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ABSTRACT 
Failure of rock mass in deep underground excavations could be attributed to a broad range 
of performance malfunction, from plastic yielding of rock, generation of macro cracks on 
the boundary of the excavation, gravity driven rockfalls or even complete stress-induced 
collapse. The failure criteria determine the stress level (or strain level) at which the rock 
mass loses its load-carrying (or strain-carrying) capacity. Determination of the state of 
underground stability can be successfully achieved through implementation of appropriate 
failure criteria within the numerical analyses’ tools. The choice of failure criteria in 
numerical stability analysis plays a key role in defining the behaviour of an underground 
excavation. A failure criterion will be useful only if selected based on the correct 
mechanism of failure. Plus, a right choice of failure criterion, significantly reduces the 
errors of quantifying an excavations behaviour. Therefore, this paper offers a critical 
review of the most common stress-based and strain-based failure criteria used in numerical 
stability analysis of underground excavations. Particular attention is paid to characterize 
different mechanisms of underground failure and recommendations are formulated for each 
failure mode. In addition, this paper addresses the theoretical considerations for the 
applicability of different failure criteria and highlights the practical limitations for their 
numerical implementation.  
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1. INTRODUCTION 
The progression of underground mines to greater depths presents new challenges for 

the mining industry to ensure the safety of underground spaces and to maintain the 
productivity. Ensuring the safety of personnel and equipment in deep underground mines 
is linked with the implementation of suitable strategies to provide stability, all through the 
design, the planning and the production phases. Inappropriate design methodologies or 
ineffective geotechnical monitoring often leads to failure of underground excavations 
resulting in production delays, increased costs, or in some cases, termination of mining 
activity.   

Rock mass instability around underground excavations can be characterized based 
on the in situ stress level and the rock mass quality. The rock mechanics engineers in a 
mine are challenged to predict when the damage process initiates within the rock mass, 
under which circumstances it leads to failure, and also what are the quantitative measures 
to differentiate between damage, yield or eventual failure. To answer these questions, rock 
mass deformation – failure mechanisms should be comprehensively studied, secondly 
suitable approaches to quantify the level of rock mass damage (e.g. empirical or numerical 
analysis approaches) should be identified, and finally the appropriate criteria must be 
adopted to determine whether the failure has occurred or not. The failure criteria will be 
useful, if they are based on the correct mechanism of failure. 

As stated in the literature, state of stability in underground excavations can be 
successfully assessed through implementation of appropriate failure criteria in conjunction 
with numerical analysis methods. Even though conventional analytical and empirical 
approaches were used extensively in the past for stability evaluation purposes, some 
fundamental shortcoming and drawbacks have been identified associated to them. Actually, 
closed-form analytical solutions such as those provided by Kirsch (1898), Ladanyi (1974) 
and Brady and Lorig (1988) are only suitable to deal with simple geometries and may not 
offer satisfactory solutions with complex mining conditions (Zhang 2006; Sepehri 2016; 
Heidarzadeh 2018). On the other hand, the common empirical methods such as the Stability 
Graph Method developed by Mathews et al. (1981) and modified by Potvin (1988) are also 
suffering from limitations such as the lack of consideration for the mining method, they 
ignore the drilling and blasting effects, they neglect the geological structures, they 
oversimplify complex geometries and they are unable to predict gravity driven rockfalls 
and tensile mode of failure (wall relaxation) (Hutchinson and Diederichs 1996; Suorineni 
2010; Idris 2014; Sepehri 2016). In addition, these methods only offer a qualitative measure 
of stability and their application is limited to real site-specific cases. Numerical methods 
circumvent the drawbacks of analytical and empirical methods since they are capable of 
solving complex mining problems, and also of incorporating different failure criteria 
corresponding to various mechanisms of failure. In fact, numerical methods are efficient 
tools for evaluating the state of excavations stability since they quantify the magnitudes of 
induced stresses within a given modeled region and they relate them to different levels of 
rock mass damage by using the failure criteria.  

Literature is rich with studies that employed different existing failure criteria with 
numerical methods to evaluate the potential of rock mass instability in underground 
excavations. However, no comprehensive review has been published so far explaining the 
applicability of various failure criteria and providing guidance for the selection of 
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appropriate criteria for different instability mechanisms. In fact, there is a gap in the 
understanding between identifying different mechanisms of instability and selecting the 
most appropriate criteria to effectively address them. An in-depth review of the commonly 
used failure criteria in underground stability problems is needed to explain the theory 
behind each criterion and to describe their applications in numerical analysis for different 
underground instability problems. Filling this gap is crucial since a successful numerical 
assessment of underground instability is not achievable without an accurate identification 
of probable modes of failure, the employment of appropriate corresponding failure criteria 
to better reflect the rock mass behaviour, and finally a correct implementation of the failure 
criteria in conjunction with numerical analyzing tools.  

The objective of the present paper is to provide a critical review of the existing stress-
based and strain-based failure criteria used in numerical stability analysis of underground 
excavations. This review is focused on cases which use continuum numerical analysis and 
does not include the discontinuum behaviour of a rock mass. All the static and dynamic 
mechanisms of instability in underground excavations are described; however, only the 
non-dynamic failure criteria are furtherly covered. Moreover, this paper tries to provide 
guidance to the selection of the most appropriate failure criteria for different failure 
mechanisms. Finally, this paper highlights key points regarding the general application of 
each failure criterion, and it offers some useful remarks about their numerical 
implementation. 
 

2. ROCK DEFORMATION PROCESS AND UNDERGROUND 
FAILURE MECHANISMS 

Evaluation of underground excavations’ stability requires knowledge of the failure – 
deformation process (i.e., stress–strain behaviour) of rock. Prior to excavation, the stress-
strain behaviour of a rock mass is defined by its geological history. An excavation results 
in a volume of rock mass which was previously acting as a support to be removed. The 
disturbance caused by this partial removal of rock, creates deformations and develops 
fractures within the rock mass, resulting in minor to extensive damage/failure around the 
excavations periphery (Aglawe 1999; Souly et al. 2003; Brady and Brown 2004; Hidalgo 
2013; Villaescusa 2014).  

For an intact rock specimen, the failure–deformation behaviour under different 
loading and confinement conditions, can be classified as viscous elastic or plastic. The 
response of the rock specimen can also be characterized as linear or nonlinear, partly linear 
and partly nonlinear. The behaviour of rock and subsequent damage process is directly 
defined via the constitutive models of rock (Zhang 2006; Brady and Brown 2004). 
Constitutive models find a crucial application with different failure criteria. Hence, these 
models are further described here. The different stages of brittle failure–deformation 
process usually associated with strain-softening behaviour of the specimen is presented in 
Fig. 1 (Brady and Brown 2004; Hidalgo 2013).  
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Figure 1- Progressive failure process of intact rock under compressive loading (adapted from 

Hoek and Martin 2014). 

Viscous3 constitutive models can simulate the behaviour of rock in the first stage 
where closure of pre-existing microcracks occur (Eberhardt et al., 1998; Cai et al., 2004; 
Zhang 2006; Hidalgo 2013). Elastic constitutive models 4 can be used to simulate the 
behaviour of rock where the elastic deformation and stable crack growth happen as a result 
of loading (Cai et al., 2004; Zhang 2006). Yield occurs eventually by unstable crack 
propagation as elastic behaviour changes to plastic behaviour 5 causing the permanent 
(plastic) deformations to appear (Brady and Brown 2004). Plastic models and/or viscous 
constitutive models can appropriately reflect the behaviour of rock in the peak and the post 
peak stages (Zhang 2006). The peak strength of the rock shows the onset of post-peak 
behaviour. Peak strength is defined as the maximum stress the rock can endure under a 
given set of confinement conditions (Zhang 2006; Brady and Brown 2004). Failure can be 
initiated or even occur at the peak strength, in some cases accompanied by extensive plastic 
deformation of the specimen (Brady and Brown 2004). Exceeding the peak strength, marks 
the transition from continuum to discontinuum behaviour.  For laboratory specimens, the 
transition from continuum to discontinuum can be recognized by the formation of shear 

 
3 ln general, viscous behaviour, refers to the time-dependent behaviour of rock. Low quality and weak rocks, (such as 
sedimentary rocks), mostly show viscous behaviours before the linear elastic stage, and also after yielding, another stage 
of viscous behaviour (Zhang t2006; Brady and Brown 2004). 
4  The constitutive relation of elastic behaviour, if linear, is associated to Hooke's law; and if non-linear follows 
generalized Hooke's law (Zhang 2006; Brady and Brown 2004). 
5 Plastic behaviour of rock, can be grouped as perfectly plastic behaviour, hardening behaviour, and softening behaviour. 
If an increasing stress produces further post-yield deformation and higher residual strength, the rock exhibits strain-
hardening behaviour. In contrast, strain-softening behaviour marks the decreasing resistance of a rock specimen to load, 
at increasing axial deformation (Brady and Brown 2004). 
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bands within the rock sample or by the deterioration and axial splitting. However, in field 
conditions, the transition from continuum to discontinuum around the excavation periphery 
occurs in the form of detached volumes of rock (i.e. spalling, slabbing or violent failure of 
rock) (Eberhardt et al., 1998; Aglawe 1999; Cai et al., 2004; Brady and Brown 2004).  

