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ABSTRACT 

Many Nevada gold deposits are found in highly fractured and faulted host rock with RMR ranging 

from 10 to 50. Various ground control design issues in weak rock masses are faced by most 

underground mines operating in Nevada. Numerical models complement field observations, 

instrumentation techniques, and testing, by providing a better insight into the fundamental behavior 

and response of weak rock mass and its interaction with support systems. It facilitates development 

of a better design methodology and guidelines for excavation span and support design. MPBX 

arrays were installed in underground excavations and the displacements at MPBX nodes were 

observed for previous numerical model calibration. Time dependent numerical models were 

designed to take into consideration the effect of jointing using discrete fracture network (DFN) and 

rock bolts in 3DEC. Sensitivity studies were performed on over 200 time dependent numerical 

models to understand the effect of various rock support design parameters on different excavation 

sizes and depths. Rock bolt length and spacing was varied for numerical models to understand the 

effect of each parameter on to stability of the underground excavations. A strain dependent criterion 

is considered for predicting squeezing instability in the numerical model at the end of 4-year period. 

Over 200 numerical models were developed as a part of this study for studying the effect of various 

rock parameters, joint parameters, support design parameters, excavation size and depth 

parameters. Rib squeeze of 90 mm in each rib for a 12x12 ft opening which is equivalent to 4.65% 

maximum principal strain rate in the semicircular region in ribs is chosen as cut-off point for 

defining instability in squeezing ribs at the end of four-year period. Among the rock and joint 

modeling parameters, Young’s modulus, Poisson’s ratio and joint normal stiffness are critical for 

time dependent rock squeezing. Modulus numbers for rock in particular are critical. The rock 

squeezing over time increases at lower value of Young’s modulus leading to squeezing instability 

in underground excavations.  
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1 Introduction 

Many Nevada gold deposits are found in highly fractured, faulted, and argillised host rock (Brady 

et al., 2005) with Rock Mass Rating (RMR76) mostly ranging from 10 to 50, classified as weak to 

very weak rock under Bieniawski’s (1976) rock mass classification system. As a consequence, 

underground mines experience hazardous and difficult to control ground conditions, resulting in 

many injuries and fatalities. The most common problems in mines dealing with weak rock masses 

are roof falling, rib spalling, pillar cracking and uncontrolled deformation, support failure etc. 

Underground mines in Nevada have significant squeezing ground issues which leads to severe 

instabilities and roof falls. 

Historically there has been very minimal or limited emphasis placed in addressing problems related 

to ground behavior, control, support design, and performance in weak rock masses in underground 

mines in the USA. With easy-to-mine resources depleting very fast, the mining operations are 

expanding to deeper and deeper horizons and experiencing even more difficult to control ground 

conditions. The increase in mine development in weak and difficult to control ground conditions 

increases the risk to miners due to lack of adequate support design guidelines for weak rock mass, 

as occurs at Nevada gold mining operations in weak rock masses.  

Most of the mines in State of Nevada are situated in weak to very weak rock conditions, and pose 

a challenge in ensuring safe work conditions. A field instrumentation plan covering a broad 

spectrum of weak rock conditions and support systems that are typically employed in difficult-to-

control ground conditions, with the objective to measure and quantify rock behavior and 

deformational characteristics, support performance, and rock-support system interaction is 

employed. The field instrumentation plan will help develop a better understanding of the complex 

nature of weak rock mass behavior under real-time mining conditions, and may provide answers to 

some uncontrolled movements or failure of rock in excavations. 
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Implementation of an instrumentation plan was performed covering a spectrum of weak rock 

conditions and support systems that are typically employed in difficult-to-control ground 

conditions, with the objective to measure and quantify rock behavior and deformational 

characteristics, support performance, and rock-support system interaction.  3D numerical 

simulation techniques can be used to gain greater insight into the behavior of weak rock mass, 

support mechanisms and support failure and stress conditions surrounding entries under weak rock 

conditions. For this purpose, as part of this study, a large number of models are built to analyze a 

broad range of geological conditions and support scenarios.  
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2 Literature Review 

2.1 Discrete Fracture Network 

Discrete Fracture Network (DFN) approach is well established and used primarily in petroleum 

engineering and hydrology for permeability and fluid flow analyses. Methods by Snow (1965, 

1969) determined the orientation and apertures of fractures in the field. Snow’s theory assumed 

fractures to be infinite, which would result in higher permeability values than the actual 

permeability of the fractured rock mass. Parsons (1966) used regular fracture-matrix model with 

any number of fracture sets for the heterogeneous fracture system. Caldwell (1971, 1972) used 

electrical analog models to study finite fractures. La Pointe and Hudson (1981) developed new 

techniques for quantifying and analyzing the geometry of joint patterns using conventional 

statistics, geostatistics, and printed circuit board analogs, and applied their techniques to a test case 

in the Niagaran dolomites (Silurian) cropping out in the western flank of the Michigan Basin near 

Lannon, Wisconsin. Sagar and Runchal (1982) extended Snow’s (1965, 1969) theory to account 

for finite size of fractures assuming that flow in any fracture is independent of flow in the other 

fractures.  

Robertson (1970) and Baecher et. al., (1977) established that it is not necessary to look at all 

possible combinations of fracture length and density and for a given set of fractures, a probabilistic 

relationship for fracture frequency can be expressed. Long et. al. (1982) developed a two 

dimensional fracture system model in which the shape, size, orientation, and location of fractures 

are random variables in the model. A numerical code has been developed to generate sample 

fracture systems in two dimensions and determine permeability of such systems (Long et. al., 1982; 

Long, 1983). Englman et. al. (1983) modeled a network of cracks pervading a rock by random 

distribution of 2-dimensional intersecting, complex, narrow cracks. Andersson et. al. (1984) 

developed a method for the modeling of fractured rock which takes into account the uncertainty in 
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the fracture network geometry as well as actually measured information, such as that obtained from 

cores.  

Endo (1984) created a homogenous anisotropic fracture system for investigating the directional 

nature of mechanical transport. Endo et al. (1984) used the procedure developed by Long et al. 

(1982) to create fractures in generation region one set at a time, and number of fractures in each set 

is controlled by an assigned areal density. Smith and Schwartz (1984) generated realizations of 

discrete fracture network from a set of probability distributions describing fracture geometry. Long 

and Witherspoon (1985) studied the interaction between fracture sets as a complex function of 

fracture density and fracture size. Since both fracture density and fracture extent are hard to 

determine from bore hole data, the effect of degree of interconnection was investigated by 

numerically simulating flow in fracture networks where fracture size and density varied inversely, 

while the product of these two was held fixed (Long and Witherspoon, 1985).  

Elsworth (1986) presented a numerical method to evaluate the transient response of discretely 

fractured systems in a systematic and computationally economic manner. Elsworth (1986) 

developed revised direct boundary element formulations that are capable of discretizing individual 

fissure discs and their intersections with adjacent fissures. Dershowitz and Einstein (1987) 

developed two- and three-dimensional fracture flow models, made computational comparisons, and 

show that different fracture geometries lead to considerably different conductivities, that three 

dimensional modelling leads to higher conductivities than two dimensional modelling, and that 

equivalent porous medium or even stochastic continuum approaches are not generally applicable 

to fracture flow problems. Anderson and Dverstorp (1987) used the model in which a fracture is 

modeled as a plane circular disc with certain radius, orientation and transmissivity. Discrete fracture 

network technique has been most successful for the study of flow in fractured media.  

Bear et al. (1993) discussed solute transport through fracture networks detailing two dimensional 

discrete fracture models, three dimensional network models and continuum models of solute 
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transport in fracture networks. Zimmerman and Bodvarsson (1996) used discrete fracture network 

for study of effective transmissivity representing two dimensional fracture network as network of 

conductive elements that are connected to each other at nodes. Adler and Thovert (1999) discussed 

in detail the generation of fracture networks, random surfaces, orientational properties, basic 

network models used for the study of thermal and mechanical properties.  

Li and Lee (2008) described a hybrid finite volume method, designed to simulate multiphase flow 

in a field-scale naturally fractured reservoir, and proposed a numerically efficient hybrid method 

in which small and medium fractures are modeled by effective permeability, and large fractures are 

modeled by discrete fracture networks. Elmo and Stead (2009) used an integrated finite 

element/discrete element–discrete fracture network approach to study the failure of rock masses in 

tension and compression, along both existing pre-existing fractures and through intact rock bridges, 

and incorporating complex kinematic mechanisms to the characterization of rock mass strength of 

naturally fractured pillars. Starzec and Anderson (2002) discussed implementation of a stochastic 

discrete fracture network to predict the amount and size of key blocks around the rock cavern of 

the Central Storage Facility for Spent Nuclear Fuel (CLAB-2, Central Lager Använt Bränsle) in 

south-eastern Sweden, where stochastic fracture model was generated with a FracMan discrete 

fracture simulator by adopting random fracture locations and the key block statistics along a 

simulated tunnel positioned inside the fracture model were generated. Folin et. al (2014) presented 

a methodology to constrain the geometric and hydraulic parameters that define a discrete fracture 

network (DFN) model for each fracture domain based on flow logging and down-hole imaging in 

cored boreholes in combination with DFN realizations, fracture connectivity analysis and pumping 

test simulations. Scholtèsa and Donzé (2012) reproduced fracturing of intact material and yielding 

within discontinuities, depending on the loading conditions and material strength and simulations 

of referenced experimental tests were presented to show the capabilities of the model in tackling 

the failure mechanisms of intact rock in the presence of pre-existing discrete fractures, with an 
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emphasis on the initiation and propagation processes. Pine et. al (2015) presented a method for 

modelling discrete fracture in rock masses under tensile and compressive stress fields, based on a 

Mohr–Coulomb failure surface in compression and three independent anisotropic rotating crack 

models in tension, employing an explicitly time-integrated coupled discrete element/finite element 

approach with an explicit Lagrangian contact algorithm to enforce non-penetration of the surfaces 

created when the tensile strength is depleted. 

 

2.2 Synthetic Rock Mass 

In-situ tests pose a number of uncertainties and are very expensive. Presently, the rock mass 

strength and deformation characteristics are evaluated by using empirical methods such as rock 

mass classification systems. Bieniawski (1973) proposed an engineering classification of jointed 

rock mass termed as Geomechanics Classification, more commonly known as Rock Mass Rating 

System. RMR is based on properties of rock materials and rock masses and incorporates best 

aspects of previously used rock classification systems. Bieniawski (1978) suggested a new 

approach to assess rock mass deformability based on the Geomechanics Classification of rock 

masses. Barton et al. (1974) performed an analysis of some 200 tunnel case records which revealed 

a useful correlation between the amount and type of permanent support and the rock mass quality 

Q, with respect to tunnel stability and concluded that detailed analysis of the rock mass quality and 

corresponding support practice can estimate the suitable permanent support for the whole spectrum 

of rock qualities.  

Barton (2002) evaluated potential improvements in rock mass properties and reduced support needs 

that can be expected from state-of-the-art pre-injection with fine, cementicious multi-grouts, based 

on measurements of permeability tensor principal value rotations and reductions, caused by grout 

penetration of the least favorable joint sets. Hoek-Brown criterion was originally developed for 

estimating strength of hard rock masses but due to lack of alternatives, the criterion has been applied 
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to a variety of rock masses including poor quality rocks which necessitated changes to the original 

criterion (Hoek and Brown, 1997). Palmstörm (1996) developed the Rock Mass index (RMi) to 

satisfy a need for strength characterization of rock masses for use in rock engineering. RMi gives 

a measure for reduction of intact rock strength caused by discontinuities and has been applied for 

the design for rock support amongst other applications.   

