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QAJARAN OPEN-PIT OVERALL SLOPE STABILITY ASSESSMENT
UNDER UNLOADING CONDITIONS BASED ON THE STRESS
REDISTRIBUTION THEORY
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Under low - confinement conditions, the extension crack initiation lower and
interaction upper bounds in the in-situ rock mass within the Qajaran open-pit South-West
overall slope presented with hydrothermally altered and weathered monzonite and
granodiorite is assessed. As an integral part of the large open pit projects, it is essential to
estimate the in-situ rock mass strength and the expected failure mechanism as accurately as
possible, taking into account the stress relaxation in near-surface rock mass. In an excavation-
induced unloading condition, it has been shown that the extension crack propagation
mechanism is a function of low confinement condition which, in turn, leads to low in-situ
rock mass strength. The global failure mechanism in the fractured rock mass of the overall
slope has been theoretically assessed, and a good agreement between the estimated global
failure surface and failure surface obtained from the slope stability analysis has been found.
The propagated extension cracks within the rock mass are considered to be ground water
flow paths which is the second reason for the in-situ rock mass strength reduction due to the
developed high pore water pressures in the toe rock mass of the overall slope. An in-situ rock
mass strength reduction envelope in stability analysis to assess the rock mass strength of the
Qajaran open-pit overall slope in low confinement geomechanical environment taking into
account the high pore water pressures of the rock mass due to propagated extension cracks
has been used. It has been found that there is nearly 20% difference when taking into account
the extension crack interaction zones within a near-surface rock mass in low confinement
conditions.

Keywords: open-pit slope in on unloaded (stress relaxation) condition, rock mass
strength, global failure surface, lower bound of extension stresses, upper bounds of crack
interaction.

Introduction. The rock mass undergoes various geological procedures such
as tectonic movements, weathering, seismic impacts and so forth. Regarding these
procedures, a geo-stress equilibrium state has been formed in the rock mass [1]. Any
excavation process will break the previous equilibrium stress state and lead to the
development of an unloading geomechanical environment near the excavation
boundary. In other words, after the removal of the rock support, the 3D stress state

86



will almost become a 2D stress state in which the confining stress has a lower value
near the excavation boundary [1]. In this redistributed stress field, the low confining
stress, acting either normal or tangential to the exposed mining slope, has a major
impact on the in-situ rock mass strength [1-3]. Today, there are few studies which
take into consideration the effect of low confining stress on the rock mass strength
in excavation-induced unloading conditions [2, 4].

The extension crack theory in unloading geomechanical environment has been
developed since the 1970’s. It is commonly known that the origins of the rock yield
failures are the tension in nature due to extension strains acting parallel to major
principle stress [3]. So far, most of the previous studies have referred to the design
problems in underground excavations such as stress-strain zone observations,
support design purposes, and other geotechnical engineering problems [2-4].

T. Stacey demonstrated a theory so-called extension strain criterion, which
takes into account the intermediate component of the 3D stress state (e.g. o3) in the
rock mass and is widely used to assess the extension strain zones in underground
excavations. The extension strain (z3), acting normal to the minor principal stress
(a3), is defined from the 3D elasticity theory by the following equation [2, 3]:

(03 —v(o, + 01)) (1)
E )

where 75 is the extension strain; o;, ¢, and g3 are the major, intermediate and minor

principal stresses, respectively; v and E are the deformation characteristics of the

rock, e.g. Poisson’s ratio and Young’s Modulus, respectively.

T3=

Based on Stacey’s extension strain criterion, the extension cracks will initiate
into the rock mass when satisfied the following condition:

T3 = Teriticals (2)
where T .iticqr 1S the limiting tensile strength of the rock sample and defined by
laboratory testing.

Furthermore, Stacey proposed to estimate the extension cracks initiation
threshold in the axisymmetric condition by the following equation [3]:

E 1—-v
01 = —Teritical + ——— 03 3
1 v critical v 3 ()

where ¢y is the extension crack initiation lower bound in the axisymmetric
condition.

Although Stacey’s empirical criterion has a number of advantages in
underground excavations, after publishing, it was criticized by several researchers.
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The main limitation of Stacey’s criterion is that it considers the rock mass as an
isotropic and linearly elastic medium, and definitely is not a true representation of
the actual rock mass properties. In this regard, M. Diederich pointed out that it would
be well more conservative to estimate the extension crack initiation lower bound in
the rock mass based on Stacey’s criterion and it should be considered as an extension
cracks interaction upper bound [5]. In his doctoral thesis, Diederich demonstrated
that the extension crack initiation mechanism is not sensitive to low confinement
condition, and conversely, the extension crack propagation mechanism is much more
sensitive to low confinement condition, since, as Hoek pointed out in 1981 [5].
Diederich proposed the in-situ rock mass reduction criterion which represents the
lower bound of the extension crack initiation threshold and is based on the results
gained from field and/or laboratory testing. He demonstrated an equation,
completely assembled from many complicated laboratory tests and is defined as
follows [5]:

O 1initiation = A * UCS + B * g3, (4)

where A and B are the coefficients in the range of 0,35...0,45 and are 1,0---1,5,
respectively; UCS is the uniaxial compressive strength of the rock sample.