Hoek et al., (1995) studied different possible failure mechanisms and instability 
modes in underground excavations under low and high in situ stress conditions and as a 
function of fracturing level of the rock mass. Later, Martin et al., (1999) incorporated the 
influence of the intermediate in situ stress as illustrated in Fig. 2 which is adapted from 
Kaiser (2020). 
 

  
(a) (b) 

Figure 2- (a) Excavation behaviour matrix based on rock mass quality (RMQ), and in situ stress state 
(presented in left vertical axis) or the mining-induced stress concentrations (presented by the stress level, 
on the right vertical axis), exemplifying different modes of rock mass failure including brittle failure (as 

highlighted grey rectangles) (b) the equivalent RMQ in the Geological Strength Index (GSI) chart (adapted 
from Kaiser (2020)). 

Kaiser (2020), discussed the nine possible static failure modes (occur solely by static 
mining-induced stresses) of unsupported underground excavations in the context of 
excavation behaviour matrix (Fig. 2a). The excavation behaviour matrix categorized the 
static failure modes as a function of stress level (SL) and rock mass quality (RMQ) (Fig. 
2b). The RMQ is specified based on the degree of fracturing within the rock mass and the 
in situ stress intensity near the excavation boundary. The in situ stress intensity is 
characterized as the ratio of maximum principal in situ stress to strength (σ1/σc) and the 
mining-induced SL is assumed equal to (3σ1-σ3)/UCS. Kaiser (2020) remarked that the 
limits of RMQ in the behaviour matrix have been customized from Kaiser et al. (2000) 
according to the experiences with deep excavation failures.  
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According to the excavation behaviour matrix, at low in situ stress environments, the 
failure mechanism is mainly controlled by the distribution of discontinuities. As can be 
seen in Fig. 2a, in massive rock masses having a limited number of discontinuity sets and 
wide spacing between constituents of the sets, a linear elastic response would be expected 
from the rock mass (M11). This type of rock mass should not require support or 
reinforcement to maintain stability during the excavation process (Villaescusa 2014; 
Martin 2019). However, for the excavation situated in fractured or blocky to disintegrated 
rock masses, falling or sliding of rock blocks and wedges could occur as the dominant 
failure mechanism (M21). However, excavations situated in highly fractured rock masses 
would fail through the mechanism of blocks unraveling from the excavations surface (M31).  

By increasing the in situ stress level, fresh stress-induced fractures parallel to the 
excavation boundary will be created. At intermediate in situ stress levels, stress 
concentrates at distinct locations around the excavation boundary, resulting in localized 
brittle failure of intact rock which is considered as the dominant mode of failure for the 
high quality massive to discontinuously jointed rock masses (M12) (Kaiser 2020). As can 
be seen in Fig. 2a, localized brittle failure could occur at one shoulder and the toe of the 
wall at opposite sides of the excavation. It is also probable that failure at the toe of the wall 
could undercut the overlying rock and propagate upward (Villaescusa 2014). In terms of 
excavation-induced stress level, localized brittle failure zones (also referred to as breakout 
or v-shaped notch) are mostly observed for the intermediate mining-induced stress levels 
where SL ≤ 1. In fact, localized spalling or slabbing (brittle failure of intact rock) could be 
expected by exceeding the SL from 0.3 to 0.5 (M12) (Bewick et al. 2019). Strainbursting 
has also the possibility of occurrence in high quality massive rock masses as remarked by 
the star sign in Fig. 2a. The localized brittle failure in the excavations located in moderately 
fractured rock masses are bounded by open discontinuities and joints, which facilitate 
movement of rock blocks near the excavations boundary (M22) (Kaiser 2020). In fact, 
unraveling of rock blocks occurs if the shear strength of a joint face is being smaller than 
the shear stresses acting across the joint face and the orientations of the joint face is aligned 
to the orientation of the stresses (Villaescusa 2014). In the case that the joints do not slide, 
tensile cracks could be generated and furtherly propagate and coalesce to form blocks that 
slide. Ultimately, in highly fractured rock masses (RMQ3), the likelihood of blocks 
sliding/unravelling along discontinuities into the excavations void (M32) increases 
especially since the fractured zone might be expanded over the entire boundary of the 
excavation (Golchinfar 2013; Hidalgo 2013; Kaiser 2020). 

At high in situ stress conditions, excavations located in massive to discontinuously 
jointed rock masses will experience deep brittle failure of intact rock (spalling and slabbing) 
throughout the entire excavations surroundings (M13) (Martin 2019; Kaiser 2020). Similar-
to-intermediate in situ stress conditions, massive rock masses under high stress levels also 
have the potential of strainbursting on the excavations surface or at some distance from the 
surface (shown by the star sign in Fig. 2a) (Kaiser 2020). In the case of excavations located 
in fractured or blocky rock masses, brittle failure happens around the entire excavation area 
accompanied by movement of rock blocks along the open fractures (M23). In fact, the rock 
mass behaviour is highly influenced by the orientations of the discontinuities relative to 
the stress components (Villaescusa 2014). Eventually, excavations placed in highly 
fractured or sheared rock mass context are failed through excessive stress-driven plastic 
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deformation/yield (M33) (Martin 2019, Kaiser 2020). Failure will occur in the form of rock 
squeezing with or without swelling in an elastic/plastic continuum (Kaiser 2020).  

In general, since the bedded rock mass mostly exist in shallow depths, and deep 
underground mines are usually located in a hard rock mass context, two main failure 
mechanisms were identified for deep underground mines, namely (1) structurally 
controlled gravity-driven; and (2) stress induced gravity-assisted failures (Bewick 2008; 
Martin 2019; Kaiser 2020).  

Aside from static failure modes which are caused by excavation-induced stresses, 
dynamic failure modes in unsupported underground excavations occur as a result of 
dynamic loading from earthquakes or mining-induced seismic events (e.g. blasting). 
Dynamic disturbance in underground excavations fundamentally cause the same failure 
modes as static failure except that the dynamic loading changes the static forces, stresses 
and deformations as well as the deformation rates (Mah 1997; Cai et al., 2004; Golchinfar 
2013; Kaiser 2020). Dynamic failure modes of rock could occur in two major forms of  
brittle unstable failures including (a) strainbursts sometimes with rock ejection caused by 
tangential straining (manifested in M12 to 13 and M23 in Fig. 3) (Aglawe 1999; Castro et al. 
2012); and (b) seismically induced falls of ground or as stated by Kaiser (2020) shakedown 
failures (manifested in M31 to 33 and M22 to 23 in Fig. 3).  
 

 
Figure 3- Two main dynamic failure modes illustrated in the excavation behaviour matrix: (a) strainburst, 

and (b) shakedown (adapted from Kaiser 2020). 

A comprehensive explanation of the dynamic failure modes of rock mass is provided by 
Cai and Kaiser (2018) and Kaiser (2020), and readers should refer to these for further 
information. Dynamic modes of underground failure (rockbursts) are beyond the outlines 
of this research. The failure criteria reviewed further in this paper, are the static, 
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structurally-controlled, gravity driven, stress assisted and stress driven (non-dynamic) 
failure mechanisms, or a combination of them. 

Once the underground failure modes and damage mechanisms are understood and 
identified, an appropriate constitutive models and failure criteria could help in 
characterizing the rock behaviour and determining the excavations performance.  

 

3. FAILURE CRITERIA USED IN EXCAVATION DESIGN 
The failure criterion in stability analysis terminology can be defined as a formula 

which indicates the stress (or strain) level at which the ultimate strength of the rock is 
reached. A failure criterion will be useful if it is based on the correct mechanism of failure. 
A failure mechanism characterizes the process leading to failure. However, failure is a 
generic term and a case-dependant factor that can be attributed to a range of the excavations 
performance malfunction, from plastic yielding of rock, generation of visible cracks on the 
boundary of the excavation, gravity driven rock falls or even complete stress-induced 
collapse (Edelbro and Sandström 2009; Idris 2014). A failure criterion quantifies the failure 
as a process under which rock mass loses its load (or strain)-carrying capacity by exceeding 
its response of interest (e.g. depth of yield, strain, convergence and others) from a 
predefined maximum tolerable threshold (Brady and Brown 2004; Kwasniewski and 
Takahashi 2010; Idris 2014; le Roux and Brentley 2018). 

The failure criteria that are commonly used for numerical evaluation of the state of 
underground instability are categorized into two general groups, that are stress-based and 
strain-based criteria. A review on the most common criteria in each of the above-mentioned 
categories are provided in the following sections. 
 

3.1 STRESS-BASED FAILURE CRITERIA 
In underground stability problems, stress-based failure criteria are employed to 

evaluate the load-carrying capacity of rock masses in the vicinity of underground 
excavations (Kwasniewski and Takahashi 2010). The majority of the existing failure 
criteria are formulated in terms of stresses (Hidalgo 2013). Stress-based failure criteria can 
be described by the maximum principal stress (σ1) that a rock can withstand for a given 
magnitude of intermediate (σ2) and minimum principal stresses (σ3) (Ulusay and Hudson 
2007; Le Roux and Brently 2018). The use of stress-based failure criteria is suitable for 
situations where constitutive models could be assigned to rocks in numerical analysis 
(Edelbro 2003; Hidalgo 2013). An in-depth review of the most common stress-based 
failure criteria used in numerical analysis of underground openings are provided in the 
following sub-sections. 