Bieniawski (1967) discussed the theory of fracture process and proposed a hypothesis of brittle 

fracture of rock which was verified experimentally under compressive and tensile forces. Another 

experimental study of microscopic behavior of rock using triaxial compression tests on samples of 

fine grained argillaceous quartzite was done which observed mircocracking to be mainly intra-

granular and parallel to the direction of maximum principal stress (Hallbauer et al., 1973). Kranz 

(1979) studied crack growth and development as a function of time for uniaxial compression of 

Barre granite with the scanning electron microscope. Blair and Cook (1998) developed a non-linear 

rule based model for the fracture in compression of heterogeneous brittle materials such as rock 

and studied crack nucleation and propagation at the grain scale. They used the model to simulate 

the uniaxial compression test of rock samples and results underscore the importance of crack 

interaction in extensile cracking of rock in compression even at low densities.  

Kemeny (1991) studied the growth of cracks under compressive stresses using a sliding crack 

model which considers extensile crack growth due to stress concentrations around pre-existing 

flaws. The model is able to predict the dependence of the stress strain curve on applied strain rate 

and agrees well with experimental data. Kemeny and Cook (1991) reviewed the micromechanical 

models developed by various researchers and observed the similarity in micromechanical behavior 

of a wide range of rock types. They proposed a generic micromechanical model and showed how 

these micromechanical models can form the basis for continuum damage models using the finite 

element method.  
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Lockner and Madden (1991) developed a numerical multiple-crack interaction model to simulate 

the failure process in brittle solids containing significant populations of flaws. The model 

developed, which is two dimensional, allows for the growth of micro cracks on a regular array of 

potential crack sites. Lockner (1998) presented a semiempirical constitutive law for the brittle 

deformation of intact Westerly granite which required eight experimentally determined coefficients 

to fully describe the stress strain response from initial loading to failure. The similarity between the 

prefailure constitutive law for intact rock and the rate- and state-dependent friction laws for 

frictional sliding on fracture surfaces suggests a close connection between these brittle phenomena. 

Okui and Horii (1997) examined the validity of a micromechanics based continuum theory called 

the interaction field theory by comparing its predictions of short-term strength and creep behavior 

of hard rock with reported experimental data.  

Krajcinovic (1989) discussed the methods of analyses of brittle response of solids, limited to 

influence to crack-like microdefects have on the compliance. Schlangen and Garboczi (1997) 

developed a method that uses digital images of the real microstructure of a material for the 

implementation of heterogeneity in the model. Simulated crack patterns were obtained for a real 

material, using this technique, which appear quite realistic. D’Addetta et al. (2002) presented a two-

dimensional model of heterogeneous cohesive frictional solids where the material structure is 

idealized by a discrete granular particle assembly. They performed simulations of the quasi-static 

uniaxial loading with two different boundary conditions, and shearing of a solid, to provide a 

geometrical description of the damage state, and of the microscopic fracture events. Different 

characteristic quantities were introduced and their relevance was examined. The results obtained 

from simulations are in satisfactory agreement with experimental observations.  

Donze and Magnier (1995) proposed a 3-D numerical model of brittle behaviour where matter is 

discretized in individual elements and these are linked by tensile interaction forces generating 

cohesive media. It was an interesting formulation as for finite deformations, the links can break, 
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thus simulating microcracks and eventually evolve into a microscopic fracturing process. Bazant 

et al. (1990) developed a method of computer generation of particle system meeting the prescribed 

particle size distribution for particle modeling for brittle aggregate composite materials such as 

concrete, rocks or ceramics. Trent et al. (1987) modified the distinct element method to include the 

effect of bonding and performed numerical experiments to study the influence of microphysical 

parameters and loading conditions.  

Lorig and Cundall (1987) presented a numerical method in order to study the mechanisms that 

operate under high intensity dynamic loading in which a concrete member is modeled as an 

assemblage of elastic blocks bonded together at common boundaries. Cundall et al. (1996) 

described a modeling approach that treats rock as a heterogeneous material i.e. a micromechanical 

model for rock, followed by the presentation of a simple constitutive model based on idealization 

of some observed mechanism. Cundall et al. (1982) developed a computer program BALL which 

implements the discrete element method and is used to perform a variety of experiments under a 

variety of boundary conditions.  

Plesha and Aifantis (1983) critically reviewed continuum approach and discrete modeling approach 

for mechanical modeling of rocks with microstructure and examined their interrelation. Napier and 

Malan (1997) proposed a model for direct mechanistic simulation of seismic activity which uses a 

discontinuum viscoplastic formulation to relate the rate of slip on a crack to the shear stress acting 

on the crack. Van de Steen et al. (2001) used a two dimensional boundary element code, based on 

displacement discontinuity method for numerical modeling of fracture initiation and propagation 

in biaxial tests on rock samples. Fang and Harrison (2002) developed a novel numerical 

methodology for the simulation of these isolated microstructural changes, known as dissipative 

processes, particularly in compressive fields, such that the resulting non-linear macroscopic 

behaviour can be predicted.  
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Jing (2003) reviewed the techniques, advances, problems and likely future developments in 

numerical modelling for rock mechanics by explaining the special nature of rock masses and the 

consequential difficulties when attempting to model their inherent characteristics of 

discontinuousness, anisotropy, inhomogeneity and inelasticity. Robertson and Bolton (2001) 

modeled distinct element models of crushable grains by bonding elemental spheres in 

crystallographic arrays using the PFC3D computer code. Potyondy and Autio (2001) subjected a 

circular test hole to compressive loading produced by pressurization of two horizontal slots located 

above and below the test hole and demonstrated the plausible predictions of excavation induced 

damage formation. Cundall and Stark (1979) presented the distinct element method as a numerical 

model capable of describing the mechanical behavior of assemblies of discs and spheres based on 

the use of an explicit numerical scheme in which the interaction of particles modeled contact by 

contact and the motion of particles modeled particle by particle. Cundall (1988) modeled the 

complex mechanical interaction of a discontinuous system in three dimensions using distinct 

element method and formulated a robust and rapid technique to detect and categorize contacts 

between three dimensional particles. Hart et al. (1988) embodied a three dimensional formulation 

of distinct element method in a computer program 3DEC. The formulation is based on a dynamic 

(time domain) solution algorithm which solves the equations of motion of a three-dimensional 

block system by an explicit finite-difference scheme which is well suited in rock mechanics to 

determine if a discontinuous rock mass will fail under a given set of applied loads.  

Kulatilake et al. (2001) demonstrated the use of PFC 3D in modeling jointed rock mass behavior, 

however their model geometry was relatively simple involving few persistent joints in a lab scale 

sample being tested for uniaxial compression. Park et al. (2004) incorporated 100 impersistent 

joints from a Discrete Fracture Network (DFN) into a two dimensional rock mass model in PFC2D. 

The results allowed direct measurement of rock mass strength, brittleness and demonstrated that 

the strain softening behavior changes from brittle to ductile on increasing the number of joints. The 
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Particle Flow Code (PFC) (Itasca, 2006) is a discrete element modeling software which can be used 

to estimate a wide range of rock mass properties, including brittleness and strength. The approach 

involves generation of a synthetic rock specimen in two or three dimensions by bonding numerous 

circular discs particles or spherical particles. Jointing is included explicitly in such models by 

debonding particles along specific joint surfaces. This approach overcomes the limitation of the 

other numerical modeling approaches to rock mass simulation in which results are governed by a 

user specified constitutive model (Pierce et al. 2007). Ivars et. al (2011) described synthetic rock 

mass (SRM) modeling, a new approach for simulating the mechanical behavior of jointed rock 

mass. This technique uses the bonded particle model for rock to represent intact material and the 

smooth-joint contact model (SJM) to represent the in situ joint network. 

 

2.3 Time Dependent Numerical Modeling 

Bieniawski (1970) attempted to determine time dependent behavior of fractured rock as it might 

prevail under in-situ conditions considering several cases and using the compressive testing setup 

for his studies. Singh (1975) observed that the creep rate in lateral direction was far greater than in 

the axial direction when Sicilian marble specimens were subjected to sustained stresses beyond 

their yield strength. Further, a power curve was found to fit both axial and lateral creep curves up 

to the steady state of creep when subjected to stresses greater than their yield strength. Zienkiewicz 

& Pande (1977) proposed a new time dependent multilaminate model for rocks and illustrated 

applications of the proposed model to stability of rock slopes and behavior of tunnels. They also 

included a generalization of the model to include arbitrary three dimensional distribution of laminae 

in ‘quasi-plane strain’. Sano et al. (1982) studied time dependent micro fracturing and strength of 

Oshima granite by a series of uniaxial compressive loading experiments. Kemeny and Cook (1991) 

developed a damage model to analyze the stability of a two-dimensional circular opening in rock 

modeling time dependency. The damage model in the studies by Kemeny and Cook (1991) were 
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run for 10000 years under various strengths, stress states, and temperature loading scenarios. 

Fakhimi and Fairhurst (1994) studied time dependent stability of rock structures using a visco-

elasto-plastic constitutive model in which both cohesion and friction are assumed to evolve with 

plastic and viscous strain in order to incorporate strain softening and time dependent material 

degradation. Malan (1999) collected time dependent closure data in stopes of Ventersdorp Contact 

Reef and Vaal Reef and developed a visco-elastic approach to simulate time-dependent nature of 

the fracture zone. Kemeny (2003) developed a fracture mechanics model for time dependent 

degradation of rock joint cohesion, utilizing subcritical crack growth. Kemeny (2005) developed a 

fracture mechanics model to simulate the time dependent failure of rock bridges along 

discontinuities utilizing subcritical crack growth. Later, Shao et al. (2005) developed a new 

constitutive model for modeling of anisotropic damage and creep deformation in brittle rocks. Stead 

et al. (2006) suggested that time-dependent degradation of the cohesive and tensional strength of 

both discontinuities and intact rock mass are of significant importance. Kamai and Hatzor (2008) 

used discontinuous deformation analysis (DDA) method to estimate historic ground motions by 

back analysis of unique structural failures in two archaeological sites in Israel and presented results 

in terms of displacement evolution of selected structural elements in the studied masonry structure. 

Barla et al. (2008) accounted for time dependence explicitly by using constitutive models which 

have been validated with reference to laboratory testing and in situ performance monitoring and an 

essential feature of this method is a two-stage excavation sequence with installation of a composite 

pre-reinforcement/reinforcement system with deformable elements embedded in the shotcrete 

lining. The tunnel response was further analyzed by both semi-analytical and numerical solutions 

with close attention paid to the constitutive models adopted and results of modeling were compared 

with convergence monitoring data (Barla et al., 2008). Xie et al. (2009) have carried out numerical 

and physical modeling tests to investigate the distribution patterns of stress in the rock surrounding 

a fully mechanized top-coal caving (FMTC) face where caved roof rocks are simulated by time 
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dependent elastic material. Edelbro (2009) focused on compressive stress-induced brittle fallouts 

in hard rock masses, which are massive or sparsely fractured and subjected to intermediate to high 

in situ stresses and compared the results of numerical modelling, using a linear-elastic, brittle 

plastic material model with cohesion-softening friction-hardening (CSFH) behavior, with observed 

fallouts for six case. Yang et al. (2011) built a strain-soften model by FLAC3D software to 

investigate the stress evolution during the process of mining the upper protective coal seam and 

showed that the abutment stress changes rapidly within 10 m in front of the coal face, and the 

maximum abutment stress is approximately twice the original when the coal seam is mined 20–30 

m. Krautblatter et al. (2013) developed a mechanical model that relates the destabilization of 

thawing permafrost rock slopes to temperature-related effects on both rock- and ice-mechanics; 

and performed laboratory testing of key assumptions. Weak rock mass behavior is an important 

consideration in construction process and the life of a tunnel. Sharifzadeh et al. (2013) investigated 

time-dependent behaviors of Shibli tunnel using experimental, numerical and field measurements 

method and used displacement based direct back analysis to determine the Burger visco-plastic 

(CVISC) creep model properties. Further, time dependent behavior of the rock mass was modeled 

during tunnel service life and after 55 years the rehabilitation of the tunnel lining were 

recommended (Sharifzadeh et al., 2013). Tran-Manh et al. (2015) performed analysis of the 

convergence measurements for the sections of the Saint-Martin-La-Porte access adit between 2003 

and 2010 where the largest displacements have been recorded and proposed a new anisotropic time-

dependent constitutive model, which includes ubiquitous joints of specific orientation embedded 

in a viscoplastic medium.  
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3 Instrumentation 

The field instrumentation plan can develop a better understanding of the complex nature of weak 

rock mass behavior under real-time mining conditions, and may provide answers to some 

uncontrolled movements or failure of rock in excavations. Further, field instrumentation techniques 

help generate a valuable database on rock mass behavior and deformational characteristics that can 

be utilized for calibration of numerical models. 

