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ABSTRACT

An imperative task for successful underground mining is to ensure the stability of
underground structures, since it influences the safety, and in turn, the production capacity
and economic performance of the mine. This is more so for deep excavations in soft rock
which may be under significantly high stresses. In this thesis, stability studies on two
tunnels, a horseshoe-shaped and an inverted arch-shaped tunnel, have been presented.
The tunnels, running at a depth of 1325 m, are part of the Xiezhuang Coal Mine, in the
Xinwen mining area, in China. Using the available information on stratigraphy,
geological structures, in-situ stress measurements and geo-mechanical properties of intact
rock and discontinuity interfaces, a three-dimensional numerical model has been built
using the 3DEC 3-Dimensional Distinct Element Code to simulate the stress conditions
around the tunnels. Based on available discontinuity geometry constraints, the rock mass
has been modelled as a mixture of a discontinuum medium close to the tunnels and as an
equivalent-continuum in the far field. Due to the unavailability of field measurements for
rock mass mechanical parameters, the parameters have been estimated by incorporating
the available intact rock mechanical properties and field deformation monitoring data into
a strength reduction model calibration procedure. This back-analysis (calibration) has
been carried out through a pseudo-time dependent support installation routine which
incorporates the effect of time through a stress-relaxation mechanism.
The results from the back-analysis indicate that the rock mass cohesion, tensile
strength, uniaxial compressive strength, and elastic modulus values are about 35–45 % of
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the corresponding intact rock property values. Additionally, the importance of
incorporating stress relaxation before support installation in numerical modeling has been
illustrated, for the first time in literature, through the increased support factors of safety
and reduced grout failures. The calibrated models have been analyzed for different
supported and unsupported cases in an attempt to quantify the effect of supports in
stabilizing the tunnels and to estimate the adequacy of the existing supports being used in
the mine. A direct outcome is that the findings indicate that longer supports may be better
suited for the existing geo-mining conditions around the tunnels since they have fractured
zones that are larger than the supports currently in use at the mine. The effects of
supports have been demonstrated using changes in deformations and yield zones around
the tunnels, and changes in the average factors of safety and grout failures of the
supports. The use of longer supports and floor bolting has provided greater stability for
the rock masses around the tunnels. A comparison between the closure strains in the two
differently shaped tunnels indicates that the inverted arch tunnel may be more efficient in
reducing roof sag and floor heave for the existing geo-mining conditions.
Additional analyses focusing on parametric sensitivity studies on the rock and joint
mechanical properties show that the tunnel stability is highly sensitive to changes in
cohesion and internal friction angle of the intact rock, and changes in joint basic friction
angle. Tunnel stability is seen to not be very sensitive to changes in intact rock tensile
strength and joint shear stiffness for the tunnels being studied. Finally, support
optimization studies conducted by studying the effect of changing cable diameters and
grout uniaxial compressive strengths on support factors of safety and grout failures show
the trade-off that is necessary in selecting cable strength vis-à-vis grout strength. The
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results indicate that simply increasing either one of cable or grout strength parameters
without considering their interactions and compatibilities could be detrimental to the
stability of the support system.

KEYWORDS:
Tunnel stability; Numerical modeling; Back-analysis; Stress-relaxation; Discrete Element
Method; High in-situ stress
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CHAPTER 1: INTRODUCTION