 

3.1.1 Strength-to-stress ratio (Factor of safety) 
The strength-to-stress ratio is probably the most used criterion to evaluate the failure 

conditions for underground openings. The strength-to-stress ratio compares the rock mass 
strength with the magnitude of mining induced stresses by using failure criteria. The ratio 
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generates a factor of safety which typically ranges between 0 and 10 (Abdellah 2013). 
However, according to the plasticity theory, the failure criterion here can be considered as 
a yield surface which limits the stress condition corresponding to the ultimate failure of 
rock. Therefore, it is more reasonable to speak of “yielding” criteria instead of failure 
criteria. Different yielding criteria can be used to compare the stress level and the rock 
mass strength around underground excavations (Souley et al., 2003).  

Some of the common yielding criteria in rock engineering are the Mohr-Coulomb 
criterion, Hoek-Brown empirical failure criteria (Hoek and Brown 1980), three-
dimensional versions of the Hoek–Brown failure criterion such as Pan-Hudson criterion 
(Pan and Hudson 1988), Priest criterion (Priest 2005), Zhang-Zhu criterion (Zhang and 
Zhu 2007), as well as Drucker-Prager criterion (Drucker and Prager 1952), Rock Mass 
Bulking Model (RMBM) (Gomez-Hernandez and Kaiser 2003), Single 
hardening/softening constitutive model (Lade and Jackobsen 2002) and Cohesion-
Weakening and Frictional-Strengthening model (CWFS) (Hajiabdolmajid et al., 2002).  

Numerical implementation of strength-to-stress ratio requires the selection of a 
comprehensive constitutive model. Constitutive models are important since they define the 
mechanical behaviour of the rock by relating stress to strain. A comprehensive constitutive 
model involves a “flow rule” in addition to the failure (or yield) envelope to better explain 
the behaviour of rock at failure. Since, elasto-plastic numerical simulations allow 
continuation of the solution to post peak phase, the rock behaviour and consequently failure 
conditions would be subjected to change by either strain hardening or softening phenomena. 
The comprehensive behaviour of rock should be addressed by an elastoplastic constitutive 
model consisting of a linear and isotropic behaviour in the pre-peak region, non-linear peak 
strength behaviour, a hardening or softening post-peak behaviour based on a yield function 
and corresponding flow rule (e.g. associated flow rule), and usually a perfectly plastic 
behaviour in the residual phase.  The post-peak behaviour of rocks is often associated to 
their quality. Average quality rocks tend to exhibit a strain softening behaviour after failure. 
While poor-quality rocks show an elastic-perfectly plastic behaviour. However, for hard, 
good quality rocks an elastic-brittle behaviour with a rapid drop of strength in plastic 
straining phase could be suitable (Cundall et al. 2003; Souley et al. 2003). 

Although linear elastic models (isotropic, orthotropic and transversely isotropic 
models) could be useful in some simple problems, they are unable to give a precise 
description of the true stress state around underground openings; they normally show 
higher stresses than the rock mass strength (Zhang and Mitri 2008). On the other hand, 
plastic (elastoplastic) models are largely employed for numerical modelling of hard rocks 
since they are capable of reflecting the true elastic / plastic behaviour of rock under loading 
conditions. The most common elastoplastic yielding criteria implemented in numerical 
solutions, are Mohr-Coulomb, Drucker-Prager and Modified Hoek-Brown models. It 
should be noted that the Mohr-Coulomb and Hoek-Brown criteria are two-dimensional 
criteria in which the intermediate principal stress value is not being considered. However, 
three-dimensional criteria such as the 3D Hoek-Brown, the Zhang-Zhu, the Pan-Hudson, 
the Priest, the Simplified Priest and the Drucker-Prager criteria, consider the influence of 
the intermediate stress value (Zhang 2006; Le Roux and Brentley 2018; De Santis 2019). 
Moreover, the cohesion-weakening and friction-strengthening (CWFS) model developed 
by Hajiabdolmajid et al. (2002) is reported to show a good accuracy for prediction of the 
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brittle rock failure depth (Hajiabdolmajid et al. 2002; Edelbro 2008). Diederichs (2007) 
used the mode of instantaneous cohesion-weakening and friction-strengthening model 
based on Hoek-Brown failure criterion, and successfully predicted the geometry of the 
failed zone around a circular excavation in brittle rock (Golchinfar 2013).  

Strength-to-stress ratio (i.e. factor of safety) has been extensively used in numerical 
stability analysis of underground openings. The factor of safety for the rock mass 
surrounding an underground excavation, can be simply defined as the ratio of stress over 
the peak strength of rock. It is noted in several studies that the common practice in 
underground rock engineering problems relating to factor of safety (FS), is to consider the 
values of FS > 1 as representing the stable conditions for an underground excavation; while 
FS = 1, represents the critical state between stable and unstable conditions, and the values 
of FS < 1, is considered as “failed” conditions for the excavation (Zhang and Mitri 2008; 
Abdellah 2013; Itasca 2014). However, as a more conservative approach due to ever 
present uncertainties, the critical threshold for the factor of safety is considered to be 1.3 
or 1.4 instead of unity in multiple studies (Abdellah 2015, Nuang et al., 2018; Liang et al., 
2019). 

In the case of excavations wall relaxation (Diederichs 1999) as the cause of a 
common mode of instability (tensile failure) in low compressive-tensile stress state, 
strength-to-stress criterion is defined by comparing the magnitude of the minimum 
principal induced stress with the tensile strength of the rock mass (Heidarzadeh et al. 
2018b). Regardless of the value of the major principal induced stress (σ1), if the magnitude 
of minor principal induced stress (σ3) exceeds the tensile strength of the rock mass, a failed 
condition would be considered. In some studies, rock mass is assumed with minimal 
strength against tensile stress, therefore the values of minor principal induced stress equal 
or below zero within the rock mass would lead to failure ( 3 0σ ≤ ) (Shnorhokian et al. 2015). 

Literature is rich of studies using strength-to-stress ratio or the factor of safety in 
various domains of underground stability analysis (Zhang and Goh 2012; Idris 2014; 
Abdellah 2015; Shnorhokian et al., 2015, 2018; Heidarzadeh et al., 2018a, 2018b, 2019; 
Naung et al., 2018; Liang et al., 2019). 

 

3.1.2 Stress concentration factor (induced stress level criterion)  
The potential of compressive failure in zones of low compressive and tensile stresses 

can be evaluated with the stress concentration factor (SCF). The SCF is defined as the ratio 
of the major principal induced stress (σ1) to the uniaxial compressive strength of the intact 
rock (UCS) as presented in equation 1 (Obert et al., 1960; Hoek and Brown 1980; Zhang 
2006; Shnorhokian et al., 2018).  

1

inS tact

SCF
UC

σ
=  (1) 

The value of SCF can be used to determine the location and extent of the zones under high 
compressive stress around an underground excavation (Zhang 2006). This criterion is 
suitable to simulate the loading mechanism of an unconfined compression test, therefore 
can indicate the zones within which the compressive stress exceeds the rock strength 
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(Shnorhokian et al., 2018). If the SCF value in a particular zone around an excavation is 
largely greater that unity, the zone can be considered unstable and prone to failure; however, 
if the SCF around an excavation has a more or less uniform distribution, such excavation 
is considered more stable (Obert, et al., 1960). The SCF criterion can be particularly used 
in linear elastic analyses as a powerful indicator of potential compressive failure (Zhang 
2006). 

The application of stress concentration failure criterion has been addressed by 
different studies in numerical stability analysis of underground excavations (e.g. Kumar 
2003; Zhang and Mitri 2008; Abdellah 2015; Shnorhokian et al., 2018; Abdellah et al., 
2018). 
 

3.1.3 Failure criteria for brittle failure of rock  
In brittle rock mass context, increasing the deviatoric loading (σ1 – σ3/ UCSintact ⁓ 0.6 

to 0.8) develops Griffith-type extension fractures within the rock, resulting in specific 
zones of potential rock mass failure (Castro et al., 2012; Kaiser 2020). At low confinement, 
fracture propagation which leads to rock mass spalling, continues since it is not suppressed 
by the existing level of confinement; while increasing the confinement level, increases the 
apparent cohesion, but may causes shear failure within intact rock. This transition in 
conditions, is represented by a sigmoidal (S-shaped) failure envelope (Fig. 4) in a multi-
behavioural stress space (Kaiser 2016, 2019). The failure envelope is tri-linear and is 
depressed in the low confinement zone (Gao et al., 2019). Low confinement area (at the 
left side of the spalling limit), is where spalling and slabbing dominates; and high 
confinement area (right side of the spalling limit) is where shear failure mechanism 
dominates (Castro et al., 2012; Kaiser 2020). Depending on the dominant failure 
mechanism, the rock mass around an underground excavation can be divided into ‘inner’ 
and ‘outer’ shell zones. The spalling limit (shown in Fig. 4), separates the inner and outer 
shell instability environments. Inner shell instability problems (rock mass skin damage) are 
governed by the behaviour of the rock mass in the immediate vicinity of an excavation at 
low confinement conditions, i.e. in the zone where stress-fracturing can occur and cause 
breakage of blocks or fragment subparallel to the excavation boundary. On the other hand, 
outer shell instabilities at moderate to high confinement conditions, include problems 
which occur due to shear failure mechanism with kink-band formation and shear through 
intact rock such as pillar bursting or fault slip type problems (Castro et al., 2012; Gao et 
al., 2019; Kaiser 2020). 
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Figure 4- Sigmoidal S-shaped failure criterion for brittle rock masses divided into low and high 

confinement behavioural regions with illustration of different inner and outer shell instability problems 
(after Castro et al., 2012; Kaiser 2020). 