3.1 Multi Point Borehole Extensometer (MPBX) 

Each MPBX consists of six anchor points and an integrated electronic readout head. The relative 

displacement between these anchor points is measured and recorded to determine displacements 

within the drift. Because of the relatively small thickness of an MPBX array, the head can be 

recessed in a 50 mm borehole. Each instrument is custom manufactured to the length required by 

the mine site to ensure the data collected is beneficial to the mine. Figure 3-1 shows a typical MPBX 

array setup out of the box sent by the manufacturer, Mine Design Technologies. The MPBX is 

assembled in a flexible fiberglass rod which is anchored at user specified distances.  

 

Figure 3-1: MPBX setup out of the box 
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These MPBX arrays are installed by grouting (using collar or end grouting) at two sites in mine A, 

henceforth referred to as site two and site three, in both the ribs and the roof of each location. In 

each rib, the MPBX array is installed in a 3.96 m (13 ft) deep hole, with anchor points at .61, 1.22, 

1.83, 2.44, 3.05, and 3.66 m (2, 4, 6, 8, 10, and 12 ft respectively) from the collar. On the roof, the 

MPBX array is installed in a 6.7 m (22 ft) deep hole, with anchor points .61, 1.22, 2.44, 3.66, 4.57, 

and 6.10 m (2, 4, 8, 12, 15, and 20 ft respectively) from the collar. Figure 3-2 shows a typical 

MPBX setup in an underground site. The MPBX instrumentation data was collected over an 

approximate period of three years for site two and site three. 

 

Figure 3-2: MPBX array setup in an underground site 

 

3.2 Site Locations 

MPBX sites No. 2 and No. 3 are located in an underground mine approximately 21.34 m (70 ft) 

apart from each other. Figure 3-3 shows location of the two sites with respect to one another. 
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Figure 3-3: Location of MPBX site two and site three 

 

The excavations where the two MPBX arrays were installed were originally excavated 

approximately eight years ago and were able to stabilize under the in situ stresses. The displacement 

in the ribs to the north of setup two and three, highlighted in yellow in Figure 3-3, was affected by 

the stress redistribution due to the northern pillar. The purpose of this study is to analyze the time 

dependent behavior of the rock mass unaffected by changes in stress. Therefore, in order to 

accurately calibrate the numerical model, only the displacement of the south rib and roof were 

simulated. Figure 3-4 and Figure 3-5 shows MPBX array installation at site No. 2 and site No. 3.  
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Figure 3-4: MPBX array installation at roof and ribs of the MPBX site 2  

 

Figure 3-5: MPBX array installation at north rib of site 3 



18 

 

3.3 MPBX Data Acquisition 

Throughout the monitoring period by the MPBX arrays, some instrumentation cables connecting 

to data acquisition unit were damaged over time. In addition, there were periods of time where the 

arrays did not record displacements. The data acquisition unit attempts to autocorrect these issues 

where data may be missing, however, this autocorrect may not always yield realistic results. In 

several instances, the autocorrect feature within the MPBX recording equipment produced 

unrealistic results. In an attempt to minimize the error within the data, these unrealistic results were 

smoothened to ensure that the data was a realistic representation of the in situ conditions. In addition 

to the auto correct function, the equipment would also attempt to extrapolate the data in instances 

where breaks in the data have occurred. This was also looked into to ensure that the data recorded 

by the MPBX was realistic. Any unrealistic values were adjusted to ensure a minimization of error 

within the data. Figure 3-6 shows an example of the instrument data received from the mine site. 

Figure 3-7 shows an example of cleaned MPBX data eliminating the instrument autocorrect feature 

errors.  
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Figure 3-6: Raw MPBX data received from Mine A 

 

Figure 3-7: Cleaned MPBX data eliminating instrument errors 
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3.4 Mining Sequence near MPBX sites 

Mining Sequence near the location of the MPBX sites is very important to numerical models. 

Mining excavation sequence was thoroughly studied to see if there was any significant mining 

activity near the MPBX monitoring locations during and prior to the MPBX monitoring period. 

Ramp 1 was developed as soon as monitoring started with the MPBX arrays. Figure 3-8-Figure 

3-18 shows mining progress each quarter of Ramp 1 in the x-y view. Figure 3-8 has MPBX sites 

marked for the reference. The grid is 100 ft x 100 ft. 

 

Figure 3-8: Mining Progress – Ramp 1, 2012 Q1 

 

Figure 3-9: Mining Progress – Ramp 1, 2012 Q2 
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Figure 3-10: Mining Progress – Ramp 1, 2012 Q3 

 

Figure 3-11: Mining Progress – Ramp 1, 2012 Q4 

 

Figure 3-12: Mining Progress – Ramp 1, 2013 Q1 
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Figure 3-13: Mining Progress – Ramp 1, 2013 Q2 

 

Figure 3-14: Mining Progress – Ramp 1, 2013 Q3 

 

 

Figure 3-15: Mining Progress – Ramp 1, 2013 Q4 
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Figure 3-16: Mining Progress – Ramp 1, 2014 Q1 

 

Figure 3-17: Mining Progress – Ramp 1, 2014 Q2 

 

 

Figure 3-18: Mining Progress – Ramp 1, 2014 Q3 
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Some openings were excavated during the MPBX monitoring and could have impacted the rate of 

displacement at site No. 2 and site No. 3. Figure 3-19 and Figure 3-20 show the x-y and x-z view 

of the openings excavated roughly two and a half years post-instrumentation. These excavations 

are marked in solid fill with a grid size of 30.48 m x 30.48 m (100ft x 100ft) shown in Figure 3-19. 

Because of the close proximity of these excavations, it is possible that the rate of displacements 

monitored at each site could have been impacted. 

 

Figure 3-19: x-y view of the openings excavated in Q2 and Q3 2014, marked 

in fill near site 2 and site 3 

 

 

Figure 3-20: x-z view of the openings excavated in Q2 and Q3 2014, marked 

in fill near site 2 and site 3 
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The other openings (Figure 3-8-Figure 3-18) excavated within the vicinity of the MPBX monitored 

sites were at least 121.9 m – 137.1 m (400-450ft) away from the sites in question. These excavations 

may have minimal or negligible effects on the displacements monitored by the instruments. 
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4 Numerical Modeling of instrumented openings 

The numerical modeling requirement for these two MPBX sites is very unique. The rock mass in 

which these MPBX arrays were placed contains 3-5 fractures per foot and was under stress for eight 

years prior to the placement of the MPBX arrays. In situ vertical and horizontal stresses at the site 

were approximately 15 and 11 MPa respectively, which were calculated from depth and horizontal 

to vertical stress ratio at mine A. The MPBX monitoring data was acquired over a period of three 

years after the initial stabilization of the excavation. Numerical modeling of the rockmass was 

performed in 3DEC (Itasca Consulting Group, 2013) for the 4.57 m x 4.57 m (15 ft x 15 ft) 

excavation. The model dimensions were chosen to be 36.58 m x 41.15 m (120 ft by 135 ft). This is 

approximately 8-9 times the excavation dimensions. 

4.1 Discrete Fracture Network 

A Discrete Fracture Network (DFN) model is used to embed the fracture population in the rock 

mass. The actual number of fractures in the rock mass is very high (3-5 fractures/ft). In order to 

optimize the model running time, the number of fractures in the numerical model is reduced and 

randomly generated by a DFN module in 3DEC. In the model, the fractures are viewed as discrete, 

planer, and finite in size. A discrete fracture network (DFN) is a statistical description of joints. 

Rock mass is highly jointed and DFN are included in the numerical model to incorporate the joints 

and realistically model the underground openings in the mine. By default, discrete fractures are 

disc shaped in the model. With the help of DFN module in 3DEC, the fracture population is 

embedded into a rock mass. The DFN modeling approach is stochastic. The geometrical 

characteristics of a DFN model are only constrained through independent statistical distributions 

of its geometrical properties. 

The DFN module supports the following geometrical characteristics: 

 Fracture size (Diameter of disc) 
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 Orientation (Dip, Dip Direction) 

 Position Distribution (X, Y, Z coordinates) 

Uniform and Gaussian distribution functions are well known for the fracture size distribution, 

orientation and position distribution. FISH distribution allows users to create their custom 

distribution function. The number of fractures per unit volume for a power law distribution is 

determined through the use of Equation 4-1. Figure 4-1 shows the power law distribution in a log-

log diagram depicting the number of fractures vs. the fracture size. It is generally accepted that 

fractures in nature follow a power law distribution (Itasca Consulting Group, 2013). If we define a 

fracture density α, then the number of fractures per unit volume for a power law distribution is    

𝑛(𝑙) = 𝛼 ∗ 𝑙−𝑎 Equation 4-1 

where a is named the scaling exponent (the power law exponent is always negative, equal to –a, so 

that the scaling exponent is defined positive) 

 

 

Figure 4-1: Powerlaw distribution in a log-log diagram 

 

For the power law distribution, the total number of fractures whose size is in the range l; l +dl, in a 

volume of characteristic size L is then defined as N (l, L) 
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𝑁(𝑙, 𝐿) = 𝛼 ∗ 𝑙−𝑎 ∗ 𝐿3 Equation 4-2 

If the domain into which the DFN model is considered is cubic, L is simply the side of the cube. 

The number of fractures whose size is between l1 and l2 is given by 

𝑛(𝑙1 ≤ 𝑙2; 𝐿) = ∫ 𝑛(𝑙)𝐿3𝑑𝑙
𝑙2

𝑙1

 
Equation 4-3 

A maximum and minimum fracture size of 100 m and 1 m respectively were used. In addition, 

uniform orientation and position distributions were used within the model. 

 

 

Figure 4-2: DFN generated in the numerical model to embed the fracture 

population within the rock mass 

 

Discrete Fracture Network was generated in 3D and a 1 m thick slice was introduced with the 3DEC 

model to study the jointed rock mass underground. Joint density considered can be altered but it is 

not possible to include all the joints since 3DEC software is restricted to computing power of one 

i7 processor.  

A maximum and minimum fracture size of 100 m and 1 m respectively were used. In addition, 

uniform orientation and position distributions were used within the model. Figure 4-3 shows the 
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DFN in a 1 m thick slice.  The vertical and horizontal lines in Figure 4-3, running perpendicular to 

one another, are joints which are used for selective meshing in the numerical model. These joints 

are given high stiffness numbers so they act as though no joint exists within the rock, as the joints 

were primarily modeled for selective meshing (small mesh size near the ribs and roof). The 

randomly generated DFN joints were given rock stiffness numbers listed in Table 4-1. The joint 

stiffness parameters were taken from previous consulting reports to the mine A.  

