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Аннотация: Рассмотрен метод учета влияния условий разгрузки на прочность горного 
массива. Исследование выполнено путем оценки нижних пределов образования трещин 
и верхних пределов взаимодействия для массива горных пород в условиях разгрузки. Ре-
зультаты показывают, что механизм распространения трещинообразования как функция 
низких условий локализации, приводит к снижению прочности массива горных пород 
в зависимости от максимальной составляющей перераспределенного поля напряжений. 
В условиях низкой локализации и слабых пород механизм прогрессирующего разруше-
ния состоит в распространении разрушения вдоль ранее существовавшего геологиче-
ского разрыва и расширяющихся трещин через скальные перемычки. Рассматривались 
прочность массива горных пород на месте и прогнозируемое местоположение глобальной 
поверхности разрушения в условиях низкой локализации. Представлены выводы о пове-
дении массива горных пород и приемлемом методе анализа устойчивости угла наклона, 
который может имитировать хрупкую прочность массива горных пород. Пример реаль-
ного угла наклона будет использован для оценки устойчивости на основе применения 
критерия прочности массива горных пород. При применении традиционных критериев 
разрушения горных пород, которые не учитывают распространение трещин в массиве 
горных пород, будет завышена прочность массива горных пород, а, следовательно, и 
устойчивость углов наклонов.
Ключевые слова: условия низкой локализации (разгрузки), критерии снижения прочно-
сти массива горных пород, трещинообразование, глобальная поверхность разрушения, 
коэффициент безопасности.
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Abstract: The study described in this paper provides a method for accounting the effect of 
unloading condition on the strength of a rock massif. This was done by estimating the lower 
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1. Introduction
Evaluating the stability of open pit 

slopes in difficult terrains remains a 
critical issue in the design of rock slopes. 
When designing rock slopes, it is essential 
to choose an appropriate method of 
stability analysis, depending on a correct 
estimation of the rock mass strength and 
a proper understanding of the failure 
mechanism behavior of the slope under 
consideration, especially under conditions 
of unloading induced by low confinement 
stress. Such methods of stability analysis 
ignore the stress-strain state in the 
slopes and, therefore, the progressive 
deformations that can occur in the rock 
massif. They also ignore the presence of 
small-scale geological structures, such 
as joints, which may have a significant 
influence on the rock slope stability.

The extension crack theory in the 
unloading geomechanical environment 
has been developed since the 1970s. 
It is well known that the rock yield 
fractures have a stretching character due 
to extension strains acting parallel to 

principal stress [3, 14]. So far, most of the 
previous studies referred to the problems 
of designing underground excavations, 
such as observation of stress-strain zones, 
design of supports, and other geotechnical 
and engineering problems [2−4, 9, 11]. 

In 1977, T. Stacey demonstrated a 
theory, the so-called extension strain 
criterion, which takes into account 
the intermediate component of the 3D 
stress state (i.e.,) in a rock massif and 
is widely used to estimate the extension 
strain zones in underground excavations. 
The extension strain (), acting along the 
normal to the minor principal stress (), is 
determined from 3D elasticity theory by 
the following equation [2, 3]: 

 
( )( )3 2 1

3 ,
v

E

σ − σ + σ
τ =  (1)

where is the extension strain; are the 
major, intermediate, and minor principal 
stresses, respectively; are the deformation 
characteristics of the rock, i.e., Poisson’s 
ratio and Young’s Modulus, respectively. 

limits of crack initiation and the upper limits of interaction for the in-situ rock massif under 
unloading conditions. The results show that the mechanism of extension crack propagation 
is a function of low confinement conditions which, in their turn, leads to a decrease in the 
strength of the rock massif, depending on the maximum component of the redistributed 
stress field. Under low confinement and weak rock conditions, the mechanism of progressive 
failure consists of propagation of failure along a pre-existing geologic discontinuity and the 
propagation of extension cracks through the rock bridges. The study focused particularly on 
the in-situ strength of the rock massif and the predicted location of the global failure surface 
under low-confinement conditions. The article presents implications for a better understanding 
of rock mass behavior and a more satisfactory method of slope stability analysis that can 
simulate a brittle in-situ rock mass strength. An example of a real slope will be used to 
illustrate and evaluate stability based on the application of the in-situ rock mass strength 
criterion discussed in this paper. When applying the traditional rock failure criteria, which does 
not take into account the extension cracks in the rock massif, the strength of the rock massif 
will be overestimated, and hence the stability of the exposed mining slopes.
Key words: low confinement (unloading) condition, rock mass strength reduction criteria, 
extension cracks, global failure surface, factor of safety.
For citation: Hovakimyan V. V., Manukyan L. A. Influence of Unloading Conditions on the Rock 
Mass Strength of the Overall Slope of the Open Pit. MIAB. Mining Inf. Anal. Bull. 2022;(10-1): 
14—24. [In Russ]. DOI: 10.25018/0236_1493_2022_101_0_14.
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Based on Stacey’s extension strain 
criterion, extension cracks originate in a 
rock massif the following condition is met:

 3 critical ,τ ≥ τ  

where 𝜏𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 is the limiting tensile strength 
of the rock sample, defined by laboratory 
testing. 

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

 1 critical 3

1
,

E v
v v

−
σ = τ + σ  (2)

where is lower limit of the extension 
cracks initiation under axisymmetric 
conditions.

Although Stacey’s empirical criterion 
has a number of advantages in underground 
excavations, it has been criticized by a 
number of researchers since its publication. 
The main limitation of Stacey’s criterion 
is that it considers the rock massif as an 
isotropic and linearly elastic medium and 
is certainly not a true representation of 
the real properties of the rock massif. In 
this regard, M. S. Diederich pointed out 
that it would be much more conservative 
to estimate the lower boundary of 
initiation of extension cracks in the rock 
massif based on Stacey’s criterion, and 
it should be considered as the upper 
boundary of extension crack interaction 
[12]. In his doctoral thesis, Diederich 
demonstrated that the mechanism of 
extension crack initiation is not sensitive 
to low confinement conditions, and vice 
versa, the mechanism of extension crack 
propagation is much more sensitive to 
low confinement condition, as pointed 
out by Hoek in 1981 [11, 12]. Diederich 
proposed an in-situ rock mass reduction 
criterion, which is a lower boundary of the 
threshold of extension crack propagation 
and is based on the results obtained in 
the field and/or laboratory testing. He 

demonstrated an equation, completely 
assembled from many complex laboratory 
tests, which is defined as follows [12]: 

𝜎1𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛 ≈ 𝐴 · 𝑈𝐶𝑆 + 𝐵 ·  𝜎3,

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 
strength of the in-situ rock massif will 
drop towards the lower boundary of the 
extension cracks initiation threshold 
defined by equation (3) [10]. If there are 
well-obtained results from laboratory 
triaxial tests, it is this criterion that will 
provide for accurately estimated lower 
boundary of extension cracks initiation 
[9, 11]. 

The purpose of the study presented in 
this paper is to investigate the unloading 
effect on the in-situ rock massif and the 
subsequent assessment of the stability of 
the real slope using the proposed criterion 
for reducing the strength of the rock 
massif. This is done by estimating the 
lower limits of extension crack initiation 
and upper limits of interaction, for which 
the strength of the in-situ rock massif 
will decrease to the lower boundaries of 
the extension cracks initiation threshold. 
The main tasks to achieve these objectives 
include staged numerical simulation of the 
stress-strain state caused by unloading, 
estimating the in-situ strength of the rock 
massif, and predicting the global failure 
mechanism involving in slope stability 
analysis. 

2. Rock mass strength in the unloading 
geomechanical environment 

There are several methods to quantify 
the rock massif shear strength parameters, 
but nevertheless [24], there is little 
experience in estimating the in-situ 
strength of rock massifs under low-
confinement conditions as a result of any 
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excavation process. In weak rock and 
low-confinement conditions, the failure 
mechanism sometimes does not conform 
to traditional failure modes (e.g., plane, 
wedge, circular shear, and toppling) and 
is known as stress-induced failure [7, 12, 
14, 20]. In this disconcerting complexity 
of rock mass, it is essential and relevant 
for geotechnical engineers to pay diligent 
attention to the rock mass strength 
parameters to ensure safe and stable open 
pit slopes in difficult regional conditions 
throughout their lifetime. 

The rock mass undergoes various 
geological processes, such as tectonic 
movements, weathering, seismic impacts, 
etc. As a result of these processes, a 3D 
equilibrium geo-stress state is formed in 
the rock massif [1, 21]. Any excavation 
process violates the previous equilibrium 
stress state and leads to the development of 
an unloading geomechanical environment 
near the excavation boundary. In other 
words, after the removal of the rock 
support, a low confinement condition will 
develop in the rock massif, and the 3D 
stress state will practically turn into 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 
normally or tangentially to the exposed 
mining slope, has a major impact on the 
in-situ strength of the rock mass [1−3, 
8]. To date, there are fewer studies that 
take into consideration the effect of low 
confining stress on the strength of the rock 
massif under unloading conditions caused 
by excavation [2, 9, 16, 21, 25]. 