 

The brittle shear ratio (BSR) is a differential stress criterion developed to assess the effect 
of mining-induced stresses on the inner shell stability problems of brittle rock mass 
surrounding deep underground excavations (Martin et al., 1999; Castro et al., 2012; 
Shnorhokian et al., 2015). The potential of strainbursts can also be addressed by using this 
criterion, as it compares the differential mining-induced stress (σ1 – σ3) around an 
underground excavation to the unconfined compressive strength (UCS) of the intact rock 
(Castro et al., 2012; Shnorhokian et al., 2015). Conceptually, this criterion can be defined 
through the notion of maximum shear stress since according to the Mohr Circle, the 
maximum shear stress within the rock is equal to the half the differential stress value. 
Therefore, the BSR can also be defined based on the maximum shear stress of the rock. 
The value of BSR can be calculated using the formula presented in equation 2.   

1 3

in

( )
S tact

BSR
UC
σ σ−

=       (2) 

The intensity of rock mass damage can be categorized based on the normalized 
deviatoric stress levels (BSR value). As a design tool, rock mass damage initiation (DI) 
limit around deep underground excavations can be associated to the BSR value ranges 
approximately between 0.4 to 0.5; the BSR value above the threshold equal to 0.7 indicates 
major rock mass damage and the occurrence of failure due to strainbursting (Castro et al., 
2012). The level of rock mass damage and the associated BSR level is tabulated as 
presented in Table 1.  
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Table 1- The level of rock mass damage and the potential of strainbursting (adapted from Castro et al., 
2012) 

(σ1 – σ3) / UCS Damage intensity Strainburst potential 

0.35 No to minor No 
0.35 to 0.45 Minor (spalling) No 
0.45 to 0.6 Moderate (breakout 

formation) 
Minor 

0.6 to 0.7 Moderate to major Moderate 
˃ 0.7 Major Major 

 
The Potential Stress Failure (PSF) criterion (formulated as PSF = (σ1/UCSrm) ×100 by Mitri 
2007), is a criterion similar to the BSR. The PSF is estimated at the boundary of an 
underground excavation, where minimum principal induced stress disappears. The 
maximum induced boundary stress (σ1), can be obtained from numerical modelling and be 
compared with the UCS of rock mass. 

The application of BSR in numerical stability analysis of underground openings has 
been examined by several recent studies (such as Abdellah 2013; Shnorhokian et al., 2015, 
2018; Heidarzadeh et al., 2018a, 2018b and 2019). 

 

3.1.4 Depth of yield zone 
The depth or the extent of a yield zone, is probably the most popular instability 

indicator in numerical stability analyses. This is because continuum elastoplastic numerical 
models typically display indicators of yield and therefore can be used to establish the depth 
or extent of yield zones around an underground excavation (Zhang and Mitri 2008; Kaiser 
2020). The yield condition (as a significant factor contributing to failure occurrence) 
happens at a point where the stress state satisfied the yield function (e.g. Mohr-Coulomb 
yield function) (Zhang and Mitri 2008; Abdellah et al., 2018). However, yielding of rock 
does not always lead to failure. Even though yield condition usually signifies the 
occurrence of plastic flow, it can also be possible that rock reaches the yield condition 
without any significant flow taking place. Kaiser (2020) stated that the rock surrounding 
an underground excavation can sustain its cohesive strength while yielding, and not falling 
apart or fail under gravity loading alone, i.e. will not unravel. However, in some cases 
where the yield in tension near the excavation boundaries led to the complete lost of 
cohesion, unsupported rock would unravel. Kaiser (2020), emphasized that the depth of 
yield is not necessarily the same as the depth of failure and a distinction should be made 
by considering the whole pattern of plasticity and the developed mechanism of yield (see 
Fig. 5). 
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Figure 5- Illustration of possible yielded and failed rock mass around an open stope in relation to the 

planned and unplanned void geometry (adapted from Villaescusa 2014) 
 
The depth of a yield zone as a criterion to evaluate the state of failure has been extensively 
applied in tunnel, cavern, drift and stope stability problems (Chen et al., 1983; Zhang and 
Mitri 2008; Valley et al., 2010; Wei 2010; Purwanto et al., 2013; Abdellah 2015, 2018).  
 

3.1.5 Depth of failure  
The depth of failure for an underground excavation, is defined as the difference in 

dimensions from a design surface to a resulting wall after a complete void creation. The 
estimation of the probable volume of failure for a specific area around an excavation, would 
necessitate to determine the in situ stress state as well as the rock mass strength and stiffness. 
Numerical analysis can provide the stress distributions around the excavations with any 
shape. Moreover, numerical analysis would allow incorporation of appropriate 
strength/failure criteria to estimate the depth of failure (Cepuritis et al., 2011; Villaescusa 
2014).  

According to Kaiser (2020), the extreme (maximum) depth of failure in unsupported 
rock mass can be defined empirically in relation to the calculated stress level SL, based on 
observations of the ‘extreme’ depth of failure (spalling). The extreme depth of failure (de

f) 
corresponds to the depth recorded at locations with the deepest or the most extreme failure 
(Gao et al., 2019). It was mentioned that the normalized extreme depth of failure (de

f /a) 
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for underground tunnels, increases linearly as a function of the stress level according to the 
formula provided in equation 3 (up to SL ≤ 1 and at a lesser slope of 0.75 to a maximum at 
SL = 1.5): 

1.25 0.51 0.1
e

fd
SL

a
= − ±   (3) 

Where a is the tunnel radius. Kaiser (2020) also presented an approximate estimate of the 
mean depth of failure (dm

f), based on the calibrated numerical modeling provided by Perras 
and Diederichs (2016) (see equation 4). According to Gao et al. (2019), the mean depth of 
failure is the average depth expected over a domain of uniform ground but with variable 
strength parameters (Gao et al., 2019).   

3.5 4.5

e
fm

f

d
d

to
≈     (4) 

Depending on the variability of stress and strength within the rock mass along a tunnel axis, 
the depth of failure could range from zero to de

f (Gao et al., 2019; Kaiser 2020). 
The above-mentioned relations can be used to anticipate the mean and extreme 

depths of failure in brittle rock masses. Other attempts have been made to develop different 
relations estimating the depth of failure around underground openings. In this regard, Beck 
and Duplancic (2005) determined the stresses using a nonlinear stress analysis and defined 
the depth and volume of failure considering the calculated plastic strains (Villaescusa 
2014). Similarly, Cepuritis et al. (2007) used back analysis on the stope performance in 
Kanowna Belle Gold mine, with the purpose of quantifying the effect of induced stresses 
on the rock mass damage level. Subsequently, the obtained depth of failure contours was 
plotted in σ1 - σ3 space for two different rock mass qualities. The results were also 
subdivided into regions according to the probable experienced stress paths. It was 
demonstrated that the onset of increased depth of failure for massive to moderately jointed 
rock mass (Fig. 6a), exhibit good correlation with an estimated Hoek–Brown strength 
envelope (Cepuritis et al., 2007).  
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(a) (b) 

Figure 6- Contours of depth of failure plotted in σ1 – σ3 space in a (a) massive to moderately jointed rock 
mass and (b) highly jointed rock mass (adapted from Villaescusa 2014) 

Moreover, it was shown by Cepuritis et al., (2007) that the depth of failure increases with 
increasing stress in the form of changing the stress path from monotonic loading and shear 
towards low confinement conditions. Plus, the rock mass falloff occurs under unloading 
conditions, near the region of rock mass damage initiation threshold. However, for highly 
fractured rock masses (Fig. 6b), it was demonstrated that the depth of failure generally 
varies over a wider range of stress conditions (Cepuritis et al., 2007). 

These semi-empirical indicators for the depth of failure could be integrated in 
numerical analyses tools to quantify the extent of rock mass damage and failure around 
underground excavations. The depth of failure as a stability indicating criterion, has been 
extensively employed in numerical stability analyses for different types of underground 
openings (Cepuritis et al., 2007; Ghasemi 2012; Abdellah et al., 2018; Oniyide and Idris 
2019).  

In the case of brittle failure of a rock mass, the depth of strainbursting could also find 
meaning as a failure criterion. Kaiser (2020) stated that although the depth of strainbursting 
is difficult to predict and quantify, it can be expected at locations of stress raisers, normally 
at the outer limit of the inner shell, around an excavation. For instance, in the case of a 
tunnel, strainbursting can easily involve 25% to 35% of the tunnel radius (Kaiser 2020). It 
was stated by Kaiser that the depth of strainbursting falls somewhere between dm

f and de
f 

according to the equations 3 and 4. In fact, Kaiser (2020) mentioned that near zero depth 
of strainburst is expected for the tunnels in gradually spalling ground; while for typical 
tunnel sizes in massive to moderately (unfavorably) jointed ground, depths of 1 to < 2 m 
must be expected.  
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3.2 STRAIN-BASED FAILURE CRITERIA 
Utilization of stress-based failure criteria is not always reasonable and / or justified. 