Table 4-1: Joint Parameters with values 

Joint Parameter Value (SI) 

Normal Stiffness 1e10 Pa 

Shear Stiffness 1e10 Pa 

Cohesion 1e5 Pa 

Friction Angle 30° 

 

 

Figure 4-3: DFN in a 1 m thick slice – Numerical modeling performed in 

3DEC for the 4.57m x 4.57m (15ft x 15ft) sites 
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4.2 Support Installation 

MPBX site two and site three are supported by 2.44 m (10.9 tonne) (8 ft and 12 tonne respectively) 

Swellex and 6.1 m (21.77 tonne) (20 ft and 24 tonne respectively) Super Swellex bolts. The spacing 

of these bolts is done in accordance with the ground control management plan. After initial 

installation, additional rehabilitation was done in the area, so additional Swellex and Super Swellex 

bolts were placed. These additional bolts were taken into account in the numerical model. Figure 

4-4 shows the rock bolts installed in the numerical model as per the ground control management 

plan and the rehabilitation done at MPBX site No. 2 and site No. 3. Table 4-2 lists the rock bolt 

parameters used for numerical modeling in 3DEC and their values in SI units, based on 

recommended values from manufacturer DSI (Itasca Consulting Group, 2013). ‘Kbond’ represents 

the shear stiffness of the rock bolt, while Sbond represents the shear strength of the rock bolt. 

Table 4-2: Rock bolt modeling parameters 

Rock bolt model 

parameter 

Value (SI) 

Area 1.14e-3 m2 

Young’s 

Modulus 

3e11 Pa 

Yield Strength 5.5e6 Pa 

Kbond 5e10 N/m/m 

Sbond 1.8e6 N/m 

 

4.3 Creep Behavior 

Since the openings were initially excavated eight years prior to instrumentation, it is critical to 

model the time dependent behavior of the rock mass. The Waste Isolation Pilot Plant (WIPP) creep 

constitutive model, available in 3DEC creep constitutive models, was modified to suit the behavior 

of the weak rock mass in question (Itasca Consulting Group, 2013). The WIPP model was initially 

designed for salt formations and used to study time dependent behavior (Itasca Consulting Group, 
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2013). It can be argued that the behavior of weak salt formations is similar to the behavior of weak 

to very weak rock masses in Nevada gold mines. 

 

Figure 4-4: Swellex bolts in the numerical model as per the support installed 

at site two and site three 

 

In addition, few models take time dependent behavior into account in weak rock masses, so the 

WIPP constitutive model was determined to likely produce the most representative results. The 

parameters of the WIPP model were determined by calibrating the model to the MPBX data after 

several iterations. These parameters are listed in Table 4-3.  The rock mass at the monitored sites 

contains a large number of joints and fractures; however, the majority of the creep within the 

numerical model takes place within the rock itself. To simplify the creep behavior, it is assumed 

that this is representative of the results recorded by the MPBX array. 
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Table 4-3: Creep parameters – WIPP constitutive model 

WIPP constitutive 

model parameter 

Value (SI) 

a_w 4.56 

b_w 127 

Act 12000 cal/mol 

e_dot 5.39e-8 s-1 

n_w 4.9 

d_w 5.79e-36 Pa-ns-1 

4.4 Model Calibration 

The numerical model is calibrated to the mine data acquired from MPBX site No. 2 and site No. 3. 

Displacements along the north rib at site No. 2 and site No. 3 are affected by the stress redistribution 

of the nearby pillar. Therefore, displacement data from only the south rib and roof of each MPBX 

site were calibrated to the numerical model to implore the time dependent behavior of the rock 

mass under stress. The rock properties for the calibrated MPBX Sites are listed in Table 4-4. In 

addition to these properties, the rock mass was initially considered elastic. This elastic behavior 

was assumed because long term displacements could likely be attributed to slip along the joints, as 

well as creep. Upon stabilization, the creep behavior was analyzed. 

Table 4-4: Rock Properties for calibrated MPBX sites 

 MPBX site 2 MPBX site 3 

Young’s Modulus 0.9 GPa 1 GPa 

Poisson’s Ratio 0.25 0.25 

 

A time dependent creep model was constructed using the geotechnical data obtained. The model 

was run for eight years to represent the site condition at the time of instrumentation. Thereafter, 

displacements were monitored in the numerical model for additionally approximately three years 

to compare with the MPBX array data collected at site No. 2 and No. 3. Figure 4-5 and Figure 4-6 

show the plots of the MPBX displacement data received from the south rib and roof respectively 

of MPBX site two vs. the numerical model. Figure 4-7 and Figure 4-8 show the plots of the MPBX 

displacement data received from the south rib and roof respectively of MPBX site three vs. the 
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numerical model. Each displacement anchor point along the MPBX arrays correspond with the 

numerical model and is represented by a specific color code: Model Head – Black, Node 6 – Red, 

Node 5 – Purple, Node 4 – Green, Node 3 – Orange, and Node 2 – Blue. Node 1 is not shown in 

these graphs as all the displacements are measured by instruments relative to Node 1.  

Throughout the monitoring by the MPBX arrays, some cables connecting instrumentation to the 

data acquisition unit were damaged over time. In addition, there were periods of time where the 

arrays did not record displacements. The equipment attempts to autocorrect these issues where data 

may be missing, however, this autocorrect may not always yield realistic results. The numerical 

model presents a simplistic scenario in which stresses are constant and the jointed rock mass 

behaves under uniform conditions. Therefore, the numerical model can only represent an 

approximate behavior of the rock mass rather than a perfect depiction of the insitu response. This 

representation of the approximate behavior likely explains the apparent non-linearity found in the 

recorded results, rather than the linear results depicted in the model. Upon inspection of Figure 4-5, 

Figure 4-6, Figure 4-7 and Figure 4-8, it can be seen that Node 2 undergoes negative displacement. 

One possible explanation for this issue is a malfunction within the equipment’s autocorrect 

function. It can also be seen that the MPBX arrays on the roof yielded displacements differing from 

those experienced by the numerical model, however, the magnitude of the displacements is very 

small. Figure 4-8 has multiple nodes monitoring negative displacements in the roof. These negative 

displacements have been attributed to the equipment being damaged over time and various breaks 

occurring in the data monitoring. In Figure 4-5, there is a jump in the rate of displacements around 

the 1000 day mark. This jump can be attributed to mining in relatively close proximity with MPBX 

site three, as discussed in Section 3.4. 
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Figure 4-5: MPBX displacement data received from the south rib of MPBX 

Site 2 vs. numerical model. 

 

Figure 4-6: MPBX displacement data received from the roof of MPBX Site 2 

vs. numerical model 
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Figure 4-7: MPBX displacement data received from the south rib of MPBX 

Site 3 vs. numerical model 

 

Figure 4-8: MPBX displacement data received from the roof of MPBX Site 3 

vs. numerical model 
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4.5 Discussions  

The autocorrect feature in the MPBX recording instrument would attempt to correct the data once 

there has been a loss in data acquisition by the MPBX. In several instances, the autocorrect feature 

within the MPBX recording equipment produced unrealistic results. In an attempt to minimize the 

error within the data, these unrealistic results were smoothened to ensure that the data was a realistic 

representation of the insitu conditions. In addition to the auto correct function, the equipment would 

also attempt to extrapolate the data in instances where breaks in the data would occur. This was 

also looked into to ensure that the data recorded by the MPBX was realistic. Any unrealistic values 

were adjusted to ensure a minimization of error within the data.  

In addition to inaccuracies recorded by the equipment, it can also be noted that the MPBX arrays 

may have recorded actual joint slips, yielding large jumps in the data. Because of the highly 

fractured rock in which the MPBX arrays are placed, this possible explanation cannot be ruled out 

and should be taken into account. 

It can also be noted that in several instances the ribs underwent more movement than the roof. This 

can be attributed to several different factors: One factor that accounts for this is the ratio of the 

vertical to horizontal stresses encountered in Nevada underground mines. The horizontal stresses 

encountered underground are commonly lower than the vertical stresses, this holds especially true 

in Nevada, with the horizontal stresses typically in the range of ¾ of the vertical stresses as evident 

from previous consulting reports to the mine. This reduction in horizontal stresses as compared to 

vertical stresses causes additional stress to be placed on the ribs, as the vertical stress is redirected 

to the ribs. This stress redistribution causes higher displacements in the ribs compared to the roof. 

The arch design employed underground also helps to allow for this redistribution of stresses from 

the roof to the ribs. The ribs take the load from the vertical stresses. The ribs can begin to act as a 

cantilever due to a lack of support at one end, because rib support is generally not placed down to 

the floor. Also, wedge failure from the roof is perceived as more hazardous, so priority is commonly 



37 

 

placed on additional support being placed into the roof over the ribs. This increase in support 

commonly allows for further redistribution of stresses from the roof to the ribs. 

4.6 Further Analysis – Squeezing Instability Criterion 

For further analysis, a 12x12 ft square opening is modeled using similar parameters as the calibrated 

numerical model. The support design used for the analysis is 4 ft x 4 ft spacing of 8 ft 12 tonne 

Swellex rock bolts. A 12x12 ft opening size is chosen for this analysis due to the fact that 12x12 ft 

is a commonly excavated opening dimension for temporary openings in underground gold mines 

in Nevada. Figure 4-9 shows the 12x12 ft excavation with the 8 ft 12 tonne Swellex rock bolts on 

a 4 ft x 4 ft spacing. The goal of the analysis is to come up with a criterion to define squeezing 

instability for a time dependent numerical model. 

 

Figure 4-9: 12x12 ft excavation with the 8 ft 12 tonne Swellex rock bolts on a 

4x4 ft spacing 
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Figure 4-10 shows ZZ stresses generated in the excavated opening at the end of 4-year period. 

Figure 4-11 shows XX stresses generated in the excavated opening at the end of 4-year period. The 

stresses around the excavation at the end of 4-year period are extremely complicated to apply any 

stress dependent failure criterion to establish squeezing instability in the numerical model. 

 

Figure 4-10: ZZ stresses generated around the excavated opening at the end 

of 4-year period 
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Figure 4-11: XX stresses generated around the excavated opening at the end 

of 4-year period 

 

The numerical model was studied at varying Young’s Modulus with focus on regions of high 

maximum principal strain rates at the end of 4-year period. The maximum principal strain rate at 

the corners of the excavation in very high (10%-15%) in the numerical model studied at the 

calibrated values. Figure 4-12 shows zone of 15% strain in red in the excavated opening at the end 

of four-year period. Figure 4-13 shows zone of 10% strain in red in the excavated opening at the 

end of 4-year period. Figure 4-14 shows zone of 5% strain in red in the excavated opening at the 

end of four-year period. Figure 4-15 shows zone of 3.75% strain in red in the excavated opening at 

the end of 4-year period.  
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Figure 4-12: Maximum principal strain generated in the excavated opening 

at the end of 4-year period – 15% zone shown in red 

 

Figure 4-13: Maximum principal strain generated in the excavated opening 

at the end of 4-year period – 10% zone shown in red 
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Figure 4-14: Maximum principal strain generated in the excavated opening 

at the end of 4-year period – 5% zone shown in red 

 

Figure 4-15: Maximum principal strain generated in the excavated opening 

at the end of 4-year period – 3.75% zone shown in red 
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The maximum principal strain in the ribs forms a really interesting tensile zone in a circular shape 

in the ribs, explaining the high displacement in the ribs. Therefore, a strain dependent criterion is 

considered for predicting instability in the numerical model at the end of 4-year period. Singh et. 

al (1992) plotted the observed support pressure vs observed tunnel wall closure as shown in Figure 

4-16. 