1.1. Motivation and scope of study
Underground mining regularly requires the excavation of tunnels in a wide range of
geological conditions including, but not limited to soft strata, high number of fractures,
great depths, water bearing strata etc. This requires significant planning and stability
analyses at every stage of the project. This thesis explores two tunnels in a very deep
(>1000 m) coal mine in China, by employing a suite of state-of-the-art numerical
modeling methods in an attempt to better characterize the stability of the tunnels. The
studies have done in collaboration with the University of Science and Technology,
Beijing, and the Xinwen Mining Company, that owns the coal mine (Xiezhuang coal
mine).
One of the reasons for why the Chinese mining scenario provides the perfect setting
and the most opportune moment to conduct the research is the history and record of coal
mining safety in China. Underground mining in itself presents risks usually unseen in
surface mining. This is more so in China because most of their (~95%) coal workings are
underground (China Coal Society Open Pit Mine Committee, 2010). As their energy
needs continue to increase, the country looks to its coal industry to satiate the demand
and the industry is, in turn, forced to search deeper within the earth (He and Song, 2012).
However, deep mining of coal comes with exacerbated problems in the ground control
department, in the form of increased roof falls, coal bumps, water inrush etc. Statistics
until 2008 hold roof falls responsible for the highest number of coal fatalities in China,
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with about 1200 deaths in 2008 alone (The Compiling Committee of China, 2010).
According to estimates by Chen et al. (2012a), China has had nearly 48000 reported coal
fatalities since 2001. To put this in perspective, this figure is significantly higher than
corresponding figures for the next nine highest producers of coal put together. This calls
for a concentrated effort focused on characterizing and minimizing coal mine fatalities
especially in deep mines in China and in the rest of the world.
Keeping this in mind, this thesis has attempted to focus on two tunnels of different
shapes, their stability in the context of rock mass stability, local failures, floor heaving,
deformation reduction and support stability. Since support stability can elegantly function
as a proxy for tunnel stability (for instance, a given support system can be expected to be
less stable in highly fractured rock masses than in more massive formations), it has been
given due importance. The scope of the thesis extends to a holistic static analysis of the
stability of the two tunnels through the study of tunnel deformations, damage zone in the
rock mass around the excavation and support failures. This has been achieved through the
use of a 3-dimensional discrete element method code which has been used to create
accurate models of the geological system. Lithological, in-situ stress, intact rock
mechanical property values, bedding plane orientations, and tunnel and support
geometries have been explicitly incorporated with as much accuracy and reliability as
possible in light of available information. Back-analysis studies have been performed
using the available field deformation data to determine the rock mass mechanical
property values in the region. The calibrated numerical models have been subsequently
employed in analyses aimed at gathering more insights into the behavior of the supports
used in the system, their efficacy and scope for improvement. New procedures have been
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established to incorporate the effect of stress redistribution in the tunnel during the standup period between excavation and supporting, and for the calculation of support factors
of safety and grout failures in the discrete element code. The tunnel shapes have been
studied and the suitability of the tunnels in the existing geo-mining conditions has been
discussed. Parametric studies have also been performed to understand the behavior of the
rock mass to changes in rock and discontinuity properties and to understand the behavior
of the supports to changes in cable and grout mechanical properties.

1.2. Objectives
The global objective of this thesis is to describe the stability of the tunnels in a deep
soft rock excavation. This can be broken down into some more specific objectives as
follows:


To calibrate the models and estimate rock mass mechanical property values through
a back-analysis involving the field deformation monitoring data



To quantify the effect of explicitly modeling the stress redistribution during the
stand-up time between excavation and support



To assess the performance and adequacy of the support systems in the context of
tunnel stability



To assess the suitability of the two tunnel shapes for the given site



To study the sensitivity of rock mass to variability in intact rock and discontinuity
mechanical and frictional parameters



To study the support behavior through a parametric analysis of cable and grout
strengths
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1.3. Research highlights
The outcomes of the research discussed in this thesis have been disseminated to the
wider scientific community through publication in an international journal. Part of the
work has also been accepted for presentation in an international geomechanics
conference. Some of the highlights/novelties of the research are:


The rock mass strength has been estimated through a back-analysis exercise for one
of the deepest soft rock excavations in the world



New procedures to incorporate stress relaxation and to study its effect on tunnel and
support stability have been introduced



Procedures to calculate cable factors of safety and grout bond failures in the discrete
element code have been introduced as a way to quantify the support stability



Tunnel stability has been quantified through tunnel deformations, cable factor of
safety and grout failures



Sensitivity of the rock mass to fluctuations in intact rock and joint mechanical
properties has been quantified



