tests. A logarithmic relationship between
compressive strength and cohesion in the specimen was estab-
lished for strong and medium-strength rocks of the Sarbays-
koye deposit.

To assess the risk of deformations occurring on a bench
scale, a classification of rock mass stability loss types adopt-
ed in international practice was used: block shear along the
undercutting plane (Planar Sliding), wedge shear along the
intersection of two fracture systems (Wedge), and rock block
toppling toward the mined-out space, which occurs through
direct toppling or flexural toppling. For eight representative
quarry sections covering all the walls, the probability of each
of these deformation mechanisms was determined based on
data on the occurrence of fracture systems and the orientation
of the bench slopes.

The calculated strength characteristics of the rock mass (ad-
hesion Cm and internal friction angle) were determined tak-
ing into account the structural weakening coefficient 4 using
G. L. Fisenko’s formula, which relates 4 to the ratio of the side
height H to the average size of the structural block 1 and the co-
efficient a, which depends on the rock strength in the sample and
the nature of the fracturing. The specific adhesion in the rock
mass was calculated as the weighted sum of the adhesion in the
sample and along the weakening surfaces, taking into account 4.
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Figure 2. Main types of rock stability loss: a) shear of
a prismatic block; b) shear of a wedge-shaped block; c)
collapse of a ledge with overturning of blocks.
Cyper 2. Tay KbIHBICTAPBIHBIH TYPAKTBLIBIFBIHbIH
sKOFAJIybIHBIH Heri3ri TypJepi:

a) npusManvlk OI0KMblY bIELICYbL, 3) CbIHA MPI30i OIOKMbIY
bIELICYBL, 0) OIOKMAPObIY AYOAPLLIYbIMEH KUSAUMbLY
KYaybl.

Puc. 2. OcHOBHBIE BH/IbI IOTEPH YCTOIHYNBOCTH
CKAJBHBIX MOPO/: @) COBUS NPUIMATNUYECKO20 DIOKA;
0) cOsuU2 KIUHOBUOHO20 OIOKA,; 8) pa3pyuieHue YCmynda ¢
onpoxuovisanuem 610Ko8.

The stability factor (SF) for kinematically identified blocks
was calculated using the limit equilibrium method using the
lateral pressure method: a computational compartment, bound-
ed below by the sliding surface (plane or line of intersection of
fracture systems) and above by the slope surface, was divided by
vertical lines into elementary columns less than one meter wide.
For each column, the normal (N) and shear (E) components of
the rock weight were determined using the force triangle, and
the shear coefficient of the rock was calculated as the ratio of
the sum of the holding forces (taking into account the angle of
internal friction, cohesion, and lateral pressure coefficient) to the
sum of the shear forces over the entire sliding surface. The cal-
culations took into account the heterogeneity of the rock across
layers with different physical and mechanical properties and the
water content of the rock mass along the depression line.

Physical and mechanical properties of rocks by section
depth

Analysis of laboratory test results revealed significant vari-
ability in the physical and mechanical properties of rocks,
even within a single lithological type [5-8]. This is explained
by differences in the intensity of fracturing, the degree of fo-
liation, brecciation, and metasomatic alteration of the rocks.
An additional factor contributing to variability in compressive
strength is the heterogeneous mineralogical composition of the

secondary minerals filling the fractures (for example, calcite is
characterized by o = 16 MPa, while pyrite has ¢ = 128 MPa).

Based on the statistical processing of core test data to a depth
of minus 660 m, six engineering-geological elements were identi-
fied at the deposit: limestone (ccompression from 60 to 70 MPa,
average 65 MPa), tuffs (from 30 to 230 MPa, average 113 MPa),
tuffites (from 40 to 80 MPa, average 64.78 MPa), metasomatites
(from 50 to 60 MPa, average 56.67 MPa), diorites (from 110 to
210 MPa, average 153.7 MPa) and ore (single intersection at
a depth of 523.73-525.10 m, density 3.61 t/m°, ccompression =
160 MPa). The generalized physical and mechanical properties of
rocks based on the survey results are presented in Table 1.

A pattern of growth in the strength characteristics of rocks
with depth was established, as well as a practically directly
proportional relationship between the adhesion in the sample
and the uniaxial compressive strength, which is consistent
with previously obtained results of foreign researchers for
similar geological conditions.
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Figure 3. Minimum and maximum values of rock
compressive strength based on the results of geotechnical
surveys.

Cypert 3. UH:xeHepJIiK-reoJOrusIbIK 3epTTeyiaep
HOTH:KeJIepi 00MbIHIIA Tay KBIHBICTAPBIHBIH CHIFBLIY
OepiKTiriHiH MUHUMAJIIbI K9HE MAKCUMAJIIbI MIH/IEpi.
Puc. 3. MuHumMainbHble © MAKCUMAJIbHbIE 3HAYEHUSI
NMPOYHOCTH MOPOJ HA CKATHE N0 pe3yabTaTam
HHKEHEePHO-Te0JIOTHYeCKUX U3bICKAHU.