 

Figure 4-16: Normalized observed support pressure plotted against observed 

tunnel wall closure (Singh et. al, 1992) 
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As shown in Figure 4-16, the normalized observed support pressure increases significantly after 

4.65% tunnel closure. Hoek and Marinos (2000) discussed geotechnical issues with tunnel 

squeezing with respect to strain % as shown in Figure 4-17, where strain % is defined in Equation 

4-4. 

𝑆𝑡𝑟𝑎𝑖𝑛 % =
𝑇𝑢𝑛𝑛𝑒𝑙 𝐶𝑙𝑜𝑠𝑢𝑟𝑒

𝑇𝑢𝑛𝑛𝑒𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
∗ 100 

Equation 4-4 

 

According to Hoek and Marinos (2000), 2.5% strain to 5% strain is defined as severe squeezing 

problems and 5% strain to 7.5% strain is defined as very severe squeezing problems. Hoek and 

Marinos (2000) recommend general requirement of rapid installation of heavy steel sets in shotcrete 

for 2.5% strain to 5% strain and recommend a usual requirement of forepoling and face 

reinforcement of heavy steel sets in shotcrete being necessary. It is important to note that these 

support design recommendations were based on tunneling cases in civil engineering sector, where 

a 100-year tunnel stability is a common requirement. The normalized observed support pressure 

increases significantly after 4.65% tunnel closure and so does the recommendation for designing 

supports at over 5% strain rates. Typical support design for a short term mining excavation are rock 

bolts and shotcrete with wire mesh. Shotcrete typically starts cracking at over 2% strain, however 

rock bolts can hold the excavation post 2% strain rates. The 4.65-5.00% strain or tunnel closure 

can be considered as a realistic instability criterion for the squeezing, as indicated by Singh et. al 

(1992) and Hoek and Marinos (2000). 
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Figure 4-17: Geotechnical squeezing issues with strain % (From Hoek and 

Marinos, 2000)  

 



45 

 

For a 12x12 ft opening, 4.65% tunnel closure is equivalent to 85 mm squeeze in each rib and 5% 

tunnel closure is equivalent to 91.5 mm squeeze in each rib. A set of numerical models were run, 

consistently decreasing Young’s Modulus (0.9 GPa to 0.3 GPa) to understand the relationship 

between the semicircular region of high strain and rib squeezing in the numerical model. The 

numerical model achieving 4.65% maximum principal strain rate in the semicircular region in ribs 

is shown in Figure 4-18. The squeeze in rib in the numerical model shown in Figure 4-18 is 90 mm. 

Therefore, for a 12x12 ft excavation, 90 mm squeeze in each rib which is equivalent to 4.65% 

maximum principal strain rate in the semicircular region in ribs is chosen as cut-off point for 

defining instability in squeezing ribs at the end of 4-year period.  

 

Figure 4-18: Numerical model with Young’s Modulus = 0.6 GPa achieving 

4.65% maximum principle strain rate in the semicircular region  
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5 Sensitivity studies 

Sensitivity studies were performed by numerical modeling for various geological scenarios, 

including but not limited to rock strength parameters, joint stiffness numbers, excavation size and 

depth, rock bolt length and rock bolt spacing. The goal of these studies is to better understand weak 

rock mass behavior and improve support design methodologies. These studies include the 

parameters derived from the instrumentation locations and are limited in scope to be applied to 

mine wide support design. However, modeling parameters are varied in wide range to simulate the 

behavior of varying geology and support designs.  

5.1 Rock and Joint modeling parameters 

Primary values for modeling parameters used for the sensitivity studies were from the calibrated 

numerical models to the MPBX arrays at Site No. 2 and Site No. 3. In the calibrated numerical 

model, the openings were stressed for 8 years and then the displacements were monitored for 3 

years to replicate the underground rock mass at Site No. 2 and Site No. 3. The focus of sensitivity 

studies is to study the behavior of rock mass for temporary openings, therefore the displacements 

are monitored for the first four years after excavation.  

5.1.1 Case 1 – 15x15 ft arched opening; 4x4 ft spacing of 8 ft bolts with 6x6 ft Supers 

The sensitivity of the numerical models has been studied with 5 parameters and the results for the 

sensitivity studies are presented below for Case 1-15x15 ft arched opening; 4x4 ft spacing of 8 ft 

rock bolts with 6x6 ft supers. 
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Figure 5-1: Case 1-15x15 ft arched opening; 4x4 ft spacing of 8 ft rock bolts 

with 6x6 ft supers 

 

The joint friction angle for the joints in discrete fracture network was varied from 15˚ to 45˚ and 

the maximum rib and roof displacements at the end of four-year period after excavation were 

monitored. Table 5-1 presents the results for the sensitivity of maximum rib and roof displacements 

to varying joint friction angle. The results are plotted in Figure 5-2. 

Table 5-1: Sensitivity of maximum rib and roof displacements to varying joint 

friction angle  

joint friction angle max rib displacement (mm) max roof displacement(mm) 

15 58 16.6 

20 59.5 16.7 

25 60 16.4 

30 59.5 16.4 

35 60 16.6 

40 60 16.7 

45 61 16.8 
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Figure 5-2: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle  

 

The joint normal stiffness for the joints in discrete fracture network was varied from 0.1 x 1010 Pa 

to 0.4 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-2 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint normal stiffness. The results are plotted in Figure 5-3. 

Table 5-2: Sensitivity of maximum rib and roof displacements to varying joint 

normal stiffness 

joint normal stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.1 62 16.7 

0.15 60.5 16.7 

0.2 59.5 16.6 

0.25 59 16.6 

0.3 58.5 16.5 

0.35 58 16.5 

0.4 57.5 16.5 
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Figure 5-3: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

 

The joint shear stiffness for the joints in discrete fracture network was varied from 0.25 x 1010 Pa 

to 1.75 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-3 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint shear stiffness. The results are plotted in Figure 5-4. 

Table 5-3: Sensitivity of maximum rib and roof displacements to varying joint 

shear stiffness 

joint shear stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.25 61 17.1 

0.5 60.5 16.8 

0.75 60 16.5 

1 59.5 16.4 

1.25 59.5 16.4 

1.5 59.5 16.5 

1.75 60 16.4 
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Figure 5-4: Sensitivity of varying joint shear stiffness to maximum rib and 

roof displacements 

 

The Young’s modulus of the rock was varied from 0.45 GPa to 1.35 GPa and the maximum rib and 

roof displacements at the end of 4-year period after excavation were monitored. Table 5-4 presents 

the results for the sensitivity of maximum rib and roof displacements to varying Young’s modulus. 

The results are plotted in Figure 5-5. 

Table 5-4: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus  

Young's Modulus (GPa) max rib displacement (mm) max roof displacement(mm) 

0.45 89 25.9 

0.6 76 20.3 

0.75 66.5 18 

0.9 59.5 16.4 

1.05 55.5 15.4 

1.2 52 14.8 

1.35 49 14 
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Figure 5-5: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus to  

 

The Poisson’s ratio for rock was varied from 0.1 to 0.4 and the maximum rib and roof displacements 

at the end of 4-year period after excavation were monitored. Table 5-5 presents the results for the 

sensitivity of maximum rib and roof displacements to varying Poisson’s ratio. The results are 

plotted in Figure 5-6. 

Table 5-5: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio  

Poisson's Ratio max rib displacement (mm) max roof displacement(mm) 

0.1 66.5 17.7 

0.15 64.5 17.5 

0.2 62.5 17 

0.25 59.5 16.4 

0.3 57 15.6 

0.35 53.5 15 

0.4 48 13.7 
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Figure 5-6: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

 

5.1.2 Case 2 – 12x12 ft square opening; 4x4 ft spacing of 8 ft bolts with 6x6 ft Supers 

The sensitivity of the numerical models has been studied with five parameters and the results for 

the sensitivity studies are presented below and referred as Case 2 for 12 ft x 12 ft square opening 

with 4x4 ft spacing of rock bolts and 6x6 ft supers. Figure 5-7 shows the underground opening with 

joints and installed rock bolts for Case 2. 
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Figure 5-7: Case 2-12x12 ft square opening; 4x4 ft spacing of 8 ft rock bolts 

with 6x6 ft supers 

 

The joint friction angle for the joints in discrete fracture network was varied from 15˚ to 45˚ and 

the maximum rib and roof displacements at the end of 4-year period after excavation were 

monitored. Table 5-6 presents the results for the sensitivity of maximum rib and roof displacements 

to varying joint friction angle. The results are plotted in Figure 5-8. 

Table 5-6: Sensitivity of maximum rib and roof displacements to varying joint 

friction angle 

joint friction angle (˚) max rib displacement (mm) max roof displacement(mm) 

15 62 19.4 

20 63 19.8 

25 63 19.9 

30 63.5 19.9 

35 63.5 19.9 

40 64 20 

45 64 20 
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Figure 5-8: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

 

The joint normal stiffness for the joints in discrete fracture network was varied from 0.01 x 1010 Pa 

to 5 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-7 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint normal stiffness. The results are plotted in Figure 5-9. 

Table 5-7: Sensitivity of maximum rib and roof displacements to varying joint 

normal stiffness 

joint normal stiffness 

(x10^10 Pa) 

max rib displacement 

(mm) 

max roof displacement 

(mm) 

0.01 108 41.5 

0.05 76.5 27.3 

0.09 71 26 

0.25 64.5 22.5 

1 60.5 21.8 

2.5 59.5 21.4 

5 59 21.3 
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Figure 5-9: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

 

The joint shear stiffness for the joints in discrete fracture network was varied from 0.25 x 1010 Pa 

to 1.75 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-8 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint shear stiffness. The results are plotted in Figure 5-10. 

Table 5-8: Sensitivity of maximum rib and roof displacements to varying joint 

shear stiffness 

joint shear stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement (mm) 

0.25 64.5 26 

0.5 64.5 26 

0.75 64.5 26 

1 64.5 26 

1.25 64.5 26 

1.5 64.5 26 

1.75 64.5 26 
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Figure 5-10: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

 

The Young’s modulus of the rock was varied from 0.45 GPa to 1.35 GPa and the maximum rib and 

roof displacements at the end of 4-year period after excavation were monitored. Table 5-9 presents 

the results for the sensitivity of maximum rib and roof displacements to varying Young’s modulus. 

The results are plotted in Figure 5-11. 

Table 5-9: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

Young's Modulus (GPa) max rib displacement (mm) max roof displacement (mm) 

0.45 93 32 

0.6 78 28 

0.75 70 23.6 

0.9 64.5 22.5 

1.05 59.5 21.6 

1.2 56.5 20.5 

1.35 53.5 19.9 
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Figure 5-11: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

 

The Poisson’s ratio for rock was varied from 0.1 to 0.4 and the maximum rib and roof displacements 

at the end of 4-year period after excavation were monitored. Table 5-10 presents the results for the 

sensitivity of maximum rib and roof displacements to varying Poisson’s ratio. The results are 

plotted in Figure 5-12. 

Table 5-10: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

Poisson's Ratio max rib displacement (mm) max roof displacement(mm) 

0.1 72.5 26.5 

0.15 70 25.1 

0.2 67 23.5 

0.25 64.5 22.5 

0.3 60.5 21 

0.35 56.5 18.6 

0.4 51.5 16.3 

 

0

10

20

30

40

50

60

70

80

90

100

0 0.5 1 1.5

max rib displacement (mm)

max roof displacement(mm)

displacement (mm)

Young's modulus (GPa)



58 

 

 

Figure 5-12: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

 

5.1.3 Case 3 – 12x12 ft square opening; 4x4 ft spacing of 8 ft rock bolts 

The sensitivity of the numerical models has been studied with five parameters and the results for 

the sensitivity studies and referred as Case 3 for 12x12 ft square opening with 4x4 ft spacing of 

rock bolts. Figure 5-13 shows the underground opening with joints and installed rock bolts for Case 

3. 