Support ‘slip’ or ‘snap’ analyses through numerical modeling have been introduced
as a way to optimize support mechanical properties

1.4. Layout of the thesis
The thesis has a classical layout and starts off with an introduction to the research
(Chapter 1). This is followed by Chapter 2 - a literature review focusing on various
methods to quantify tunnel stability, with a focus on numerical modeling as applied to
deep excavations in soft rock. The site of the study is subsequently introduced to the
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reader in Chapter 3, with insights into the stratigraphy, geology and state of stress in the
region, and a background to the mine. Chapter 4 introduces the discrete element code and
its relevant mathematical formulations used in the study, with Chapter 5 building up on
this by explaining the modeling set up and the procedures adopted to perform the actual
analyses. Chapter 6 includes extensive discussions on the results from the analyses and
the thesis concludes with Chapter 7 which also provides some new areas for future
research focus. For a complete experience, the reader is advised to go through chapters
sequentially. Readers interested in the mining region are directed to Chapter 3, those
interested in the modeling procedures are directed to Chapters 5-7 and readers focusing
on the physics behind the discrete element method are advised to go through Chapter 4.
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CHAPTER 2: LITERATURE REVIEW

2.1. Introduction
This chapter discusses and reviews the existing literature pertaining to the use of three
broad

qualitative

and

quantitative

methods

(Rock

mass

classification,

field

instrumentation and numerical modeling) for describing the stability of underground
structures. The past use of numerical modeling in studies on excavations in high in-situ
stress conditions is reviewed, with a focus on the use of 3-dimensional discrete element
methods. This chapter attempts to set up a justification for the psyche behind selecting
the methodology used for assessing tunnel stability in this thesis.

2.2. Rock mass classification systems
One of the earliest documented rock mass classification systems aimed at attempting
to assess tunnel stability was the rock load method proposed by Terzaghi et al. (1946).
This method gained popularity in the United States and was found to be useful for
designing steel supports for tunnels. However, it has found little use in modern tunneling
which makes extensive use of shotcrete and rock bolts. According to Bieniawski (1989),
the rock load system may be too qualitative and general to be used for quantitative rock
strength and tunnel stability studies. The system makes use of qualitative and broad
descriptions of the level of jointing and depth (eg. “massive”, “ moderately jointed”,
“moderate depth”) to design the type of support required and the loading on the rock.

24

A seminal work of its time, on excavation stability, came from Lauffer (1958) as the
Stand-Up time classification. This work provided a chart which could be used to estimate
the length of time for which an excavated span of any size would stay stable without
collapsing as this is a function of the rock mass strength and the area and shape of the
excavation. However, it has been found to provide excessively conservative design
estimates for modern tunnels.
A common rating system introduced by Deere et al. (1966) being used in most core
logging applications around the world is the Rock Quality Designation (RQD). The RQD
is based on a 0-100 scale with quality designations ranging from Very Poor to Excellent
based on the numerical value of the RQD. It is simply the ratio of the sum of rock core
lengths of cores greater than 10 cm in length to the total core run length, expressed as a
percentage, as shown in equation 2.1.
𝑅𝑄𝐷 =

∑ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑝𝑖𝑒𝑐𝑒𝑠>10 𝑐𝑚
𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑟𝑒 𝑟𝑢𝑛

(2.1)

Note that equation 2.1 is based on the core size of 50.8 mm diameter. When drill core
is unavailable, the RQD has also been estimated using Palmstrom’s (1982) formula
(equation 2.2), relating the joint volume (number of joints per cubic meter of rock block,
Jv) to RQD.
𝑅𝑄𝐷 = 115 − 3.3𝐽𝑣

(2.2)