Based on Diederich’s criterion, the in-situ rock mass strength will drop
towards the lower bound of the extension crack initiation threshold defined by
equation (3) [6]. If there are well-obtained results from laboratory triaxial tests, this
very criterion will provide an accurately estimated extension crack initiation lower
bound [4].

The statement of the problem and selection of the methodology. The goal of
this research is to investigate the unloading effect on the in-situ near-surface rock
mass by using the proposed in-situ rock mass strength reduction criterion in slope
stability analysis. This is done by estimating the extension crack initiation lower and
interaction upper bounds for which the strength of the in-situ rock masses will start
to reduce towards the lower bounds of the extension crack initiation threshold. The
main objectives to achieve these goals include numerical simulation of the unloading
induced stress-strain state, the assessment of the in-situ weak rock mass strength and
prediction of the global failure mechanism in Qajaran open-pit overall slope.

The rock mass strength in an unloading geotechnical environment. Large-
scale open pit slope stability assessment in difficult terrain conditions is considered
to be an important and relevant problem. It is crucial to give an accurate
characterization to the rock mass and failure mechanism behaviors in rock slope
designs.

One of the main requirements in rock slope engineering designs is considered
to provide accurately quantified rock mass strength [5]. It is well known that
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depending on the observed domain scale, the in-situ rock mass strength is well lower
than the strength of the intact rock, which is a result of pre-existing intercepted
geological discontinuities within the rock mass [5]. The rock masses are almost
always under high stress conditions the strength of which is controlled by the degree
of fracturing, the loading/unloading and ground water conditions [5]. The rock mass
behavior also depends on large-scale mining blasting near-excavation boundaries
which leads to open-up preexisting fractures in the surface, as well as initiating new
extension cracks of man-made origins.

The extension crack initiation lower and interaction upper bounds for the rock
mass of the South-West overall slope of the Qajaran open-pit mine, Zangezur CMC,
in Armenia, have been estimated. There exists a major geological structure in the
South-West overall slope, such as fault, dipping nearly parallel to the exposed slope.
The fault consists of mainly clayey-crushed materials and has up to 50 m total
thickness. The hydrothermally altered and weathered monzonites and granodiorites
surround the fault above. There are mainly porphyry-granodiorites and slightly
altered monzonites behind the major geological discontinuity.

Firstly, the extension crack initiation lower bound has been estimated based
on Diederich’s criterion by equation (3) and is expressed as follows:

01=A*UCS+B *03=0,35%x42,95+ 1,0 * 03 = 15,03 + 03, (5)

where UCS is the average compressive strength of the weathered rock and equal to
42,95 MPa; A and B are coefficients for brittle rock samples and obtained equal to
0,35 and 1,0, respectively from laboratory testings [7-9].

The extension crack interaction upper bound for the rock mass surrounding
the overall slope of the Qajaran open-pit mine in the current depth condition based
on Stacey’s extension strain criterion has been estimated. First of all, we set equation
(1) in Phase 2,0 software to define the absolute value of 75 and the extension crack
interaction zones at the toe rock mass of the overall slope of the open-pit mine based
on finite element method as shown in Figure 1.

The absolute value of the extension strain at the toe weathered rock mass of
the overall slope at the current depth defined from numerical modeling is equal to
T3 = —1,2e — 06 [8, 9]. Now, using the magnitude of 75 in equation (2), we can
estimate the extension crack interaction upper bound above which the pre-
propagated cracks will interact to each other by developing axial macroscopic
spalling/splitting cracks at a low confinement condition. The extension crack
interaction upper bound has a straight line equation view and is shown in Figure 2:

o= —Er+ 0, = 17944376 % 03, ©)
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Fig. 1. The extension strain zone at the toe rock mass of the Qajaran open-pit

mine overall slope based on Stacey’s criterion

In Figure 2, the estimated extension crack initiation lower and interaction
upper bounds based on Diederich’s and Stacey’s criterions are shown, respectively.