For instance, in some underground stability problems, the selection of an appropriate 
constitutive model for the rock is difficult due to lack of enough reliable data; or in some 
problems, assessing rock deformations is more convenient using proper measurement tools 
or even empirical methods. In such occasions, strain failure hypotheses could find 
application and the corresponding strain-based failure criteria can be employed to evaluate 
the state of rock mass stability (Kwasniewski and Takahashi 2010; Le Roux and Brentley 
2018). Several strain-based criteria are commonly used in conjunction with numerical 
analyses tools. An in-depth review of these failure criteria is presented in the following 
sub-sections. 
 

3.2.1 Stacey’s extension strain criterion for fracture initiation in 
brittle rocks  
Stacey (1981) proposed a criterion to predict and interpret the mechanism of fracture 

initiation in seemingly strong rocks under low confinement conditions (e.g. near the 
excavation boundary) (Wesseloo and Stacey 2016). The extension strain criterion 
successfully predicted both the orientation and the extent of fracturing in the sidewalls and 
face of tunnels prior to slabbing and spalling failure (Kwasniewski and Takahashi 2010; 
Hidalgo 2009, 2013). 
According to this criterion, fracture initiation within brittle rocks occur when the total 
extension strain equals or exceeds a critical value which inherently is dependant on the 
rock properties (Kwasniewski and Takahashi 2010; Hidalgo 2013). The criterion can be 
expressed as follows (equation 5): 

e ecε ε≥  (5) 

Where Ɛe is the extension strain and Ɛec is the critical or limiting value of extension strain 
of the rock (Kwasniewski and Takahashi 2010; Wesseloo and Stacey 2016). 

The critical values of extension strain corresponding to the commencement of 
dilatancy, were determined by Stacey based on the experimental test results obtained for 
several rock types. Accordingly, the critical value of extension strain under uniaxial 
compression conditions, occurred at a stress level equal to about 30% of the rock strength 
(Stacey 1981; Kwasniewski and Takahashi 2010).  

The Stacey’s criterion has been used in several studies to characterize the stress-
driven fractures around underground opening (e.g. Steffanizzi et al., 2007; Louchnikov 
2011).  

 

3.2.2 Sakurai’s critical strain criteria  
Sakurai (1981) devised a method called the “Direct Strain Evaluation Technique” to 

assess the stability of underground openings without requiring any stress analysis. In this 
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technique, the state of stability is determined through comparing the maximum principal 
strain (ε1) in the vicinity of an excavation (obtained from displacement measurements) with 
an allowable threshold value of strain (called critical strain) (Fig. 7).  

 
Figure 7- The notion of critical strain and strain at failure (adapted from Kwasniewski and Takahashi 

2010). 
Critical strain (ε0), was calculated as the ratio of uniaxial compressive strength of rock by 
the Young’s modulus as provided in equation 6 (Kwasniewski and Takahashi 2010): 

 
 (6) 

 
Technically, the critical strain may be different from the strain at failure strength for most 
rocks. Sakurai (1981) proposed a formula relating the strain at failure strength, to the 
critical strain as presented in equation 7. 

(7) 

 
where Ɛf is the strain at failure strength and Rf is a parameter representing failure strength. 
Sakurai (1981) mentioned that Rf values for a number of rocks and soils (from weak soils 
to hard rocks) varies between 0.005 to 0.8; however, according to Cai et al. (2011) Rf values 
are ranging between 0.1 to 0.3 for most hard rock masses. Based on the results of the 
laboratory test conducted on several rock and soil types, Sakurai concluded that critical 
strain ranges from 0.1 to 1.0% for rocks, and from 1.0 to 5.0% for soils with a uniaxial 
compressive strength ranging from 0.02 to 200MPa (Kwasniewski and Takahashi 2010). 

Sakurai et al., (1993) later modified the critical strain criterion to take into 
consideration the possible shear failure mechanism of rocks around the underground 
openings by incorporating the shear strain. The new criterion evaluates the state of stability 
by using the maximum shear strain (γ0) as presented by equation 8: 

  

0
c

iE
σε =

0

1f
fR

εε =
−
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max
0

50G
τγ =    (8) 

where τmax is the maximum shear strength, and G50 is the shear modulus at 50% of τmax 
(Fig. 8).  

 
Figure 8- Explanation of critical shear strain (γ0) in the stress – strain space (adapted from Kwasniewski 

and Takahashi 2010). 
 
The criterion was re-formulated for isotropic materials as equation 9: 

0 0(1 )γ ν ε= +    (9) 
where υ is the Poisson’s ratio, and Ɛ0 is the critical normal strain. The allowable threshold 
value of the maximum shear strain could be determined from the uniaxial or triaxial 
compression tests through the formulas provided in equations 10 and 11. 
 

max 2
c

f
στ =     (10) 

1 3
max

( )
2

f
f

σ σ
τ

−
=     (11) 

where τmax f is the maximum shear stress at strength failure. 
Based on the results of uniaxial and triaxial compressive laboratory tests on some 

rock and soil samples, Sakurai (1993) has shown that most of the obtained data (in the 
critical shear strain / shear modulus space) lie between the two limiting boundaries as 
illustrated in Fig. 9. The transition line between the limiting boundaries could mark the 
evolution from the stable to the unstable state. The equations for the upper limit (γUL), 
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transition line (γT) and lower limit (γLL) in terms of critical shear strain and shear modulus 
are formulated as follows (equations 12-14) (Idris 2014): 
 

γUL = 9.506G-0.3      (12) 
γT = 3.927G-0.3        (13) 
γLL = 1.516G-0.3    (14) 

 
The shear modulus (G) is determined using the equation 15: 

50
50 2(1 )

EG
ν

=
+

    (15) 

Where, G50 and E50 represent respectively the secant moduli of shear and longitudinal 
elasticity, at 50% of the ultimate strength; and ν is the Poisson’s ratio. 

 
The Sakurai’s critical strain criteria has been used in multiple studies to evaluate the 
yield/damage state of underground openings (Sahebi et al., 2010; Hidalgo 2013; Wengang 
2013; Idris et al., 2015). 
 

3.2.3 Aydan’s strain criterion for squeezing evaluation 
Aydan et al. (1993) have suggested a strain-based criterion based on the experiences 

obtained from case histories in Japan, firstly to evaluate the squeezing potential of tunnels. 
The method was developed on a basis of a closed form analytical solution generated 
between the axial stress-strain response of rocks in laboratory tests and the tangential 

Figure 9- The limiting boundaries of stability explained based on 
critical shear strain and shear modulus (adopted from Idris 2014) 
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stress-strain response of rocks surrounding tunnels. The tangential strain of tunnels and the 
elastic strain limits of rock mass can be calculated as presented in equations 16-17.  

Ɛe
θ = σcm / Em   (16) 

Ɛa
θ = σθ / Em    (17) 

where, Ɛa
θ is the tangential strain around a circular tunnel and Ɛe

θ is the elastic strain limit 
of the rock mass; Em represents the deformation modulus, σcm is the uniaxial compressive 
strength of the rock mass; and σθ stands for the maximum tangential stress applied on the 
tunnel walls. 
The normalized strain levels are defined by the following equations (equations 18-20):  

ƞp = Ɛp / Ɛe = 2σci
-0.17    (18) 

ƞs = Ɛs / Ɛe = 3σci
-0.25     (19) 

ƞf = Ɛf / Ɛe= 5σci
-0.32      (20) 

where Ɛe, Ɛp, Ɛs and Ɛf are the absolute strains during the elastic, plastic, weakening and 
flowing stages (after yield point) of rock, respectively (Aydan et al. 1993; Hidalgo 2013). 
Accordingly, Aydan et al. (1993) proposed five different classes for assessing the 
squeezing potential as follows (from Hidalgo 2013; Ajalloeian et al., 2017):  

(i) No squeezing (i.e. the rock exhibits elastic behaviour and the tunnel walls are 
stable): Ɛaθ / Ɛeθ ≤ 1;  

(ii) Light squeezing (i.e. the strain-hardening behaviour is observed for the rock, 
however, the tunnel will remain stable): 1˂ Ɛaθ / Ɛeθ ≤ ƞp;  

(iii) Fair squeezing (i.e. the rock shows a strain-softening behaviour with a larger 
displacement): ƞp ˂ Ɛaθ / Ɛeθ ≤ ƞs;  

(iv) Heavy squeezing (i.e. a strain-softening behaviour is observed at a very high 
rate resulting in large displacements in tunnels): ƞs ˂ Ɛaθ / Ɛeθ ≤ ƞf;  

(v) Very heavy squeezing (i.e. collapse of the tunnel will occur due to flow of rock 
and heavy rock supports are required): ƞf ˂ Ɛaθ / Ɛeθ.  

A few other common approaches are used for evaluating the squeezing potential in 
underground excavations (particularly tunnels) as semi-empirical methods (e.g. Jethwa et 
al. 1984; Hoek and Marinos 2000) and theoretical-analytical approaches (e.g. Barla 1995) 
(Ajalloeian et al., 2017). However, compared to the empirical stress-based criteria, 
Aydan’s criterion performed much better than the Hoek-Brown criterion in representing 
the whole range of experimental results. Moreover, Aydan’s criterion provides the most 
appropriate continuous best fit to experimental results and bi-linear Mohr-Coulomb 
criterion. Besides, it shows an acceptable applicability to both brittle and ductile rock 
failure (Aydan et al., 2012). 