This is particularly useful for tunnels. The RQD has been used as a reasonable proxy
for tunnel quality and stability (Deere et al., 1970; Cecil, 1970; Cording and Deere, 1972;
Merritt, 1972). While the RQD forms a basic parameter in the more popular
classifications used at present, i.e., the Rock Mass Rating (RMR) and the Q- system, due
to its simplicity, it is not a good standalone measure of rock mass quality due to its
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disregarding for the other factors that affect rock mass strength – fracture orientation and
size, infilling, roughness etc.
The Rock Structure Rating (RSR), introduced in the USA by Wickham et al. (1972),
paved way for the two most commonly used rock mass classification systems for
tunneling – RMR and Q. The RSR consists of three parameters designated as Parameters
A, B and C, and the actual rating is the sum of these three parameters. Parameter A is the
geology parameter and accounts for the rock type, hardness and the structure (faulting,
folding etc.). Parameter B is the geometry parameter, taking care of the discontinuity
spacing, orientation and tunnel orientation. Parameter C accounts for the effect of
groundwater flow, joint condition and the rock mass quality as discerned from parameters
A and B. While the RSR in its initial form is not used anymore, it paved way for the
improved rock mass classification systems being used in different parts of world today, as
discussed in subsequent paragraphs.
The most popular rock mass classification system, the Rock Mass Rating (RMR), was
developed by Bieniawski (1974) as an empirical system based on field data from South
African projects. It has, since, evolved through the contributions from Bieniawski and
other scientists who have modified it or extended it to suit new data sets or other site or
region specific criteria. The most established “first” version is by Bieniawski (1989)
which estimates a rating for the rock mass as a function of intact rock strength (point load
or uniaxial compressive strength), RQD, discontinuity spacing, joint alteration and
groundwater flow. The initially estimated rating is then corrected for joint orientations.
The discontinuity condition is judged as a function of persistence, fracture aperture, joint
roughness, infill and weathering. Based on the estimated RMR, Bieniawski (1989)
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provided guidelines for rock support as a combination of one or more of bolts, shotcrete
and steel sets. The original RMR was modified by Laubscher (1977) to create the
Modified RMR (MRMR) for mining, which accounts for high in-situ stresses, blast
loading and weathering. It may be noted that the MRMR was formed from data sets
primarily sourced from block caving operations. Cummings et al. (1982) and Kendorski
et al. (1983) modified the MRMR for applications to block caving operations in the USA.
The Q-system, introduced by Barton et al. (1974), for the design of Scandinavian
tunnels, factors in the RQD, a joint set number (Jn), joint roughness number (Jr), joint
alteration number (Ja), joint water reduction factor (Jw) and a stress reduction factor
(SRF). The equation to calculate the value of Q is given in equation 2.3. The Q value
ranges from 0.001 (very squeezing ground) to 1000 (massive intact rock). The stress
reduction factor attempts to quantify the effect of the intact rock strength and the in-situ
stress on the rock mass quality. Essentially, the rock mass quality in the Q system is a
function of the block size, shear strength between blocks and the effect of the in-situ
stress field. Based on the values of Q and the span of the excavation, Barton et al. (1974)
provide charts to estimate the quantity and quality of supports required.
𝑄=

𝑅𝑄𝐷 𝐽𝑟 𝐽𝑤
𝐽𝑛 𝐽𝑎 𝑆𝑅𝐹

(2.3)

The Geological Strength index, introduced by Hoek (1994) and modified by Hoek and
Brown (1997) attempts to characterize rocks based on the joint orientation, frequency and
alteration, all judged from physical appearance. The GSI ranges from 0-100 and is used
as an important input parameter for the Hoek-Brown failure criterion. Both the RMR and
the GSI systems have been used as empirical proxies to relate and estimate other rock
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properties such as strength, elastic modulus (Chun et al., 2009; Hamidi et al., 2010; Singh
and Rao, 2005; Cai et al., 2004) etc.
Although the rock mass classification systems have established themselves as an
important aspect of tunnel design either through their direct use or in probabilistic
analyses (Hamidi et al., 2010; Cai, 2011; Delisio et al., 2013; Celada et al., 2014; Aydan
et al., 2015), they are not without drawbacks. Due to the qualitative and highly subjective
nature of their description, it is not possible to use them to fully describe the behavior of a
tunnel in a jointed rock mass, to estimate its deformations, effects of blasting, staged
tunneling, time-dependent weakening, seismic effects etc. The rock mass classification
systems provide field engineers and technicians with a quick and simple estimate of the
rock quality but they are far from a full description of the rock mass. Hence, there is a
need for instrumentation and other forms of stability estimation such as modeling to
record and process the full spectra of rock mass behavior over varying periods of time
and in real-time.