 

Figure 5-13: Case 3-12x12 ft square opening; 4x4 ft spacing of 8 ft rock bolts 
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The joint friction angle for the joints in discrete fracture network was varied from 15˚ to 45˚ and 

the maximum rib and roof displacements at the end of 4-year period after excavation were 

monitored. Table 5-11 presents the results for the sensitivity of maximum rib and roof 

displacements to varying joint friction angle. The results are plotted in Figure 5-14. 

 

Table 5-11: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

joint friction angle 

(degrees) 

max rib displacement (mm) max roof displacement(mm) 

15 71 25.7 

20 72 25.8 

25 72.5 26 

30 72.5 26 

35 72.5 26.1 

40 73 26.2 

45 73 26.4 

 

 

Figure 5-14: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

 

The joint normal stiffness for the joints in discrete fracture network was varied from 0.01x1010 Pa 

to 5x1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 
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excavation were monitored. Table 5-12 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint normal stiffness. The results are plotted in Figure 5-15. 

Table 5-12: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

joint normal stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.01 120 49.5 

0.05 88 34.8 

0.09 81 32 

0.25 74 29.6 

1 69.5 28.5 

2.5 68.5 28.1 

5 67.8 28.1 

 

 

Figure 5-15: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

 

The joint shear stiffness for the joints in discrete fracture network was varied from 0.25 x 1010 Pa 

to 1.75 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-13 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint shear stiffness. The results are plotted in Figure 5-16. 
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Table 5-13: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

joint shear stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.25 74 29 

0.5 74 29 

0.75 74 29 

1 74 29 

1.25 74 29 

1.5 74 29 

1.75 74 29 

 

 

Figure 5-16: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

 

The Young’s modulus of the rock was varied from 0.45 GPa to 1.35 GPa and the maximum rib and 

roof displacements at the end of 4-year period after excavation were monitored. Table 5-14 presents 

the results for the sensitivity of maximum rib and roof displacements to varying Young’s modulus. 

The results are plotted in Figure 5-17. 
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Table 5-14: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

Young's Modulus (GPa) max rib displacement (mm) max roof displacement(mm) 

0.45 112 38 

0.6 89 34.2 

0.75 81 31.4 

0.9 74 29.6 

1.05 69 28 

1.2 64.5 26.8 

1.35 61 25.8 

 

 

Figure 5-17: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

 

The Poisson’s ratio for rock was varied from 0.1 to 0.4 and the maximum rib and roof displacements 

at the end of 4-year period after excavation were monitored. Table 5-15 presents the results for the 

sensitivity of maximum rib and roof displacements to varying Poisson’s ratio. The results are 

plotted in Figure 5-18. 

 

 

0

20

40

60

80

100

120

0 0.5 1 1.5

max rib displacement (mm)

max roof displacement(mm)

displacement (mm)

Young's modulus (GPa)



63 

 

Table 5-15: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

Poisson's Ratio max rib displacement (mm) max roof displacement(mm) 

0.1 83 35 

0.15 80 33.2 

0.2 77 31.4 

0.25 74 29.8 

0.3 69.5 27.5 

0.35 65 24.8 

0.4 59 23.7 

 

 

Figure 5-18: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

 

5.1.4 Case 4 – 12x12 ft square opening; 5x5 ft spacing of 8 ft rock bolts 

The sensitivity of the numerical models has been studied with five parameters and the results for 

the sensitivity studies and referred as Case 4 for 12x12ft square opening with 5x5 ft spacing of rock 

bolts. Figure 5-19 shows the underground opening with joints and installed rock bolts for Case 4. 
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Figure 5-19: Case 4-12x12 ft square opening; 5x5 ft spacing of 8 ft rock bolts 

 

The joint friction angle for the joints in discrete fracture network was varied from 15˚ to 45˚ and 

the maximum rib and roof displacements at the end of 4-year period after excavation were 

monitored. Table 5-16 presents the results for the sensitivity of maximum rib and roof 

displacements to varying joint friction angle. The results are plotted in Figure 5-20. 

Table 5-16: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

joint friction angle 

(degrees) 

max rib displacement (mm) max roof displacement(mm) 

15 77 30.8 

20 77.5 30.8 

25 78.5 30.6 

30 78.5 30.5 

35 78.5 30.5 

40 78.5 30.4 

45 78.5 30.4 
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Figure 5-20: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

 

The joint normal stiffness for the joints in discrete fracture network was varied from 0.1x1010 Pa to 

0.4x1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-17 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint normal stiffness. The results are plotted in Figure 5-21. 

Table 5-17: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

joint normal stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.1 131 51.5 

0.15 94.5 36 

0.2 87 33.2 

0.25 78.5 30.5 

0.3 74.5 29.4 

0.35 73 29 

0.4 72.5 28.9 
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Figure 5-21: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

 

The joint shear stiffness for the joints in discrete fracture network was varied from 0.25 x 1010 Pa 

to 1.75 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-18 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint shear stiffness. The results are plotted in Figure 5-22. 

Table 5-18: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

joint shear stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.25 80 30.6 

0.5 79 30.5 

0.75 79 30.5 

1 78.5 30.5 

1.25 78.5 30.5 

1.5 78.5 30.5 

1.75 78 30.4 
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Figure 5-22: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

 

The Young’s modulus of the rock was varied from 0.45 GPa to 1.35 GPa and the maximum rib and 

roof displacements at the end of 4-year period after excavation were monitored. Table 5-19 presents 

the results for the sensitivity of maximum rib and roof displacements to varying Young’s modulus. 

The results are plotted in Figure 5-23. 

Table 5-19: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

Young's Modulus (GPa) max rib displacement (mm) max roof displacement(mm) 

0.45 114 39.3 

0.6 96 35.7 

0.75 85.4 32.6 

0.9 78.5 30.5 

1.05 73 29 

1.2 68.5 27.8 

1.35 64.5 26.6 
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Figure 5-23: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

 

The Poisson’s ratio for rock was varied from 0.1 to 0.4 and the maximum rib and roof displacements 

at the end of 4-year period after excavation were monitored. Table 5-20 presents the results for the 

sensitivity of maximum rib and roof displacements to varying Poisson’s ratio. The results are 

plotted in Figure 5-24. 

Table 5-20: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

Poisson's Ratio max rib displacement (mm) max roof displacement(mm) 

0.1 88 36.6 

0.15 85.5 34.5 

0.2 82 32.7 

0.25 78.5 30.5 

0.3 74 28.3 

0.35 69 25.2 

0.4 62.5 22 
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Figure 5-24: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

 

5.1.5 Case 5 – 12x12 ft square opening; no rock bolts 

The sensitivity of the numerical models has been studied with five parameters and the results for 

the sensitivity studies and referred as Case 4 for 12x12ft square opening no rock bolts. Figure 5-25 

shows the underground opening with joints and installed rock bolts for Case 5. 
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Figure 5-25: Case 5-12x12 ft square opening; no rock bolts 

 

The joint friction angle for the joints in discrete fracture network was varied from 15˚ to 45˚ and 

the maximum rib and roof displacements at the end of 4-year period after excavation were 

monitored. Table 5-21 presents the results for the sensitivity of maximum rib and roof 

displacements to varying joint friction angle. The results are plotted in Figure 5-26. 

Table 5-21: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

joint friction angle 

(degrees) 

max rib displacement (mm) max roof displacement(mm) 

15 85 36.6 

20 85.2 36.7 

25 85.6 36.9 

30 86 37 

35 86 37 

40 86.2 37 

45 86.2 37.1 
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Figure 5-26: Sensitivity of maximum rib and roof displacements to varying 

joint friction angle 

 

The joint normal stiffness for the joints in discrete fracture network was varied from 0.01x1010 Pa 

to 5x1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-22 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint normal stiffness. The results are plotted in Figure 5-27. 

Table 5-22: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness 

joint normal stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.1 148 65 

0.15 104 44.5 

0.2 95 41 

0.25 86 37 

0.3 81 35.4 

0.35 80 35 

0.4 79.5 34.8 
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Figure 5-27: Sensitivity of maximum rib and roof displacements to varying 

joint normal stiffness  

 

The joint shear stiffness for the joints in discrete fracture network was varied from 0.25 x 1010 Pa 

to 1.75 x 1010 Pa and the maximum rib and roof displacements at the end of 4-year period after 

excavation were monitored. Table 5-23 presents the results for the sensitivity of maximum rib and 

roof displacements to varying joint shear stiffness. The results are plotted in Figure 5-28. 

 

Table 5-23: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

joint shear stiffness  

(x10^10 Pa) 

max rib displacement (mm) max roof displacement(mm) 

0.25 87 37 

0.5 86.2 37 

0.75 86 36.9 

1 86 37 

1.25 86 37 

1.5 86 36.9 

1.75 86 36.9 
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Figure 5-28: Sensitivity of maximum rib and roof displacements to varying 

joint shear stiffness 

 

The Young’s modulus of the rock was varied from 0.45 GPa to 1.35 GPa and the maximum rib and 

roof displacements at the end of 4-year period after excavation were monitored. Table 5-24 presents 

the results for the sensitivity of maximum rib and roof displacements to varying Young’s modulus. 

The results are plotted in Figure 5-29. 

 

Table 5-24: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

Young's Modulus (GPa) max rib displacement (mm) max roof displacement(mm) 

0.45 118 47.5 

0.6 104 43 

0.75 94 39.4 

0.9 86 37 

1.05 80 35 

1.2 75 33.4 

1.35 71 32 
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Figure 5-29: Sensitivity of maximum rib and roof displacements to varying 

Young’s modulus 

 

The Poisson’s ratio for rock was varied from 0.1 to 0.4 and the maximum rib and roof displacements 

at the end of 4-year period after excavation were monitored. Table 5-25 presents the results for the 

sensitivity of maximum rib and roof displacements to varying Poisson’s ratio. The results are 

plotted in Figure 5-30. 

 

Table 5-25: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

Poisson's Ratio max rib displacement (mm) max roof displacement(mm) 

0.1 97 45 

0.15 94 43 

0.2 90 39.5 

0.25 86 37 

0.3 82 34 

0.35 76 30.5 

0.4 68.5 26.5 
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Figure 5-30: Sensitivity of maximum rib and roof displacements to varying 

Poisson’s ratio 

 

5.1.6 Summary of rock and joint modeling parameters 

Five rock and joint modeling parameters (young’s modulus, Poisson’s ratio, joint normal stiffness, 

joint shear stiffness, joint friction angle) were varied over a range of seven realistic values for each 

for the five cases listed below: 

1 15x15 ft arched opening; 4x4 ft spacing of 8 ft 12 tonne Swellex rock bolts with 6x6 ft spacing 

of 20 ft 30 tonne Super Swellex rock bolts (Figure 5-1) 

2 12x12 ft square opening; 4x4 ft spacing of 8 ft Swellex 12 tonne Swellex rock bolts with 6x6 

ft spacing of 20 ft 30 tonne Super Swellex rock bolts (Figure 5-7) 

3 12x12 ft square opening; 4x4 ft spacing of 8 ft 12 tonne Swellex rock bolts (Figure 5-13) 

4 12x12 ft square opening; 5x5 ft spacing of 8 ft 12 tonne Swellex rock bolts (Figure 5-19) 

5 12x12 ft square opening; no rock bolts (Figure 5-25) 

These ranges for sensitivity analyses were wide in preliminary analyses and were narrowed down 

where the range is more sensitive to rib and roof squeeze. Among the five studied parameters over 
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a range of seven values for each of the cases mentioned earlier, it was concluded that only three are 

critical namely Young’s modulus, Poisson’s ratio and joint normal stiffness. The effect of joint 

shear stiffness and joint friction angle is not significant on the rib and roof squeezing. It is important 

to note that the rib and roof squeeze in all the above mentioned cases is maximum displacement in 

rib and roof respectively measured over a period of four years after excavation in a constant stress 

environment. 