Application of Aydan’s criterion to evaluate the squeezing potential of underground 
spaces has been addressed in several studies (e.g. Singh et al., 1997 and 2007; Hidalgo 
2013; Roache 2016; Ajalloeian et al., 2017). 
 



 22 

3.2.4 Geometric bulking of stress-fractured rock  
Stress-fractured ground with strong fragments of rock inside the inner shell will bulk, 

if deformed by tangential straining, and its volume will increase because of the unfitted 
geometry of the rock fragments. Occurrence of this phenomenon at the boundary of an 
excavation, results in unidirectional bulking of rock into the excavation void which is 
controlled by the excavation geometry and the imposed tangential strain (Fig. 10). The 
geometric bulking deformation can be estimated by a semi-empirical approach described 
by Kaiser (2016) using the linear bulking factor (BF). The BF is defined as the normalized 
length change in the radial direction to the original length which is used to characterize the 
bulking-related inelastic deformations within the rock mass (Gao et al. 2019; Kaiser 2020). 
Accordingly, mining-induced strain around an excavation can be quantified based on a 
linear BF and the average confining pressure as presented in the chart of Fig. 10. 

 

 
Figure 10- Schematic Illustration of unidirectional rock masses bulking as well as the semi-empirical 

bulking factor chart (adapted from Kaiser 2020).  

 
 

3.2.5 Chang’s strain-strength criterion 
Chang (2006) suggested a strain-strength criterion for rocks formulated as follows 

(equation 21): 

1( )ij v ckϕ ε ε ε ε= − −     (21) 
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where Ɛv is the volumetric strain, Ɛ1 is the major principal strain, k and Ɛc are the parameters 
controlling the post peak hardening/softening behaviour of rock. Subsequently, Chang 
(2011) proposed a yielding/damage criterion obtained from the results of laboratory tests 
which show a linear correlation between the volumetric strain and the major principal strain 
at yield. The criterion is presented as follows (equation 22) (Hidalgo 2013):  

1v ckε ε ε= −     (22) 

In fact, Chang (2006 and 2011) proposed a method to detect the rock damage by 
studying the changes of volumetric strains in relation to the major principal strain in the Ɛv 
– Ɛ1 space. An engineering tool called strain path analysis (SPA) was introduced for this 
purpose (see Fig. 11). Accordingly, the Ɛv – Ɛ1 space was categorized into different areas 
corresponding to different rock loading conditions (Fig. 11). Chang (2011) emphasized the 
point that Ɛv can never be greater than 3Ɛ1 as specified by the area noted by NA in Fig. 11. 
The starting point of a strain path is typically placed in the elastic domain representing the 
initial strain state in the rock. The initial strain state, can be subsequently perturbed by rock 
excavations or mining/tectonic movements. The change in strain path could be 
characterized by deformation measurements and the strain trace can then be plotted in the 
Ɛv – Ɛ1 space (Chang 2011). Accordingly, approaching the strain path to the damage 
initiation line, indicates the beginning of damage and cracking within the rock. The 
distance between the actual strain state and the damage initiation line can be used as a 
measure of the “safety factor”. Crossing the strain path over the damage initiation line, 
indicates that the major principal stress is reaching the peak level and progressive cracking 
is occurring in the rock mass (Chang 2011). Ultimately, if the strain path follows a very 
abrupt curve after crossing the damage initiation line, it is very likely that the rock is 
already experiencing the post-failure stage (Chang 2011).  

In terms of applicability, the strain path analysis can be more suitable for direct 
interpretation of measured deformations during the construction phases of underground 
excavations. Although, for evaluation of stability state during the design phase, strain paths 
could be detected by numerical simulations (Chang 2011).  
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Figure 11- The various defined domains of rock behaviour in Ɛv-Ɛ1 space (adapted from Chang 2011) 

 

3.2.6 Fujii’s critical tensile strain criterion  
Fujii et al. (1997) proposed the critical tensile strain criterion as presented below 

(equation 23) to predict the brittle failure of rocks. 

3 TCε ε=      (23) 

where ε3 is the minimum principal strain (extension), and εTC is the critical tensile strain. 
The critical tensile strain is the strain linked to strength at failure (Fig. 12). This criterion 
was developed based on the results of a series of laboratory tests (e.g. uniaxial compression 
and Brazilian tests) on cylindrical rock specimens of Kamisunagawa sandstone, Sorachi 
sandstone, Kimachi sandstone, Kamaishi granodiorite, Shinkomatsu andesite and Inada 
granite (Fujii et al., 1997). According to this criterion, failure occurs when the minimum 
principal strain reaches a critical value. The critical values of the lateral and circumferential 
strains are independent from strain rate (in the range from 0.01 to 4%/min) and from 
confining pressure (not exceeding 60MPa in the case of Shinkomatsu andesite) 
(Kwasniewski and Takahashi 2010). 
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Figure 12- Notion of critical tensile strain (εTC) (adapted from Kwasniewski and Takahashi 2010).  

 

3.2.7 Mean stress-volumetric strain criterion  
Le Roux and Brentley (2018), proposed a stress-strain criterion derived from the 

linear relationship between the mean stress (σm) and volumetric strain (εvol) around open 
stopes obtained from plotting the actual data. This criterion was proposed to predict the 
extent of failure in open stope hanging wall and side walls. Mean stress and volumetric 
strain can be mathematically expressed as follows (equations 24 and 25): 

1 2 3

3m
σ σ σσ + +

=        (24) 

1 2 3volε ε ε ε= + +      (25) 

 

According to Le Roux and Brentley (2018), the stress-strain criterion (Ssc) also referred to 
as the Dilution Stress Strain Index (DSSI), is formulated as follows (equation 26): 

m
sc

vol

S
q
σ
ε

=      (26) 

where q (GPa), is the slope of the linear trend line between the mean stress and volumetric 
strain data. By integration of this criterion in numerical analysis the expected failure depth 
in the hanging wall or sidewalls of excavations can be determined. In fact, if the volumetric 
strain exceeds the critical value for mean stress, failure will occur (Le Roux and Brentley 
2018). As reported by La Roux and Brentley (2018), the predicted failure corresponded 
very well with the actual observed failure data in twenty-two underground open stope case 
histories obtained by the CMS (Cavity Monitoring System).  

Mean stress-volumetric strain criterion has been used in some recent studies to 
predict the depth of failure around underground openings under triaxial loading conditions 
(e.g. Le Roux and Stacey 2017; Le Roux and Brentley 2018; Ahmadinejad et al. 2019). 
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3.2.8 Plastic damage index (ƞ) criterion  
A recently developed strain-based failure criterion by Mohanto and Deb (2019), is 

the plastic damage index (ƞ), defined as the ratio of the effective plastic strain to the 
effective total strain. Plastic damage index (ƞ) was introduced along with the strength 
reduction ratio (ƙ). The parameter ƙ was calculated based on the post-yielding phase of 
rocks tested under uniaxial compression (Mohanto and Deb 2019). Accordingly, Mohanto 
and Deb (2019) developed an analytical equation relating the plastic damage index and the 
strength reduction ratio, obtained by introducing five notional damage classes for the 
prediction of rib pillar stability (Table 2).  

The effective total strain (Ɛeff
T) at stress level (σeff) in multi-dimensional space are 

defined as (equations 27 and 28): 
eff

eff eff eff eff
T e p pE

σε ε ε ε= + = +     (27) 

{ }1/22 2 2
1 2 2 3 3 1

1 ( ) ( ) ( )
2

effσ σ σ σ σ σ σ= − + − + −    (28) 

Where E is the Young’s modulus of rock. The effective plastic strain (Ɛeff
p) were also 

defined as (equation 29): 

{ }1/22 2 2
1 2 2 3 3 1

2( ) ( ) ( ) ( )
3

eff p p p p p p
pε ε ε ε ε ε ε= − + − + −     (29) 

 
Equation 29 can be rewritten as the formula below (equation 30) by assuming Ɛp

1 = - Ɛp
2/υ 

and Ɛp
1 = - Ɛp

3/υ as Ɛp
1 is the plastic strain in axial direction and Ɛp

2 and Ɛp
3 are plastic 

strains in lateral and perpendicular directions of a cylindrical sample respectively. 