2.3. Assessing tunnel stability through field instrumentation
The various uncertainties inherent in the different geological formations makes it a
necessity to instrument tunnels and other underground and surface structures in rock,
especially for gathering useful data that could serve as inputs for numerical modeling.
Back-analyses, as described in this thesis, is an important application and extension of
field monitoring. Sakurai (1997) reviews the different measurement techniques adopted
in tunneling to quantify and monitor stability. The review stressed on the need for
establishing hazard warning levels, similar to a safety factor, for the instrumentation
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based measurements. This would establish an allowable threshold for various values
measured from these equipments and alert an operator when the threshold is met or
surpassed. For this, the author introduces the concept of critical strain, as calculated using
deformation measurements in tunnels, to be used as a proxy for tunnel stability.
The Underground Research Laboratory (URL) in Canada has been home to significant
advances and case-studies in rock mechanics for over two decades. Read (2004)
documents the monitoring and instrumentation that has gone into the excavation response
studies at the URL, which is under medium in-situ stress conditions (15-26 MPa stress
fields). The studies conducted in the shafts include installation and monitoring of triaxial
strain cells, extensometers, convergence pins, microseismic sensor arrays and hydraulic
borehole packers. This was in addition to core logging and Colorado School of Mines
(CSM) dilatometer tests (Ladanyi, 1982) for measuring rock mass deformation
measurements. Tunnel deformations were measured through convergence arrays,
extensometers and micrometers installed through parallel tunnels. Monitoring of stress
changes was done through CSIRO Hollow inclusion (HI) triaxial strain cells (Fairhurst,
2003). Instrumentation for hydraulic pressure measurement included pneumatic straddle
packers and vibrating-wire piezometers, with thermistors for temperature measurements.
Through such extensive monitoring and field observations, the studies managed to
document the failure progress in their tunnels, simulate these processes in numerical
models and predict possible future failure paths. The microseismic monitoring showed
acoustic emissions ahead of tunnel face advance in tunnels with breakouts, and the
instrumentations were successful in characterizing the excavation damage zone (EDZ).
The author also stresses on the need for numerical modeling as a compliment to the field
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instrumentation and of the usefulness of the discrete element method for the case of
modeling the URL. Martino and Chandler (2004) explain the usefulness of field
instrumentation, specifically for stress and deformation measurements for characterizing
the EDZ.
Bizjak and Petkovšek (2004) performed displacement analyses for a highway tunnel in
Slovenia through instrumentation such as extensometers and pressure cells, and
subsequently modeled the tunnel-support response through numerical modeling. The
EDZ in the Mont Terri URL in Switzerland was monitored and characterized for the
purpose of assessing the host rock as a waste disposal site through long term monitoring
of pore pressures, breakouts and deformations in the microtunnel (Marschall et al., 2006).
Other in-situ and laboratory instrumentation focused on the estimation of rock mass
strength parameters. Delayed failure at the Messochora tunnel in Greece was analyzed
through data gathered on tunnel deformation and accumulated strains in an attempt to
better understand the pre- and post-failure behaviors of the tunnel and the reasons for the
failure (Kontogianni et al., 2008). Cardarelli et al. (2003) used geophysical methods such
as ground penetrating radar, seismic refraction and seismic tomography to evaluate the
tunnel stability in a water tunnel where rock fracturing caused landslides.
In summary, monitoring and data acquisition is a useful tool in the process of
evaluating tunnel stability, since it can be used as a standalone tool from which
significant useful information can be inferred as to the state of the tunnel, and the data
gathered can also be gainfully used in numerical modeling exercises. However, much of
the data acquisition in tunneling is usually focused on research tunnels, pilot tunnels and
shallow tunnels in the context of nuclear waste repositories and civil infrastructure (eg.
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Lizhong et al., 2003; Jun et al., 2004; Liu et al., 2007; Gengye et al., 2005) and
significantly fewer monitoring routines or monitored data sets are available for mining
projects worldwide (eg. Szostak-Chrzanowski et al., 2005). Additionally, since
monitoring can only provide the past and present statuses, the trends would have to be
extrapolated to predict future behavior. Due to these limitations, it is also important to
perform numerical simulation exercises, especially in situations with little monitoring
data and for better predicting future trends in the stability of tunnels in complex geologic
media.