5.2 Rock Bolt Spacing 

Rock bolt spacing was varied for the above mentioned case 2 through 5. Figure 5-31 shows the 

displacement in four years for the varying bolt spacing in case 2 through 5.  

 

Figure 5-31: Rib and roof squeezing compared for varying bolt spacing in 

case 2 thru 5 

 

Table 5-26 shows the percentage increase in rib and roof squeeze in case 3, 4, 5 with reference to 

case 2 in period of four years after excavation. An increase of over 30% squeezing in ribs and over 

86% in roof was observed in scenarios of no rock bolts as compared to 4x4 ft spacing of 8 ft 12-

tonne Swellex rock bolts with 6x6 ft spacing of 20 ft 30-tonne Super Swellex rock bolts. 
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Table 5-26: Percentage increase in rib and roof squeeze in case 3, 4, 5 with 

reference to case 2 in period of four years after excavation 

 Case 2 Case 3 Case 4 Case 5 

Rib 

squeeze 

- +10% +20% +30% 

Roof 

squeeze 

- +33% +43% +86% 

 

5.3 Rock Bolt Length and Excavation Size 

In another parametric study, rib and roof squeeze over a period of four years was compared with 

varying excavation sizes and rock bolt lengths. The two different types of commonly used rock 

bolts in Nevada gold mines were considered for this study – 8 ft 12-tonne rock bolts and 12 ft 24-

tonne rock bolts for each of the following cases 6 thru 11: 

5.3.1 Case 6 – 8x8ft opening 4x4ft spacing – 8 ft 12-tonne bolts / 12 ft 24-tonne bolts 

(Figure 5-32 and Figure 5-33) 

 

Figure 5-32: 8x8 ft opening with 4x4 ft spacing of 8 ft 12-tonne Swellex bolts 
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Figure 5-33: 8x8 ft opening with 4x4 ft spacing of 12 ft 24-tonne Swellex bolts 

 

5.3.2 Case 7 – 10x10ft opening 4x4ft spacing – 8 ft 12-tonne bolts / 12 ft 24-tonne 

bolts (Figure 5-34 and Figure 5-35) 

 

Figure 5-34: 10x10 ft opening with 4x4 ft spacing of 8 ft 12-tonne Swellex bolts 
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Figure 5-35: 10x10 ft opening with 4x4 ft spacing of 12 ft 24-tonne Swellex 

bolts 

 

5.3.3 Case 8 – 12x12ft opening 4x4ft spacing – 8 ft 12-tonne bolts / 12 ft 24-tonne 

bolts (Figure 5-36 and Figure 5-37) 

 

Figure 5-36: 12x12 ft opening with 4x4 ft spacing of 8 ft 12-tonne Swellex bolts 
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Figure 5-37: 12x12 ft opening with 4x4 ft spacing of 12 ft 24-tonne Swellex 

bolts 

 

5.3.4 Case 9 – 14x14ft opening 4x4ft spacing – 8 ft 12-tonne bolts / 12 ft 24-tonne 

bolts (Figure 5-38 and Figure 5-39) 

 

Figure 5-38: 14x14 ft opening with 4x4 ft spacing of 8 ft 12-tonne Swellex bolts 



81 

 

 

Figure 5-39: 14x14 ft opening with 4x4 ft spacing of 12 ft 24-tonne Swellex 

bolts 

 

5.3.5 Case 10 – 16x16ft opening 4x4ft spacing – 8 ft 12-tonne bolts / 12 ft 24-tonne 

bolts (Figure 5-40 and Figure 5-41) 

 

Figure 5-40: 16x16 ft opening with 4x4 ft spacing of 8 ft 12-tonne Swellex bolts 
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Figure 5-41: 16x16 ft opening with 4x4 ft spacing of 12 ft 24-tonne Swellex 

bolts 

 

5.3.6 Case 11 – 18x18ft opening 4x4ft spacing – 8 ft 12-tonne bolts / 12 ft 24-tonne 

bolts (Figure 5-42 and Figure 5-43) 

 

Figure 5-42: 18x18 ft opening with 4x4 ft spacing of 8 ft 12-tonne Swellex bolts 



83 

 

 

Figure 5-43: 18x18 ft opening with 4x4 ft spacing of 12 ft 24-tonne Swellex 

bolts 

 

5.3.7 Summary of rock bolt length and excavation size 

Figure 5-44 shows the time dependent rib squeeze data from numerical model over four years with 

varying excavation spans for two different rock bolt types on a 4x4 ft spacing. Figure 5-45 shows 

the time dependent roof squeeze data from numerical model over four years with varying 

excavation spans for two different rock bolt types on a 4x4 ft spacing.  
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Figure 5-44: Time dependent rib squeeze data from numerical model over 

four years with varying excavation spans for two different rock bolt types on 

a 4x4 ft spacing 

 

 

Figure 5-45: Time dependent roof squeeze data from numerical model over 

four years with varying excavation spans for two different rock bolt types on 

a 4x4 ft spacing 

 

Table 5-27 shows the percent increase in rib squeeze with increasing excavation size as compared 

to rib squeeze in 8x8 ft opening. Table 5-28 shows the percent increase in roof squeeze with the 

increasing excavation span as compared to roof squeeze in 8x8 ft opening. Parametric study has 
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been done for both 8 ft and 12 ft rock bolt lengths to see the effect of length of bolts on the rib and 

roof squeeze. 

Table 5-27: Percent increase in rib squeeze with increasing opening sizes as 

compared to rib squeeze in 8x8 ft opening  

 % Rib squeeze 

increase as 

compared to 

8x8ft 

% Rib squeeze 

increase as 

compared to 

8x8ft 

 8 ft 12 tonne 

bolts 

12 ft 24 tonne 

bolts 

8x8ft - - 

10x10ft 18.8 16.5 

12x12ft 23.9 19.3 

14x14ft 28.2 24.8 

16x16ft 28.2 21.1 

18x18ft 29.9 21.1 
 

Table 5-28: Percent increase in roof squeeze with increasing opening sizes as 

compared to roof squeeze in 8x8 ft opening 

 % Roof 

squeeze 

increase as 

compared to 

8x8ft 

% Roof squeeze 

increase as 

compared to 

8x8ft 

 8 ft 12 tonne 

bolts 

12 ft 24 tonne 

bolts 

8x8ft - - 

10x10ft 8.7 0.5 

12x12ft 14.8 1.8 

14x14ft 26.1 10.9 

16x16ft 37.0 18.2 

18x18ft 52.2 31.8 
 

5.4 Excavation Depth 

The depth of the excavation is varied from 500 ft to 3000 ft with 8 ft 12-tonne Swellex bolts and 

12 ft 24-tonne Swellex bolts on a 4x4 ft spacing. In the numerical model, depth is varied by 

changing vertical and horizontal stresses as listed in Table 5-29. Table 5-30 lists the rib squeeze 
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over a period of four years for varying depths, also shown in Figure 5-46. In Table 5-30 percentage 

squeeze reduction refers to squeeze reduction when 12 ft 24-tonne rock bolts are used instead of 8 

ft 12-tonne rock bolts.  

Table 5-29: Stress state at varying depth 

Depth (ft) Vertical Stress (MPa) Horizontal Stress (MPa) 

500 2.5 1.83 

1000 5 3.67 

1500 7.5 5.5 

2000 10 7.33 

2500 12.5 9.16 

3000 15 11 

 

Table 5-30: Rib squeeze over period for 4 years with varying depth 

 

 Rib squeeze (mm) 

8' 12 tonne 

Rib squeeze (mm) 

12' 24 tonne 

Percentage 

Squeeze 

Reduction 

500ft 0.058 0.042 27.6 

1000ft 0.9 0.68 24.4 

1500ft 4.9 3.8 22.4 

2000ft 19 14 26.3 

2500ft 40.5 34.7 14.3 

3000ft 72.5 65 10.3 
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Figure 5-46: Rib squeeze over 4 years with varying depth 

 

Table 5-31 lists the roof squeeze over a period of four years for varying depths, also plotted in . In 

Table 5-31, percentage squeeze reduction refers to squeeze reduction when 12 ft 24-tonne rock 

bolts are used instead of 8 ft 12-tonne rock bolts. 

Table 5-31: Roof squeeze over period of 4 years with varying depth 

 

0

10

20

30

40

50

60

70

80

8' 12 tonne

12' 24 tonne

Rib Displacement in mm 

over 4 years

  Roof squeeze (mm) 

8' 12 tonne 

Roof squeeze (mm) 

12' 24 tonne 

Percentage 

Squeeze 

Reduction 

500ft 0.053 0.045 15.1 

1000ft 0.65 0.56 13.8 

1500ft 2.5 2.12 15.2 

2000ft 6.3 5.2 17.5 

2500ft 13.7 11.45 16.4 

3000ft 26.4 22.4 15.2 
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Figure 5-47: Roof squeeze over period of 4 years with varying depth 

 

Figure 5-48, Figure 5-49, Figure 5-50, Figure 5-51, Figure 5-52 and Figure 5-53 shows the joint 

slips for the numerical models at varying depth of 500 ft, 1000 ft, 1500 ft, 2000 ft, 2500 ft and 3000 

ft respectively. The color red represents the joints which have slipped, green represents the joints 

which are slipping now and the light blue represents joints in tensile failure.  

 

Figure 5-48: Joint slips at excavation depth of 500 ft 
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Figure 5-49: Joint slips at excavation depth of 1000 ft 

 

Figure 5-50: Joint slips at excavation depth of 1500 ft 
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Figure 5-51: Joint slips at excavation depth of 2000 ft 

 

Figure 5-52: Joint slips at excavation depth of 2500 ft 
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Figure 5-53: Joint slips at excavation depth of 3000 ft 

 

Most joints which stopped slipping in the numerical model at lower depths of 500 ft to 1500 ft 

(Figure 5-48, Figure 5-49, Figure 5-50) are constantly slipping in the numerical models at higher 

depths of 2000 ft to 3000 ft (Figure 5-51, Figure 5-52, Figure 5-53). Also, more slips are observed 

in models at higher depths as compared to models at lower depths due to increase in vertical and 

horizontal stresses at higher depths. 
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6 Conclusions and Recommendations 

Over 200 numerical models were developed as a part of this study for studying the effect of various 

rock parameters, joint parameters, support design parameters, excavation size and depth 

parameters. As discussed in Section 4.6 (Further Analysis), 90 mm squeeze in each rib for a 12x12 

ft opening which is equivalent to 4.65% maximum principal strain rate in the semicircular region 

in ribs is chosen as cut-off point for defining instability in squeezing ribs at the end of four-year 

period. Based on this as an instability criterion for the time dependent numerical models and 

sensitivity studies performed in Section 5 (Sensitivity studies), support design recommendations 

can be made for preventing squeezing instabilities over a four-year period. For rock and joint 

modeling parameters, among the five studied parameters over a range of seven values for each of 

the cases mentioned in Section 5.1 (Rock and Joint modeling parameters), it was concluded that 

only three are critical namely Young’s modulus, Poisson’s ratio and joint normal stiffness. For a 

12x12 ft opening with 8 ft 12-tonne Swellex rock bolts, results for variation of critical parameters 

(joint normal stiffness, Young’s modulus and Poisson’s ratio) with the instability criterion 

described above are shown in Figure 6-1, Figure 6-2 and Figure 6-3 respectively.  