2 (1 )
3

eff
p pε ε ν = +  

    (30) 

where υ is the Poisson’s ratio and Ɛp
1 can be assumed as plastic strain at stress level σ in 

the post-failure region of UCS test (Ɛp). Then, plastic damage index (ƞ) at stress level σeff 
could be defined as the ratio of cumulative effective plastic strain (Ɛeff

p) to cumulative 
effective total strain (Ɛeff

T) as given by equations 31 and 32. 
eff
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     (32) 

By considering σeff equal to σ for the uniaxial compression test since σ2 =σ3=0, the following 
formula would be generated (equation 33): 
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[ ](1 ) (1 )Ta a
E
σ η η ε η− + = −     (33) 

Where 2 (1 )
3

a ν= +  

By dividing both sides of the equation 33 by σci, and considering the strength reduction 
ratio as a ratio of stress level in the plastic region to uniaxial compressive strength (as tested 
in the laboratory), the following equation would be obtained (equation 34): 

( )( )(1 )
(1 )

T
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E a
a

εκ η
σ η η

= −
− +

    (34) 

The relationship between ƞ and ƙ was taken as an indication to classify the damage 
in rib pillars (under static loading conditions). Table 2 presents the damage classification 
based on the ranges of plastic damage index, and strength reduction ratio for rocks in the 
post-yield region. Based on damage severity, five classes were identified as: I, II, III, IV 
and V from no damage to severe damage. The explanations provided in the Table 2 were 
obtained based on the expert’s opinions as well as the available data on the failure 
behaviour of rocks under uniaxial and triaxial laboratory tests (Mohanto and Deb 2019). 

Table 2- Classification of damage based on plastic damage index and strength reduction ratio (after 
Mohanto and Deb 2019) 

Damage 
class Group 

Plastic 
damage 
index ƞ  

Strength 
reduction 

ratio ƙ  
Explanation 

I No 
damage ƞ≤0.2 ƙ≥ 0.78 No noticeable damage 

observed 

II Slight 
damage 0.2˂ƞ≤0.4 0.78˃ ƙ ≥ 

0.57 

Extension of existing visible 
cracks or formation of 

new/fresh visible cracks in 
roof and / or pillar 

III Moderate 
damage 0.4˂ƞ≤0.6 0.57˃ ƙ ≥ 

0.37 

Detachment of loosened 
small rock pieces from the 

roof and/or pillar 

IV High 
damage 0.6˂ƞ≤0.8 0.37˃ ƙ ≥ 

0.19 
Fall of rock blocks from the 

roof and/or pillar 

V Severe 
damage ƞ˃0.8 Ƙ ˂ 0.19 

Severe damage to the 
underground openings. May 

result in the roof fall or 
collapse of sidewalls 

 
The application of plastic damage index in prediction of rock mass damage / failure has 
recently been studied by Mohanto and Deb (2019) and Guang et al., (2020). 
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3.2.9 Displacement / convergence criteria  
Displacement measurement is a common approach used in stability assessment of 

any underground excavation. Displacements occur within the rock mass away from the 
excavation periphery, while convergence, (i.e., the relative displacement of two points on 
the boundary of an opening) can be measured on the excavation periphery (Zhang 2006; 
Brady and Brown 2004; Abdellah 2013). Displacement/convergence indices are used to 
determine whether the excavation is serviceable or not (Idris et al., 2011). 
Displacement/convergence indices are generally site specific in terms of their dependence 
on rock mass stiffness characteristics as well as the intended usage of the underground 
excavation (Zhang and Mitri, 2008). In some cases, horizontal displacement of excavation 
walls is measured in terms of wall convergence to provide the relative displacement. The 
wall convergence ratio (WCR) is a non-dimensional index that calculates the percentage of 
the total excavation wall displacement relative to the span of the excavation (see equation 
35):  
 

0 1

0 100%W WWCR
W
−

= ×     (35) 

where W0 is the span of excavation; and W1 is the wall horizontal displacement.  
Roof sag (i.e. roof vertical displacement) ratio (RSR) as the second criterion can be defined 
as the ratio of the sagging of roof or back of an excavation (ΔS) to the height of an 
excavation (W0) (Zhang and Mitri 2008). Hence (equation 36):  

0 100%SRSR
W
∆

= ×     (36) 

Floor heave (i.e. floor vertical displacement) ratio (FHR) as the third criterion is defined 
by the ratio of floor heave (Δh) to the height of the excavation (Zhang and Mitri 2008) as 
(equation 37), 

0 100%hFHR
W
∆

= ×       (37) 

Floor heave, is an instability condition which occurs where the floor rocks are relatively 
weak and the material yields under the stresses operating beneath the excavation side walls 
(Brady and Brown 2004). 

Displacement/convergence criteria have been implemented in numerical stability 
analysis of tunnels (e.g., Panet and Guenot 1982; Vlachopoulos and Diederichs 2009), 
underground haulage drifts (Zhang and Mitri 2008; Musunuri et al. 2010; Abdellah 2013, 
Abdellah et al. 2014; Abdellah et al. 2018) and underground open stopes (e.g. Idris et al. 
2011; Hidalgo 2013; Badge et al. 2017).  
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4. DISCUSSION 
 

The main purpose of numerical modeling is to evaluate the state of excavation 
stability by quantifying the effect of induced stresses and relating different magnitudes of 
induced stresses to different levels of rock mass damage around an opening void. For 
underground excavations in deep hard rock mines, the choice of numerical modeling 
approach includes linear elastic numerical modeling (e.g. Map3D software), and nonlinear 
elasto-plastic numerical modeling with continuum or discontinuum finite element or finite 
difference analysis (e.g. software like Abaqus, UDEC, 3DEC, FLAC(3D), Unwedge, 
RS2/3 and etc.) (Villaescusa 2014).  

In linear elastic numerical modeling, a site-specific critical stress level is defined to 
quantify the damage intensity. The rock mass response below this critical stress level is 
considered elastic with very little observable damage. However, by increasing the level of 
overstressing, the damage level increases resulting in development of a potential damage 
zone around the excavation. Increasing the elastic overstressing beyond the critical level 
would result in stress-driven failures. The disadvantage of linear elastic modeling is the 
inability to indicate rock movements, falloffs, or dilution from fault or shear zones 
(Villaescusa 2014). On the other hand, nonlinear elasto-plastic numerical modeling as a 
powerful alternative approach, can predict rock mass damage/failure mechanisms for 
complex mining problems where a potential exists for high levels of deformation and 
substantial plasticity. In fact, nonlinear numerical analysis is able to compute the 
displacements, damage and deformations within the rock mass in complex models 
containing large number of excavations (Bobet 2010; Villaescusa 2014).   

Generally, excavation instability in numerical analyses, can be detected by an 
unacceptable deformation or displacement of the rock mass into the opening void. 
Displacements and stresses as typical output variables of a numerical simulation, can be 
compared with pre-defined critical thresholds of various failure criteria (Brady and Brown 
2004; Villaescusa 2014). Certain critical thresholds in the forms of displacement 
(deformation), stress or velocity, or in some cases, a certain volume of rock can be adopted 
to quantify the intensity of damage or eventual failure (Villaescusa 2014; De Santis 2019). 
Integration of different failure criteria into the numerical analysis, inevitably includes some 
limitations and technical considerations which have to be well noted.  

First of all, depending on the nature of the problem, the selection of a suitable failure 
criterion requires that the expected mode of instability be identified based on the rock mass 
quality and the in situ stress state. An appropriate failure criterion among the existing 
stress-based or strain-based criteria is one that provides a valid explanation of the actual 
mechanism of instability. To reflect the elastic failure of brittle and hard rock masses (mode 
M11 in Fig. 2), elastic constitutive models should be adopted. Elastic, isotropic models are 
appropriate for isotropic, homogeneous and continuous rock masses with linear stress-
strain behaviour; while the elastic, orthotropic, or transversely isotropic models are suitable 
to simulate the rock masses that show elastic anisotropy (e.g. laminated rock masses loaded 
below strength limit). In such cases, the factor of safety can be calculated to reflect the 
level of instability (Itasca 2014). If a rock mass is subjected to some degree of permanent, 
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path-dependent deformations (plastic failure), suitable elasto-plastic constitutive models 
must be selected to determine the extent of yield within the rock mass. For instance, if 
shear failure is the dominant mode of failure (e.g. M33 in Fig. 2), Mohr-Coulomb plasticity 
model can be used. This constitutive model is suitable to address the yield behaviour of 
rock materials subjected to shear loading. To characterize the post failure behaviour of rock 
masses, the strain-hardening/softening models based on variations of the Mohr-Coulomb 
model properties, or the modified Hoek-Brown model with a stress-dependent plastic flow 
rule can be used. It should be noted that, even though the Drucker-Prager plasticity model 
may be useful to model soil behaviour (e.g. soft clays with low friction angles), this model 
is not recommended for application to rock materials (Itasca 2014).  