2.4. Numerical modeling
Discontinuities are planes where a change in physical, mechanical or chemical
properties of the rock mass can be observed (Price, 2008). Discontinuities may be
fractures, fissures, joints, faults, folds, dykes or bedding planes. While discontinuities are
of many types, they generally occur as planes of weakness where the likelihood of
fracture is highest, when subjected to a stress. Hence, they are of significance when the
stability of an underground excavation is to be estimated. The most commonly observed
discontinuity type in underground excavations is a joint or joint set(s) and is usually
characterized by parameters such as joint set number, joint orientation, joint spacing,
joint frequency, joint size, joint roughness, joint stiffness, joint friction angle etc.
With the advent of powerful computers in tandem with advances in mathematics,
several numerical modeling methods have been introduced to compute the stability of
excavations. The methods can be broadly categorized as being continuum methods,
discontinuum methods or hybrid methods (Elmo, 2006).
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In continuum methods, the discontinuities are treated as elements which divide a
continuous intact rock. The displacements can be estimated at the nodes but the fact that
discontinuities behave differently from the intact rock is discounted. In other words,
discontinuities are merely treated as interface elements and their stiffness and frictional
properties are not considered. Hence, continuum methods are appropriate when modeling
intact rock and highly fractured rock masses (equivalent continuum). The continuum
methods are the Boundary Element Method (BEM), the Finite Difference Method (FDM)
and the popular Finite Element Method (FEM) which has applications in wide ranging
engineering problems.
The discontinuum approach builds upon and eliminates the elementary drawback of
continuum methods by explicitly defining joints and assigning properties to them.
Discontinuum methods are also known as the Discrete Element Methods (DEMs) as they
fundamentally model a rock mass model as an assemblage of rigid or deformable intact
rock blocks with explicit discontinuity interfaces separating them. In other words,
discontinuum modeling allows the rock fabric to ‘tear’ and rupture, and is typically
suitable for rock masses that have large and well defined joints. The popular
discontinuum methods employed for modeling rock masses are the Distinct Element
Method (DEM) and the Discontinuous Deformation Analysis (DDA).
Since both continuum and discontinuum methods have inherent strengths and
weaknesses, researchers have attempted to mix them both to utilize efficiently, the
advantages of both continuum and discontinuum methods, thus paving way for the hybrid
methods. These relatively new techniques have been discussed in section 2.4.6.
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The subsequent sections provide more insight into the common continuum,
discontinuum and hybrid methods used in rock mechanics research, and some of the ways
in which they have been applied to underground stability analyses.