One of the main requirements in 
the design of rock slopes is considered 
to be to ensure that the strength of the 
rock massif is accurately estimated [17]. 
It is well known that, depending on the 
scale of the observed domain, the in-situ 
rock mass strength is much lower than 
the strength of the intact rock, which 

is the result of pre-existing intercepted 
geological discontinuities within the 
rock massif [6, 12, 17]. Rock massifs 
are almost always under high-stress 
conditions, whose strength is controlled 
by the degree of fracturing, loading/
unloading, and groundwater conditions 
[12, 14]. The rock massif behavior also 
depends on large-scale mining blasting 
near excavation boundaries, which leads 
to opening of preexisting fractures at the 
surface [14, 22], as well as initiating new 
extension cracks of anthropogenic origin. 

2.1. Estimates of lower limits of 
fracture initiation and upper interaction 
boundaries 

The lower initiation and upper 
interaction boundaries of cracks were 
estimated for the rock massif of the 
South-West overall slope of the Qajaran 
open-pit mine, Zangezur CMC, Armenia. 
The open pit has been mined since the 
1950s, the total depth and slope angle 
of the overall pit slope are nearly 500 
m and 39˚, respectively. The annual 
capacity of the mine is above 22 mln 
tons, and the main products are copper 
and molybdenum. There is a major 
geological structure in the southwestern 
slope, such as a fault sloping nearly 
parallel to the exposed slope. The fault 
consists mainly of clay-crushed, gouge-
filled materials and has a total thickness 
of up to 50 m; hydrothermally altered and 
weathered monzonites and granodiorites 
are surrounding above the fault. Behind 
the major geological discontinuity are 
mostly porphyritic granodiorites and 
weakly altered monzonites. The rock mass 
that surrounds the general slope is poorly 
permeable [15]. The main groundwater 
reservoirs are various kinds of joints 
and seepage from open slope surfaces in 
the lower part of the overall slope. The 
site is located in an active seismic zone, 
taking into account the impact of seismic 
forces of intensity 9 points, according 
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to the normative documents on seismic 
construction over the territory of Armenia. 

First, the lower boundary of extension 
crack initiation was estimated based on 
Diederich’s criterion using equation (3) 
and depicted in Fig. 2

𝜎1 = 𝐴 · 𝑈𝐶𝑆 + 𝐵 ·  𝜎3 = 0.35 ·  42,95 + 
+ 1.0 ·  𝜎3 = 15,03 +  𝜎3,

where UCS is the average compressive 
strength of the weathered rock equal to 
42.95 MPa; A and B are coefficients for 
brittle rock samples and defined to be equal 
to 0.35 and 1.0, respectively [18, 19]. 

Next, we estimated the upper boundary 
of extension crack interaction for the rock 
mass surrounding the overall slope of the 
Qajaran open-pit mine in the current depth 
state based on Stacey’s extension strain 
criterion. First, we set equation (1) in Phase 
2.0 software to determine the absolute 
value of and extension cracks interaction 
zones at the toe rock mass of the overall 
slope of the open-pit mine based on the 
finite element method, as shown in Fig. 1. 

The absolute value of the extension 
strain at the toe of the weathered rock 

massif of the overall slope at the current 
depth, determined from numerical 
simulation, is [19]. Now, using the value of 
in equation (2), we can estimate the upper 
boundary of extension crack interaction, 
above which the pre-propagated cracks 
will interact with each other, developing 
axial macroscopic chipping/splitting 
cracks at low confinement conditions. 
The upper boundary of extension crack 
interaction has the form of a rectilinear 
equation and is shown in Fig. 2: 

1 3 3 3

1
17.94 3.76 .

E v
v v

−
σ = − τ + σ = + ⋅ σ

Fig. 2 shows the calculated lower 
limits of extension crack initiation and 
upper boundaries of interaction based 
on Diederich’s and Stacey’s criteria, 
respectively.

2.2. Reduction of the in-situ rock 
mass strength to the lower boundary of 
extension crack initiation 

After the assessments of the lower and 
upper boundaries of the extension cracks 
initiation and interaction thresholds, the 
effect of propagated extension cracks on 

 
Fig. 1. Extension strain zone in the toe rock massif of the Qajaran open-pit mine overall slope based 
on Stacey’s criterion 
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the strength of the in-situ weathered rock 
mass of the southwestern overall slope 
under lithostatic unloading condition was 
determined. In other words, the strength 
of the weathered rock mass under the 
low-confinement unloading conditions is 
controlled by spreading extension cracks.