After the assessments of the lower and upper bounds of the extension crack
initiation and interaction thresholds, we can sum up that the near-surface rock mass
strength of the South-West overall slope of Qajaran open-pit mine will drop towards
the extension crack initiation lower bound.

In Figure 2, the rock mass below the estimated extension crack initiation
threshold will remain undisturbed. Above the initiation threshold, in region | in
which the minimum principle stress, thus the confining stress, is near zero, the
extension crack propagation mechanism is dominant which characterizes the brittle
behavior of the in-situ rock mass. In this unloading geomechanical environment, the
extension cracks of man-made origins will propagate parallel to maximum
compressive stress, and when the maximum compressive stress exceeds the
estimated upper bound, they will develop and form the axial macroscopic cracks due
to which the in-situ rock yield will drop at a low confinement condition and have a
non-linear strength envelope as shown in Figure 2. Therefore, it is found that the in-
situ rock mass strength is a function of near-zero confining stress. Above the
extension crack initiation threshold, the lower the confining pressure is, the higher
the intensity of the extension cracks propagation mechanism and the lower the in-
situ rock mass strength due to the fractured (brittle) behavior.
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Fig. 2. The in-situ rock mass strength reduction to the lower bound of the extension
crack initiation threshold in an unloading geomechanical environment

In the Il region, the so called quosy-3D stress state in which the confining
pressure is not zero and higher than that in region I, the extension crack initiation
mechanism is dominant and in this region, a macroscopic shear rupture forms
depending on the values of maximum compressive stress. In the 3D stress state (i.e.,
in the Il region), in which the confining pressure can be half of the UCS of the intact
rock, the shear failure is a function of extension crack initiation and accumulation
mechanisms (Fig. 2).

Therefore, in the excavation-induced unloading condition, the in-situ rock
mass strength will reduce due to propagated extension cracks. On the other hand, the
propagated extension cracks will become water flow paths out-of the exposed face
into the excavation area and therefore will lead to increase the permeability and
porosity of the rock mass and hence the pore ware pressure of the near-surface rock
mass.

According to the investigation in this article, when the maximum actual stress
component (o7 4cqua1) €Xceeds the estimated lower bound of the extension crack
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initiation threshold, the extension cracks will commence to propagate normal to the
minimum principle stress resulting in the reduction of the in-situ rock mass strength.
And when o;,.cua1 €Xceeds the extension crack interaction upper bound, the
propagated cracks will interact each other developing large-scale axial spalling or
splitting failures tangential or normal to the exposed mining slope. On the other hand,
the elementary rock blocks in the toe rock mass, developed by propagated extension
cracks, are free to rotate and move over each other,which are precursors of a toppling
failure. There is a good agreement between results obtained from field observations,
in which toppling failures are observed, and the outputs from this investigation, in
which unloading-induced failures are considered.

The global failure mechanism. In the fractured, brittle rock mass, the failure
mechanism is progressive (unstable) and almost always occurs rapidly, with little or
non-warnings. In the man-made fractured rock mass, the frequent failure mode is a
toppling failure. By other researchers, it refers to unloading-induced failures [5, 10].

Where huge information about a major geological discontinuity such as
tectonic fault exists, it is unacceptable to think that the failure surface will only
develop along that discontinuity [11]. It is essential to have a correctly estimated
failure mechanism and rock mass strength to provide a precise mining slope stability
design [5]. By the way, the progressive failure mechanism consists of 2 and/or more
failure mechanisms in the brittle, fractured rock mass. Undoubtedly, the global
failure mechanism is 3D and there is much more conservatism in rock slope stability
analysis to consider the 2Dimensionality of the rock slopes [11].

The global failure surface of the South-west overall slope of the Qajaran open-
pit mine has been theoretically estimated in which there is a major geological feature
dipping nearly parallel to the exposed mining slope as depicted in Figure 3.

In this research, it is expected that the damage zone, due to propagated
extension cracks at the toe of the overall slope combined with a tectonic fault will
develop the global failure surface which consists of two types of failure mechanisms:

1. In the crest of the overall slope where the tectonic fault is intersecting the
ground surface, the planer failure surface will develop which passes through the
footwall of the tectonic fault.

2. At the toe rock mass, the developed damage zone is vulnerable to failure.
It is needless to say that the global failure surface will occur along the preexisting
geological discontinuity and through the toe rock mass by developing a step path or
a secondary failure surface (Fig. 3).