Table 1
Generalized physical and mechanical properties of rocks and ores of the Sarbay quarry
Kecme 1
Capoaii Kapvepininy may HcelHbICMAPbl MEH KeHOEPIHIH HCATNbLIANAN QUIUKATBIK HCIHE MEXAHUKATBIK Kacuemmepi
Taonuya 1
Ob00wennvle pusuxko-mexanuueckue ceocmea cKaapbHvlx nopod u pyo Capoaiickozo kapvepa
Rock y, t/m? ocaec, MPa | op,MPa | E-10* MPa Y7, Co, MPa | @, degrees
Limestone 2,82 65,0 8,00 5,94 0,22 18,0 35
Tuffs 2,75 113,0 8,15 6,06 0,21 30,0 37
Metasomatites 2,90 56,67 5,83 5,51 0,21 15,6 35
Tuffites 2,84 64,78 7,17 5,39 0,22 18,5 36
Diorite 2,84 153,7 11,5 7,79 0,21 435 35
Ore 3,61 160,0 13,5 5,90 0,21 20,6 38
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Rock mass fracturing and structural survey results

According to drilling data, the average specific fracturing
of the rock mass was 4.48 cracks/m, with a consistent trend of
decreasing fracturing (increasing blockiness of the rock mass)
with depth: from 21.33 cracks/m in the 0 to -100 m interval
to 0.70 cracks/m in the -600 to -660 m interval. The propor-
tion of unstable rock, according to well logging data, averages
7.4% of the total borehole length (maximum 10.7% for well
#2, minimum 5.5% for well #4), increasing to 9.8% in the up-
per part of the section (down to a depth of 300 m). Most of the
open cracks (more than 60%) are oriented subvertically with
dip angles of 60—90°; the cavities of the closed cracks are filled
mainly with calcite-chlorite material.

Absolute Elevation, m
0

-100/-200
-200/-300
-300/-400

.400/.504),/

-500/-600 o

Fracture Density

5 6
*—Borehole 3

-600/-700
~s+—Boreholé 1
Borehole 4

2 3
~+—Borehole 2
~e—Borehole 5

Figure 4. Change in rock mass fracturing with depth
according to wells No 1-5.

Cypet 4. Ne 1-5 yHrpIMasiap 0oiibIHIIA Ty
JKbIHBICTAPBIHBIH MACCACBIHBIH CHIHYbIHBIH TepeHaiKKe
Oail1aHBICTHI B3repyi.

Puc. 4. I3meHenne TpeuImHOBATOCTH MACCHBA FOPHBIX
MOPOJ € IJIyOMHOI 110 JaHHBIM CKBa:KMH NeNe 1-5.

Based on the results of the first series of measurements
(processing of slope photographs, 2016), six systems of tec-
tonic shear fractures were identified in four sections of the
southern and eastern slopes; the fracture porosity coefficient
varied from 0.21% (section III, eastern slope) to 0.60% (sec-
tion I, southern slope), and the blockiness index ranged from
0.495 to 0.652 m, corresponding to moderately and highly
fractured rocks. Based on the results of the second series of
field measurements (2018, nine measuring stations), five frac-
ture systems were identified; when comparing the two series,
complete coincidence of the occurrence parameters was estab-
lished only for the fracture systems associated with the natural
layering of the massif (system 1/1).

Comparing the orientation of the identified fracture sys-
tems with the slope strikes allowed us to identify potentially
hazardous (conformably dipping) weakness surfaces for each

quarry wall: for the northern and northeastern walls — frac-
ture system II-1; for the eastern and southeastern walls —
system V; for the southern wall — system III; and for the
southwestern and western walls — system I (with the proba-
bility of collapse prisms also forming along systems I’, II-2,
and III).

Conclusions

The engineering and geological conditions of the Sarbay
quarry are characterized as complex, due to the significant
thickness of loose rocks (up to 140 m), the presence of pro-
nounced weakness surfaces (layering, fracturing, schisto-
sity) [9—-10], the tendency of the rocks to weather, and the
high degree of water cut in both the loose and hard rocks of
the massif. Based on the statistical processing of laboratory
core test data from five deep boreholes at the deposit, six
engineering and geological elements (limestone, tuffs, tuff-
ites, metasomatites, diorites, and ore) were identified, for
each of which generalized physical and mechanical prop-
erties were established. A trend of increasing rock strength
with depth and a directly proportional relationship between
specimen cohesion and uniaxial compressive strength were
identified.

It was found that the average specific jointing of the rock
mass decreases with depth from 21.33 joints/m (0 to -100 m)
to 0.70 joints/m (-600 to -660 m). Based on the results of two
series of structural measurements (2016 and 2018), six and
five tectonic joint systems were identified, respectively. Of
these, only those systems associated with the natural layer-
ing of the massif have completely consistent occurrence pa-
rameters. Potentially hazardous (congruently dipping) crack
systems representing probable weakness surfaces have been
identified for each quarry wall: System II-1 for the northern
and northeastern walls, System V for the eastern and south-
eastern walls, System III for the southern wall, and System
I (together with I’, 1I-2, and III) for the southwestern and
western walls.

An assessment of the probability of various deformation
types (Planar Sliding, Wedge, Flexural Toppling, Direct Top-
pling) across eight characteristic sections revealed the greatest
risk for the southern and southwestern/western walls of the
quarry (probability up to 100%). However, a comparison with
calculated safety factors shows that kinematically possible
deformation does not always occur, confirming the need for
a comprehensive consideration of the strength characteristics
of the weakness surfaces, not just their geometric orientation.
The most unfavorable conditions for ensuring stability when
deepening the quarry to a depth of minus 500 m are predicted
to be on the eastern wall due to the coincidence of the dip
angle of the main layered fracture system (50—70°) with the
design slope angle. This requires that this factor be taken into
account when justifying the wall design at deep levels. The ob-
tained calculated massif characteristics and the results of quar-
ry zoning by types of potential deformations serve as the basis
for further mathematical modeling of the stress-strain state of
the edge massif.
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