In Fig. 2, the rock mass below the 
estimated threshold of extension crack 
initiation remains undisturbed. Above the 
initiation threshold, in region I, in which 
the minimum principal stress, hence the 
confining stress, is close to zero, the 
extension crack propagation mechanism 
is dominant, which characterizes the 
brittle behavior of the in-situ rock 
massif. In this unloading geomechanical 

environment, extension cracks of man-
made origins will propagate parallel to 
the maximum compressive stress, and 
when the maximum compressive stress 
exceeds the estimated upper boundary, 
they will develop and form axial 
macroscopic cracks, resulting due to 
which the in-situ rock yield will decrease 
at a low confinement condition and have 
non-linear strength envelope, as shown in 
Fig. 2. Therefore, it has been found that 
the in-situ strength of a rock mass is a 
function of near-zero confining stress. The 
higher the threshold of extension cracks 
initiation and the lower the confining 
pressure, the higher the intensity of the 
extension cracks propagation mechanism, 

Fig. 2. Reduction of rock mass strength to the lower boundary of extension crack initiation threshold 
in unloading geomechanical environment 
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and the lower the in-situ strength of the 
rock massif due to propagated fractures 
(brittle behavior).

In region II, the so-called quasi 
–3D stress state, in which the confining 
pressure is nonzero and higher than 
in region I, the extension crack 
initiation mechanism is dominant, and a 
macroscopic shear rupture is formed in 
this region, depending on the values of the 
maximum compressive stress. In the 3D 
stress state (i.e., in region III), in which 
the confining pressure may be half of the 
UCS of the intact rock, the shear fracture 
is a function of extension crack initiation 
and accumulation mechanisms (Fig. 2). 

Therefore, in the excavation-induced 
unloading conditions, the strength of the 
in-situ rock mass will be reduced due to 
spreading extension cracks. On the other 
hand, the propagated extension cracks 
will become water flow paths out-off 
the exposed face to the excavation area 
[23], which will lead to an increase in 
the permeability and porosity of the rock 
massif. 

According to the investigation 
conducted in this article, when the 
maximum actual stress component () 
exceeds the estimated lower boundary of 
the extension cracks initiation threshold, 
extension cracks will  commence 
propagating along the normal to the 
minimum principal stress resulting in 
the decrease of the in-situ strength of 
the rock massif. And when exceeds the 
upper boundary of the extension crack 
interaction, the propagating cracks will 
interact with each other, developing large-
scale axial spalling or splitting along the 
tangent or normal to the exposed mining 
slope. On the other hand, the elementary 
rock blocks in the toe rock massif, formed 
by propagated extension cracks, may 
rotate freely and move relative to each 
other, which is a precursor to overturning 
(toppling) failure. There is good agreement 

between the results obtained from field 
observations, in which overturning 
failures were observed, and the results of 
this study, in which unloading induced 
failures are considered [18, 19]. 

3. Global failure mechanism
In a fractured, brittle rock massif, 

the failure mechanism is progressive 
(unstable) and almost always occurs 
rapidly, with little or no warning [7, 
12, 14]. In technogenic fractured rock 
mass, toppling failure is a frequent type 
of instability [7, 14]. According to other 
researchers, it refers to fractures caused 
by unloading [12]. 

Where abundant information about a 
major geological discontinuity is available, 
such as a tectonic fault, it is unacceptable 
to assume that the failure surface will 
develop only along this fault [7]. It is 
essential to have a correctly estimated 
failure mechanism and rock mass strength 
to provide an accurate mining slope 
stability design [14, 25]. By the way, the 
progressive failure mechanism consists 
of 2 and/or more failure mechanisms in a 
brittle, fractured rock mass. Undoubtedly, 
the global failure mechanism is 3D and 
much more conservatism in the analysis 
of rock slope stability is to consider the 
2Dimensionality of rock slopes [6, 7, 25].

3.1. Global failure surface under low 
confinement condition

The global failure surface of the 
southwestern overall slope of the Qajaran 
open-pit mine, which has a major geologic 
feature that slopes almost parallel to 
the exposed mining slope, has been 
theoretically estimated as shown in Fig. 
3. The global failure surface is the surface 
that enters from the crest of the slope and 
exits from the toe crest of the slope or to 
the base of the slope.