2.4.1. Boundary Element Method (BEM)
The Boundary Element Method (BEM) solves those partial differential equations
(PDE) which have been constructed as boundary integrals. The solution is achieved by
fitting the problem’s boundary values into the integral to provide approximate solutions.
The BEM has high computation speeds as it reduces the dimensions of the problem
domain by one. It has been found to be particularly useful for solving problems in
fracture mechanics which involve homogenous and linear elastic media. Ke et al. (2012)
perform a 2D fracture mechanics analysis using the BEM and stress on its usefulness for
the same. Liu and Li (2014) have performed a comparative study of the BEM and the
Discontinuous Displacement Analysis (DDA) where they show that the two methods are
equivalent for modeling crack propagation problems. Brady and Bray (1978) first used
the BEM for rock mechanics applications, to determine stresses around and deformations
undergone by excavations in a triaxial stress field. Prazeres et al. (2010) have used a
modified BEM to perform a nonlinear analysis of a New Austrian Tunneling Method
(NATM) tunnel construction and they report that the method proved to be
computationally faster than and just as effective as the FEM. However, the model is an
equivalent continuum and the presence of discontinuities has not been explicitly
considered. Beer (2010) illustrated the modifications in BEM using which it can be
successfully applied to heterogeneous geologic media, presence of rock reinforcements
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such as shotcrete and for simulating sequential excavations. Cheng and Sun (2010) and
Fraldi and Guarracino (2011) use the 2-dimensional BEM code Examine2D to carry out
their respective analyses of brittle fracturing of rock mass due to an excavation and a
study on the failure of a circular elastoplastic tunnel. Wu et al. (2015) performed a BEM
study of the stress distribution in a mine roof. In this case, the mine roof was modeled as
an assumed elastic medium and the behavior was compared with the results of a
FLAC3D FDM simulation. The authors conclude that BEM proved to be a
computationally superior method for modeling that specific case of mine tunnel roof.
Maerten et al. (2014) use a 3-dimensional BEM code named iBem3D to model rock
masses more accurately than was previously possible using the BEM. According to them
iBem3D is capable of efficiently simulating discontinuities and fractures in
heterogeneous media, without the assumption of elasticity.

2.4.2. Finite Difference Method (FDM)
The Finite Difference Method uses an explicit solution procedure using Lagrangian
formulations for solving a system of Partial Differential Equations representing a model.
Since the solution scheme is explicit, matrices are never formed. This allows modeling to
be computationally efficient. The most popular commercial FDM packages used for rock
mass evaluations are FLAC and its 3D counterpart FLAC3D. The FDM has been a
popular go-to method for the analysis of slope stability in highly fractured and intact
domains, and surface subsidence prediction due to underground structures. Xu et al.
(2013) use FLAC3D to predict the surface subsidence in a coal mine and to select a
mining scheme which would minimize the subsidence. A FLAC3D based subsidence
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analysis for ground deformation caused by metro tunneling in shallow soft soils was
undertaken by Chengping et al. (2010). Slope stability analyses for various ground
conditions have been performed using the FDM, such as by Singh et al. (2013) for a fireprone mine in India, by Shen and Karakus (2013) using shear strength reduction
techniques, and by Porathur et al. (2013) for Highwall mining. Chen et al. (2011)
modeled the stress redistribution and formation of a pressure arch around excavations
during tunneling, using the FDM. An estimation of the post-peak strength of marble
using a FLAC based simulation of the tri-axial compressive tests, for application to deep
tunneling, was performed by Hsiao et al. (2012). Hasanpour (2014) and Hasanpour et al.
(2014) simulated double shield TBM tunneling under high in-situ stress fields using
FLAC 3D.