When taking into account the brittle (strain-softening) behavior of the rock
mass due to extension crack propagation mechanism at low confinement conditions
(Fig. 2), the overall slope has a factor safety of nearly 20% below. Thus, taking into
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consideration the in-situ rock mass degradation due to extension crack propagation
in an unloading geomechanical environment, the mining slope will have a much
more real safety factor than when we use the peak strength of the rock mass.
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Fig. 3. The comparison between the theoretically estimated global failure surface
and the failure surface obtained from the stability analysis of the overall slope
of the Qajaran open-pit mine

Conclusions. In the unloading geomechanical environment, the extension
crack initiation lower and interaction upper bounds for the rock mass, presented with
weathered monzonite and granodiorite, in the overall slope of the Qajaran open-pit
mine is estimated. It has been shown that the in-situ rock mass strength in the South-
West overall slope of the Qajaran open-pit mine is a function of low confining stress.
Meanwhile, the low in-situ rock mass strength is a result of the increased pore water
pressure at the toe rock mass due to propagated extension cracks. Hypothetically,
the global failure mechanism and location in the overall slope of the Qajaran open-
pit mine are estimated. A good agreement between the theoretically estimated failure
surface and the failure surface obtained from the slope stability analysis has been
found. When we take into account the brittle (strain-softening) behavior of the rock
mass due to the propagated extension cracks at low confinement in the South-west
overall slope stability analysis, the factor safety is 20% below than that based on the
conventional failure criterion. This is explained by the reduced in-situ rock mass
strength due to propagated extension cracks at the toe rock mass of the mining slope
in the unloading geomechanical environment and by high pore water pressure.
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LURUMULP PUSULULLP 2RENLYUD UN1h HUSNRLNRE3UL FLULUSNRUL
unurusht QULSYUDNK LUMF4UONRE3NRLLEMP SETURUCHUU UL
duvutuuuyh8 ssunh@3nruLerny

Jd.d. Enduyhdjwi

Lwowpwuh pwgwhwuph hwpwjwpldnjwu spbinudwd Ynnh (Ynnh wwwpwiht
quugywsdh ubthwlwu pwohg duwynpwsd Ynnwihu gwdp Gupdwlt wwpdwu' sphinudwd
Gnypwdbfuwuhyuwywu dhowduwyp) ubpluwjwgdws wwwpwihtu  hnndwhwpdwd dnugn-
uhwubipny U gpwuwnhnphwnubipny, dhoynnuiht quugywédnud qguwhwwnybip Bu wwwpubph
dquwu jwpniubphg wnwowgwd ttinpbiph qupgqugdwu unnphu uwhdwup b dbnpbiph
thnfuhwwndwt Jbphtu uwhdwup: Stuwlywunpbt quwhwwnyt) £ pwgwhwuph Ynnh wuyw-
pwjhtu quugywdnid dqiw dtinptipny uwhph dwybplinyeh wbnwnhppp, husp enyjwwnpbh
uwhdwuwjhtu wnbuniejwt hwdwdwu' niuh qguih hwdwwwwnwufuwuniegnu pwugwhwuph
Ynnh Yujniunygywu hwjnuh dbpnnny quwhwwdwu ybpindnieniuhg unwgywd uwhph
dwytipunyeh htinn: Snyg Lt wpdb), np hwdwdwiu |Gnuwjht wwywpwiht quugywdh
wdpnipjwt guwhwwndwt wnwowplynn dbpnnubph’ pwgwhwuph spinujwd, Ynnh |tin-
uwjht Bpypwdbfuwupywywu dhowdwjpnd dqdwu Gtinpbiph wwpwddwu hunbuuhynt-
pintup ninhn hwdbdwwwlwu £ wwywpwht quugqudénud nwpwdynn gudp jwnyw-
Sdnipjwp, husp hwugbigunud £ Gnuwihtu wwywpwihu quugqwdh wdpnigjwu duwynpdwup:
<nnyjwdnid wwwpwiht quugywsh ujuquagnyu wpjwdwihtu nwownnw dknpkph qupqug-
dwu dbennp Yhpwnybi £ Lwownwuh pwgwhwuph hwpwjwpldnywu Ynnh Yuyniunigjw
Epypwdbluwuphywywu hpduwynpdwt Jbpndnigjwu dwdwuwly' hwayh wnubing Ynnp
hhdph wwwpubpnd duwynpwd &dquiwu dbnptiph  wwpwddwu gnunhubipp, npnugny
wwjdwuwynpjwd £ uwlb $hpnpynn opbiph pwpédp dwiynnybuwghtu dupnuiubiph quipqu-
gnwip: Ynnh Yuwjnwnpuu  Bpypwdbfuwuhyuwywu  Jbppnidniyeiniuhg unwgybp £, np
spinujwd Jhoynnuiht |Gnuwiht wwwpwiht quugywdnid qupgugnn dqdwu Ghnpbpp’
gwdp (wpywdwihtu nwownh wnwowgldwt wwjdwuubpnud pugwhwuph Ynnh Yuyniunigynitup
ujwgnud k onipg 20%-ny:

Unwugpuypti pwnbp. sptinujwd Ynn, wwywpwihtu quugqwsh wdpnigniu, ginpu
uwhph dwybplnyp, dquwu jwpniubph unnphtu uwhdwu W knptiph thnfuhwwndwu Ybpphu
uwhdwu:

OIIEHKA YCTOMYUBOCTHU HEHATPYKEHHOT'O BOPTA
KAJI’/KAPAHCKOT'O KAPBEPA C IOMOIIBIO COBPEMEHHBIX TEOPUIA
PACHPEJEJIEHUAS HATIPSIKEHUI B IOPOJTHOM MACCHUBE

B.B. OBakumsan

BrimosnHeHa oreHKa 00pa30BaHHBIX PACTATHUBAIOIIMMHU HANPSUKCHUSMH HIDKHEH U
BEPXHEH TPaHMIl Pa3BUTHS U IEPECCUEHHS TPEIIUH B TPHOOPTOBOM MAaCCHBE TOPHBIX ITOPOJT
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I0r0-3aI1afHOT0 HEHATrpYXCHHOTO (00pa30BaHHOE HHU3KOE JABJICHHE OT COOCTBEHHOTO Beca
MopogHOTO MaccuBa Oopta) Oopra KamkapaHckoro kapeepa, IPEICTaBICHHOTO BBIBET-
PEHHBIMM MOHIIOHUTaMH W TPaHOJMOpPUTAMH. B MaccuBe ropHBIX mopoja OopTa Kapbepa
TEOPETHYECKN OLIEHEHO IMO0J0KEHHE OBEPXHOCTH CKOJILKEHHS 110 TPELIMHAM PaCTsKeHNS,
YTO MMEET XOPOLIYI0 CXOAMMOCTH C ITOJI0)KEHHEM IHOBEPXHOCTH CIBHIA, YCTAHOBICHHBIM
IpU pacyere YCTOHYMBOCTH OOpTa IO W3BECTHOMY METONY MpPEAEIbHOIO DPaBHOBECHS.
HOKaSaHO, YTO COTJIAaCHO MPEAJIOKCHHBIM METOJaM OLCHKH yCTOﬁ'{I/IBOCTH MacCUBa ropHbIX
MIOPOJ B TEOMEXaHUIECKOH Cpesie HeHarpy:KeHHOTo O0pTa, MHTCHCUBHOCTD PaCIIpeeIICHNS
TPEIIMH PACTSHKEHUST TPSMO IPONOPHMOHATbHA HU3KOMY HAIPSHKEHHIO B MOPOIHOM
MaccuBe, (OpMUpPYOLIEMy ITPOYHOCTh MacCHBa FOPHBIX NOpoJ. B cTathe pa3BuTHe MeTona
0o0pa3oBaHMA TpEIIMH B T1I0J€ MHWHUMAJBHBIX HANpPSHKEHUH TOPOIHOTO MacCHBa
HCIIONb30BAaHO MPU T'€OMEXaHHMYECKOM OOOCHOBAaHWM, aHAJIHM3€ W yCTAHOBICHWH yCTONYH-
BOCTU IOro-3amajHoro Oopra KamkapaHCKOro kapbepa C y4eTOM pacIpeAesCHUs 30H
pacTATMBAIONIUX TPEHIMH, C(OOPMUPOBAHHBIX B IOPOJax OCHOBaHMS OOpTa, YeEM
00YCIIOBIICHO U pa3BUTHE BBICOKOTO MOPOBOro aamieHus. Ilo pesyinbraram MaTepHanos
TeOMEXaHNYECKOr0 aHalIN3a YCTOMYMBOCTH GOpTa MONTY4YEHO, YTO M3-3a PAa3BUBAIOIIUXCS B
MOPO/JIHOM MAacCHBE HEHArPYKEHHOro OopTa TpEUIMH pACTSDKCHUS M II0JIST  HHU3KHX
HaIpsOKEHUH ycTORYIMBOCTD O0pTa Kapbepa cHikaercst Ha 20%.

Knrwouegvle cnoea: HeHarpyx eHHbIH OOpPT, TNPOYHOCTH TOPHOTO MAaCCHBA,
MOBEPXHOCTH IJI00ALHOTO CKOJILKEHMS, HYDKHSS TPAHHIA PACTATUBAIONINX HANPSHKEHHH,
BEPXHSIS TPAaHMIIA TTePECEUCHUs TPEIIHH.
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