Aside from the extent of yield or depth of failure criteria, strain-based criteria can 
also detect the rock mass damage / failure. For instance, the extension strain criterion by 
Stacey (1981) characterizes the onset of rock fracturing while the criteria by Sakurai (1993) 
and Chang (2011) are yielding/damage criteria (Hidalgo 2013). However, some questions 
have been raised regarding the applicability of these conventional strain-based criteria in 
explaining different failure mechanisms. These arguments are going to be addressed further 
and should be taken into consideration prior to the selection of such strain-based criteria. 
In this regard, Stacey made it clear that his extension strain criterion does not have a 
universal character and it can only address the onset of fracturing in brittle rocks under low 
confinement (e.g. excavations at shallow depths and/or in the immediate vicinity of 
underground excavations) (Kwasniewski and Takahashi 2010). Also, the applicability of 
this criterion in predicting the initiation of failure for all rock types is not yet accepted 
(Stille et al., 2010). Moreover, Martin (1997) mentioned that it is still not clear what 
fundamental failure mechanism is explained by this criterion (Ghasemi 2013). In spite of 
the above-mentioned arguments, some studies support the application of Stacey’s criterion, 
including Martin et al. (1999), Diederichs (2003) and Eberhardt et al. (2004) (as reported 
by Kwasniewski and Takahashi 2010; Ghasemi 2013; Wesseloo and Stacey 2016). Similar 
concerns have been raised regarding the applicability of Sakurai’s and Chang’s methods. 
In fact, the range of Rf suggested by Sakurai (1981) (from 0.05 to 0.8) was reported not to 
provide a general application since it includes both weak and hard rocks (Hidalgo 2009). 
Cai (2011) informed that Rf could range from 0.1 to 0.3 for hard rock masses and can 
further increase to 0.4. The Chang’s method (2006), also did not clearly indicate how the 
constants κ and εc were determined and under which conditions they apply. Moreover, it 
was not clear that the plastic deformation determined by Chang’s criterion can be 
interpreted as failure and fallout of rock, or formation of fractures without occurrence of 
failure (Stille et al., 2010). Also, Fujii’s criterion was informed not to be applicable in 
situations where strain-hardening behaviour is expected (Fujii et al 1997). Another key 
point is that, these failure criteria are formulated in terms of strain quantities and are all 
defined according to strength data derived from laboratory tests. For instance, Aydan’s 
criterion is suitable only when the required parameters for numerical analysis are taken 
from in situ tests (Aydan et al., 2012). It can be considered as an advantage of the strain-
strength criteria such as Chang’s or Sakurai’s that the values of volumetric strain, the 
maximum principal strain and the critical shear strain can be easily determined from 
laboratory tests. In some cases, the choice of a suitable strain-based failure criterion can be 
dependent on the field observations. For instance, in some cases, sufficient deformation 
data might be available by measurement devices (e.g. extensometers), thus making it 
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possible to set an actual threshold for heave or sagging of a wall. Therefore, using the 
displacement / convergence indices (e.g. RSR, WCR or FHR), could be considered since 
they are generally site specific. It is reported that the utilization of displacement / 
convergence indices to analyze the stability using numerical modeling programs requires 
prior justifications, as these indices depend on the site-specific rock mass stiffness 
characteristics, the targeted failure mode of the underground opening, as well as the design 
and code requirement (Zhang and Mitri, 2008).  

If the brittle failure of the rock mass is required to be evaluated, the choice of stress-
based brittle failure criteria (such as BSR) are highly recommended. In numerical analysis 
programs such as FLAC, an embedded programming language code (e.g. FISH code for 
FLAC software) is designed to facilitate the integration of new variables and functions. As 
an example, BSR function can be coded within the FISH language using the maximum 
shear stress (one of the outputs in FLAC) in the model (Shnorhokian et al., 2015; 
Heidarzadeh et al., 2018a). About using the BSR criterion, it should be taken into 
consideration that it provides more definite results in a heterogeneous rather than 
homogeneous rock masses. This is because the effect of a differential stress value on BSR 
could change from one formation to the other having different strength properties 
(Shnorhokian 2018). If numerical modeling programs are incapable of directly defining the 
s-shaped or tri-linear failure envelopes required for rock brittle failure, the s-shaped peak 
strength envelope could be approximated by adopting appropriate Hoek–Brown (or Mohr–
Coulomb) parameters (Kaiser 2020). As mentioned by Kaiser (2020) best practice in such 
cases could be to ignore the common Hoek–Brown parameter tables (Hoek et al. 1995) and 
to adopt a representative mean UCS value and a high, best fit mi value (Kaiser 2020). In 
addition to shear-related instabilities, the possibility of low confinement compressive or 
tensile failure can be detected by the stress concentration ratio and tensile strength-to-stress 
ratio respectively. In a stress concentration criterion, the comparison of the major principal 
induced stress with the UCS of intact rock could only be valid in immediate vicinity of an 
opening face, since the confinement (or minor principal stress) is zero (Shnorhokian et al., 
2015; Heidarzadeh et al. 2018b). As a diagnosis indication in numerical modeling, if the 
SCF is more or less uniform around the excavations periphery, such excavation is 
considered more stable (Shnorhokian et al., 2015). This criterion can also be used in linear 
elastic numerical modeling as an indicator of potential failure (Zhang and Mitri 2008).  

To avoid misinterpretation of numerical modeling results, the difference between 
yielded and failed rock masses should be clearly stated. As noted before, rock mass around 
an excavation void could actually be yielded under the loading conditions but yet 
unremoved, due to e.g. the local arched shape of the span holding up the yielded rock 
(Villaescusa 2014). In continuum numerical modeling programs such as FLAC3D, plastic 
indicators (e.g. plastic strain) display the zones in which the stresses satisfy the yield 
criterion. This indication normally signifies the occurrence of plastic flow; however, it is 
possible for an element to remain on the yielded area without any major flow taking place. 
Also, the plastic indicators are capable of identifying the current yielded zones as well as 
the zones that have failed earlier in the model run, but the stresses are currently below the 
yield surface. In fact, at the beginning of a simulation, some zones can be subjected to 
initial plastic flow but subsequent stress redistribution can unload the yielding zones so 
that their stresses no longer exceed the yield surface. In this regard, evolution of the stress 
state in the model over the duration of a simulated mining activity should be considered 
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accurately, as changes in the stress level may lead to changes in failure modes (Kaiser 
2020). For instance, relaxation of an excavation wall could alter the failure mode from M22 
or 23 to M21 or 31; while an increase in extraction ratio could result in changing from M22 
or 32 to M23 or 33 (See Fig. 2) (Kaiser 2020). Therefore, it is important to consider the entire 
pattern of plasticity indicators to see whether a failure mechanism has developed. 
Development of a failure mechanism is concluded if there is a connecting line of active 
plastic zones that join two separate surfaces and if the velocity plot also shows motion 
corresponding to the same mechanism (Itasca 2014; Villaescusa 2014). Actually, velocity 
(i.e. displacement per mining step) can be taken as an upper-bound indicator for instability, 
as all grid points having high velocity should supposedly be assumed unstable even if the 
rock is undamaged (e.g., a moving rock mass bounded by structure). While, plastic strain 
(i.e. rock damage) can be considered as a lower-bound indicator of instability, as rock mass 
can be damaged, but may still be stable if the velocity is low (Cepuritis et al., 2010; 
Villaescusa 2014). As a rule of thumb, points in the numerical model that show large 
velocities could be expected to have a very high likelihood of instability. While, the points 
that are located at the excavations surface displaying high levels of plastic strain and low 
levels of confinement, are expected to fail in the form of falloffs (Villaescusa 2014).  

As a final remark, the reliability of a failure criterion can be accurately assessed by 
using the criterion to simulate an observed failure. In fact, confirmation of underground 
design reliability can be obtained through back analyzing quantitative damage / failure 
criteria, such as depth of failure (Ghasemi 2013; Villaescusa 2014). Back-analysis can also 
be used to calibrate any given failure criteria. Moreover, back analyzing of an observed 
case of failure, helps in generating new empirical relationships between the key parameters 
defining the state of stability. In this regard, Cepuritis et al. (2010) reported a relationship 
between maximum velocity during stope extraction (regardless of plastic strain) and the 
percentage of “unstable” points around a stope. Furthermore, a relationship between plastic 
strain during stope extraction (regardless of velocity) and the percentage of “unstable” 
points was also obtained. Villaescusa (2014) suggested this criterion as a reasonable 
predictor of falloff occurrence, as the rock masses with this corresponding level of plastic 
strain and velocity, would almost certainly unravel if unconfined and exposed.  

 
 

5. CONCLUSION 
 
In this paper, an in-depth review is presented on the theoretical fundaments and 

applicability of the most common failure criteria used in numerical stability analysis of 
underground excavations. Several stress-based and strain-based failure criteria were 
studied both in terms of theory and practice. The focus of this study was on the criteria 
used in continuum numerical analysis. An effort was made to suggest more suitable and 
efficient criteria regarding different failure mechanisms.  

As concluding remarks, it was emphasized that the choice of failure criteria should 
be dependent on the anticipated mode of failure. In addition, the field conditions of the 
problem should be considered as a leading factor. Even though employment of stress-based 
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failure criteria is more common in numerical analysis, their usage is not always reasonable 
and / or justified. Strain-based failure criteria can be employed in cases where the selection 
of appropriate constitutive models for rock is not convenient maybe due to the lack of 
enough reliable data, and/or in the cases where, the evaluation of rock deformations is more 
convenient using appropriate measurement devices. 

The quantification of the state of underground instability can be successfully 
achieved by implementing suitable failure criteria in numerical analysis tools. For 
underground excavations in deep hard rock mines, nonlinear elasto-plastic numerical 
modeling with continuum or discontinuum finite element or finite difference analysis could 
be the best choice. In this paper, some useful tips and remarks were also provided regarding 
the numerical implementation of different failure criteria. In this regard, it was noted that 
using the embedded programming language codes in numerical programs (e.g. FISH code 
for FLAC software), could be helpful for integrating failure criteria. Finally, it was 
recommended in this paper, to assess the reliability of the failure criteria by using them to 
simulate an observed case of failure. Back-analysis can also be useful in the calibration of 
any given failure criteria. It is worth to point out that considering the theoretical and 
practical issues addressed in this paper, would make the numerical stability analysis of 
underground excavation, a more convenient task for the underground rock engineers. 
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