 

Figure 6-1: Sensitivity of maximum rib displacements to varying joint normal 

stiffness for 12x12 ft opening with 8 ft 12-tonne Swellex bolts with squeezing 

instability criterion 
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Figure 6-2: Sensitivity of maximum rib displacements to varying Young’s 

modulus for 12x12 ft opening with 8 ft 12-tonne Swellex bolts with squeezing 

instability criterion 

 

 

Figure 6-3: Sensitivity of maximum rib displacements to varying Poisson’s 

ratio for 12x12 ft opening with 8 ft 12-tonne Swellex bolts with squeezing 

instability criterion 
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For a 12x12 ft opening, results for variation of rock bolt spacing with the instability criterion 

described above are shown in Figure 6-4. It is important to note that these models have a high 

rockmass modulus numbers (discussed in detail in Section 5.1: Rock and Joint modeling parameters 

– Case 1 through Case 5) – depicting good ground conditions at the instrumented openings, making 

them borderline stable at end of four-year period for no rock bolt case studies.  However, as shown 

in Figure 6-2, for low modulus numbers, the numerical modeling case studies with 4x4 ft spacing 

of 8 ft – 12 tonne Swellex rock-bolts are borderline to critically unstable with regards to time 

dependent squeezing at the end of four-year period.  

 

Figure 6-4: Sensitivity of maximum rib displacements to varying rock bolt 

spacing for 12x12 ft opening with squeezing instability criterion 

 

Variation of rock bolt length is a critical parameter as time dependent squeezing in ribs decreases 

significantly as shown in Figure 6-5. As shown in Figure 6-5, 12 ft – 24 tonne Swellex bolts are 

efficient in controlling rib squeeze. The variation of excavation size is not critical to rib squeezing, 

discussed in detail in Section 5.3 (Rock Bolt Length and Excavation Size). Squeezing in ribs 
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increases slightly with increase in span and height but it is not a critical parameter for rib squeezing 

as the increase in time dependent squeezing is very low based on this study.  

 

Figure 6-5: Time dependent rib squeeze data from numerical model over four 

years with varying excavation spans for two different rock bolt types on a 4x4 

ft spacing with squeezing instability criterion 

 

Figure 6-6 shows rib displacement over four-year period with bolt spacing and Young’s Modulus 

with respect to squeezing instability criterion. Young’s Modulus is 0.9 GPa in the instrumented 

case study. As the Young’s Modulus is decreased to 0.6 GPa and keeping the other parameters 

constant, it is observed that rib squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing and 

20 ft – 30 tonne Super Swellex bolts on a 6x6 ft spacing is lower than the squeezing instability 

criterion and rib squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing is borderline 

stable with regards to squeezing instability criterion at the end of four-year period. Increasing bolt 

spacing any further leads to squeezing instabilities at end of the four-year period. Further, when the 

Young’s Modulus was decreased to 0.45 GPa and keeping other parameters constant, it is observed 

that rib squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing and 20 ft – 30 tonne Super 

Swellex bolts on a 6x6 ft spacing is borderline stable with regards to squeezing instability criterion 
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at the end of four-year period. Removing the Super Swellex bolts from the support design and/or 

increasing bolt spacing can lead to squeezing instabilities at the end of four-year period.  

 

Figure 6-6: Rib Displacement over four-year period with varying bolt spacing 

and Young’s Modulus shown with squeezing instability criterion 

 

 

Figure 6-7: Rib Displacement over four-year period with varying bolt spacing 

and Joint Normal Stiffness shown with squeezing instability criterion 
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Figure 6-7 shows rib displacement over a four-year period with bolt spacing and Joint Normal 

Stiffness with respect to squeezing instability criterion. Joint Normal Stiffness is 0.25 x 1010 Pa in 

the instrumented case. As the Joint Normal Stiffness is decreased to 0.09 x 1010 Pa and keeping the 

other parameters constant, it is observed that rib squeezing with 8 ft – 12 tonne Swellex bolts on a 

4x4 ft spacing and 20 ft – 30 tonne Super Swellex bolts on a 6x6 ft spacing is lower than the 

squeezing instability criterion and rib squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft 

spacing is reasonably stable with regards to squeezing instability criterion at the end of four-year 

period. Increasing bolt spacing to 5x5 ft leads to borderline stability with regards to squeezing 

instability criterion and a no bolt scenario leads to squeezing instabilities at end of the four-year 

period. Further, when the Joint Normal Stiffness was decreased to 0.05 x 1010 Pa and keeping other 

parameters constant, it is observed that rib squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft 

spacing and 20 ft – 30 tonne Super Swellex bolts on a 6x6 ft spacing is reasonably stable with 

regards to squeezing instability criterion at the end of four-year period. 8 ft – 12 tonne Swellex 

bolts on a 4x4 ft spacing for Joint Normal stiffness 0.05 x 1010 Pa and keeping other parameters 

constant, it is observed that ribs are borderline stable with regards to squeezing instability criterion. 

Increasing bolt spacing any further or removing rockbolts can lead to squeezing instabilities at the 

end of four-year period. Further, when the Joint Normal Stiffness was decreased to 0.01 x 1010 Pa 

and keeping other parameters constant, it is observed that rib squeezing with 8 ft – 12 tonne Swellex 

bolts on a 4x4 ft spacing and 20 ft – 30 tonne Super Swellex bolts on a 6x6 ft spacing is unstable 

with regards to squeezing instability criterion at the end of four-year period. Recommendation in 

this case would be further studies with reduced bolt spacing and longer bolts in conjunction with 

Super Swellex bolts to be installed.  

Figure 6-8 shows rib displacement over four-year period with bolt spacing and Poisson’s ratio with 

respect to squeezing instability criterion. Poisson’s ratio is 0.25 Pa in the instrumented case. As the 

Poisson’s ratio is decreased to 0.2 and keeping the other parameters constant, it is observed that rib 
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squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing and 20 ft – 30 tonne Super Swellex 

bolts on a 6x6 ft spacing is considerably lower than the squeezing instability criterion and rib 

squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing is reasonably lower with regards 

to squeezing instability criterion at the end of four-year period. Increasing bolt spacing to 5x5 ft 

leads to reasonable stability with regards to squeezing instability criterion and a no bolt scenario 

leads to borderline squeezing instabilities at end of the four-year period. Further, when the 

Poisson’s ratio was decreased to 0.15 and keeping other parameters constant, it is observed that rib 

squeezing with 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing and 20 ft – 30 tonne Super Swellex 

bolts on a 6x6 ft spacing considerably stable with regards to squeezing instability criterion at the 

end of four-year period. For 8 ft – 12 tonne Swellex bolts on a 4x4 ft spacing for Poisson’s ratio 

0.15 and keeping other parameters constant, it is observed that ribs are reasonably stable with 

regards to squeezing instability criterion. For 8 ft – 12 tonne Swellex bolts on a 5x5 ft spacing for 

Poisson’s ratio 0.15 and keeping other parameters constant, it is observed that ribs are borderline 

stable with regards to squeezing instability criterion. Removing rockbolts can lead to squeezing 

instabilities at the end of four-year period. Further, when the Poisson’s ratio was decreased to 0.1 

and keeping other parameters constant, it is observed that rib squeezing with 8 ft – 12 tonne Swellex 

bolts on a 4x4 ft spacing and 20 ft – 30 tonne Super Swellex bolts on a 6x6 ft spacing considerably 

stable with regards to squeezing instability criterion at the end of four-year period. For 8 ft – 12 

tonne Swellex bolts on a 4x4 ft spacing for Poisson’s ratio 0.1 and keeping other parameters 

constant, it is observed that ribs are reasonably stable with regards to squeezing instability criterion. 

For 8 ft – 12 tonne Swellex bolts on a 5x5 ft spacing for Poisson’s ratio 0.1 and keeping other 

parameters constant, it is observed that ribs are borderline stable with regards to squeezing 

instability criterion. Removing rock-bolts can lead to squeezing instabilities at the end of four-year 

period. 
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Figure 6-8: Rib Displacement over four-year period with varying bolt spacing 

and Poisson’s Ratio shown with squeezing instability criterion 

 

Figure 6-9 shows rib displacement over four-year period with varying bolt spacing with squeezing 

instability criterion, shown with combination of varying Young’s Modulus, Joint Normal Stiffness 

and Poisson’s Ratio. Figure 6-9 is a combination of Figure 6-6, Figure 6-7 and Figure 6-8, 

combining varying Young’s Modulus, Joint Normal Stiffness and Poisson’s Ratio with varying 

bolt spacing and shown with squeezing instability criterion.  
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Figure 6-9: Rib Displacement over four-year period with varying bolt spacing 

with squeezing instability criterion, shown with varying Young’s Modulus, 

Joint Normal Stiffness and Poisson’s Ratio 
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6.1 Key Conclusions 

Summary of key conclusions are as follows: 

 The normalized observed support pressure increases significantly after 4.65% drift closure 

and the recommendations for designing supports increases from steel sets may be required 

to forepoling and face reinforcement with steel sets usually required at over 5% strain rates 

discussed in more detail in Section 4.6 (Further Analysis – Squeezing Instability Criterion).  

 Typical support design for a short term mining excavation are rock bolts and shotcrete with 

wire mesh. Shotcrete typically starts cracking at over 2% strain, however rock bolts can 

hold the excavation post 2% strain rates. The 4.65-5.00% strain or drift closure is 

considered as a realistic instability criterion for the squeezing based on the study. 

 Rib squeeze of 90 mm in each rib for a 12x12 ft opening which is equivalent to 4.65% 

maximum principal strain rate in the semicircular region in ribs is chosen as cut-off point 

for defining instability in squeezing ribs at the end of four-year period. 

 Among the rock and joint modeling parameters, Young’s modulus, Poisson’s ratio and 

joint normal stiffness are critical for time dependent rock squeezing. Modulus numbers for 

rock in particular are critical. The rock squeezing over time increases at lower value of 

Young’s modulus leading to squeezing instability in underground excavations.  

 Support design parameters including rock-bolt spacing, length and type are very critical to 

prevent squeezing instability in bad ground conditions. These parameters are critical in the 

numerical models for time dependent squeezing instabilities and the design must be on the 

conservative side of recommended numbers based on these studies.  

 Squeezing in ribs increases slightly and in roof increases significantly with increase in span 

and height. Overall, the increase in time dependent squeezing in ribs is very low with 

increasing excavation size based on these numerical modeling scenarios. 
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 Excavation depth is very critical to the time dependent squeezing instabilities, having an 

exponential correlation to the squeezing in the ribs. Deep underground openings subjected 

to high stresses are significantly more prone to squeezing instabilities than underground 

openings with similar rock parameters, joint parameters, and support design at shallow 

depths.  

6.2 Future Work 

For future work, the recommendations are as follows: 

 The numerical modeling studies have been performed to study time dependent squeezing 

instabilities with various rock and joint modeling parameters. For future work, associating 

these parameters to RMR number and Q value would be beneficial, to link these studies 

with other empirical design guidelines.  

 Additional numerical models can be developed for future work, varying further rock and 

joint parameters, support design parameters, excavations size and depth, and time factor 

for proposing design recommendations for preventing time dependent squeezing 

instabilities. 

 These studies include the time factor which is often ignored in empirical design 

methodology and have the potential to provide a basis to include the time factor to the 

empirical support design chart in the future. Further studies are needed to address inclusion 

of time factor to the empirical designs, including studies monitoring stability of the 

underground excavations at varying time spans – for short term and long term excavation 

life scenarios.  
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