In this study, it is expected that in 
the damage zone, propagating extension 
cracks at the toe of the overall slope 
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combined with a tectonic fault will form a 
global failure surface that consists of two 
types of failure mechanisms: 

1. On the crest of the overall slope, 
where the tectonic fault intersects the 
ground surface, a planar failure surface 
develops, passing through the base of the 
tectonic fault. 

2. In the toe rock massif, the 
developed fracture zone is subject to 
failure. Needless to say, a global failure 
surface will occur along a pre-existing 
geologic discontinuity and through the toe 
of the rock massif, developing a stepped 
trajectory or secondary failure surface. 
The secondary failure surface is inclined 
from the exposed slope surface at an angle 
of β = 26˚, as shown in Fig. 3. 

4. Southwest general slope stability 
analyses 

Currently, the Mohr-Coulomb and 
the Hoek-Brown failure criteria are 
widely used in many stability analyses of 
geotechnical structure, which do not take 

into consideration the low (close to zero) 
confining stress [10, 12, 14]. As pointed 
out above, the lower the normal stress on 
the potential failure surface, the lower the 
confining pressure in the fractured rock 
mass, and hence, the in-situ rock mass 
strength will decrease to the estimated 
lower boundary of the extension crack 
initiation threshold at low confinement 
conditions (the dashed line in Fig. 4). 

Applying the rock mass strength 
envelopes based on the Hoek-Brown 
failure criteria [18] (solid line in Fig. 4) 
and reduced rock mass in-situ strength 
envelopes (dashed line in Fig. 4) for 
heavily altered monzonites, we can 
estimate the stability of the southwestern 
overall slope. In this study, we performed 
a pseudo-static stability analysis based on 
the Morgenstern-Price limit equilibrium 
method (Fig. 4). The influence of pore 
water pressure on the strength of the toe 
rock mass is considered by simulating the 
ground water level based on piezometer 
readings and visual observations, during 

Fig. 3. Comparison between the theoretically estimated global failure surface and the failure surface 
obtained from stability analysis of the overall slope of the Qajaran open-pit mine 
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which water seepage was detected on the 
exposed toe slope surfaces.

Fig. 4 shows the safety factors (FoS) 
of the overall stability of the southwestern 
slope of the Qajaran open-pit mine, based 
on the Hoek-Brown rock massif strength 
envelope and the proposed in-situ rock 
mass strength. When the brittle (strain-
softening) behavior of the rock mass 
due to the extension cracks under low 
confinement conditions is taken into 
account, the overall slope has a safety 
factor of nearly 30 lower. 

In general, the results of this study 
which take into account extension 
cracks in the toe rock massif under low 
confinement conditions, agree well with 
the results that found unloading-induced 
instabilities (e.g., toppling failures) in 
the toe rock massif of the southwestern 
overall slope of the Qajaran open-pit mine, 
obtained from field observations [18, 19]. 
The results of this study show that when 
adopting inappropriate failure criteria, 

wrong results can be obtained. When 
predicting the rock mass behavior, errors 
determining the correct behavior of the 
failure mechanism and errors in selecting 
in-situ rock mass strength parameters 
cannot be masked by a sufficiently large 
safety factor. 

5. Conclusions
In the unloading geomechanical 

environment, the lower threshold of 
extension cracks initiation and the upper 
boundaries of interaction were estimated 
for the rock massif within the overall 
slope of a real open-pit mine. When the 
maximum component of the redistributed 
stress field exceeds the estimated value of 
the extension crack initiation threshold in 
the rock massif, extension cracks begin to 
propagate intensively along the normal to 
the minor principal stress at low confinement 
condition. The strength of the rock massif 
on the southwestern overall slope of the 
Qajaran open-pit mine has been shown to 

Fig. 4. Slope stability analysis based on the Hoek-Brown rock massif failure criterion (solid line) 
and in-situ reduced rock massif strength envelope (dashed line) in the GeoSlope software 
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be a function of low confining stress. This 
study hypothetically estimated the global 
failure mechanism in the overall slope of 
the Qajaran open-pit mine and found good 
agreement with field observations that 
found (toppling failure). When taking into 
account brittle (strain-softening) behavior 
of the rock mass in the stability analysis of 

the southwestern general slope, the safety 
factor is almost 30 lower than that based 
on the traditional shear failure criterion 
(Fig. 4). This is explained by decrease in 
the in-situ rock mass strength due to the 
propagation of extension cracks in the 
toe rock mass of the mining slope in the 
unloading geomechanical environment. 
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