2.4.3. Finite Element Method (FEM)
The Finite Element Method was formulated and introduced by Clough (1958) and the
name ‘finite elements’ first appeared in Clough (1960), where a plane stress problem was
solved using the FEM. The FEM is a set of procedures to discretize a system into a finite
number of elements and obtain approximate solutions for continuum based problems
(Clough, 1990). Due to its wide ranging applicability, it has found popularity among
engineers in all fields of structural, fluid and thermal and electromagnetic analyses. Since
the method itself, and the available code packages, can deal with multiple conditions of
material heterogeneity and complex boundary conditions in 2D as well as 3D, the FEM
has been the most popular method for many years. However, its fundamental premise of
continuum assumption is also its fundamental drawback for application in rock
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mechanics, as it cannot realistically model the rock mass. Consequently, special joint
elements are required to be used to incorporate discontinuities and fractures (Goodman et
al., 1968). However, Deb and Das (2009) state that these joint elements cause numerical
inconsistencies which seem to depend on the boundary conditions, problem geometry and
the accuracy of the computer used, thus opening the doors for further research into
developing better joint elements which can do away with these drawbacks. Despite its
significant drawback in the context of rock engineering, the FEM is continued to be used
in rock mechanics analyses, especially during calculations in intact rock and for highly
fractured case studies which can be modeled as equivalent continuum media. Commonly
used FEM codes in rock/soil mechanics are PLAXIS and PLAXIS3D, although ANSYS
and ABAQUS are also favored by researchers who look to study crack and fracture
growth. This is especially appropriate in case of soft rocks where the joints and rock mass
have similar stiffness values. An example of this scenario is detailed in Klopčič and
Logar (2014) where the authors explore the effect that the orientation of anisotropy
planes with the tunnel axis has on the displacements experienced during tunneling. This
has been done using PLAXIS3D.

2.4.4. Discrete Element Method (DEM)
The DEM was first introduced in a revolutionary paper published by Cundall (1971),
which proposed an algorithm for a computer model which could accurately simulate large
displacements in rock masses. This initial method was further developed by Cundall
(1988), thus paving way for the DEM modeling software package Universal Distinct
Element Code (UDEC) and its 3-dimensional version 3DEC. The DEM models rock
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masses as a cluster of blocks which may be rigid or deformable and an explicit solution
procedure is employed wherein the joints are modeled as having specific properties.
Essentially, the DEM allows the blocks to behave as continuum media and the block and
joint interactions are modeled by the Newton’s laws of motion. This eliminates the need
for a large stiffness matrix unlike in the case of FEM modeling. The superiority of DEM
for modeling discontinuous rock masses has been explained by Fairhurst and Pei (1990),
where the authors compare the results obtained by an FEM and a UDEC model of an
excavation in a joined rock mass. Barla and Barla (2000) also compare the continuum
and discontinuum approaches and conclude that, despite its relatively unproven nature at
the time of publication, 3DEC and other DEM based packages perform a better job of
accurately simulating jointed rock masses. They stress that the only constraint to its
widespread use would be the requirement for superior computer hardware. Yuyong and
Jian (2004) have successfully employed UDEC and 3DEC to perform a dynamic study on
the response of discontinuous rocks to explosions underground. Hao and Azzam (2005)
and Vardakos et al. (2007) have performed 2D discontinuum modeling of tunnels in
different rock types, using UDEC. A 3D stress analysis using 3DEC, coupled with an
equivalent continuum analysis, for a mine tunnel in an underground iron ore mine was
performed by Wang et al. (2012), with encouraging results which correlated well with
observed field deformations. Kulatilake et al. (2013) investigated the stability of a tunnel
in an underground coal mine in China, using 3DEC and field deformation data, where the
modeling results were found to be in good agreement with field observations. 3DEC has
also been employed to perform a structural stability analysis of theoretical designs of a
sculpture in an underground cavern in the Canary Islands (Macklin et al., 2012). This is a

37

classic example of the usefulness of numerical modeling before the actual
commencement of the project as it helped eliminate structurally unsafe designs.
An approach similar to the DEM is the Discrete Fracture Network (DFN) approach
which simply models the fracture networks for the purpose of fluid flow and permeability
studies. It functions with the inherent assumption that the intact rock is insignificantly
permeable when compared with the fractures and hence only the fracture networks are
explicitly modeled (Wang et al., 2002; Jing, 2003). While a coupled deployment of DFN
and DEM would be attractive for tunnel stability studies in areas with water inrush, the
DFN technique has not seen widespread usage in the underground mining sector.

2.4.5. Discontinuous Deformation Analysis (DDA)
The DDA is a Discrete Element Method which was originally published by Shi and
Goodman (1985) and further refined by Goodman and Shi (1988) and Shi (1992). It is
essentially a method used to simulate and study the blocky rock masses. It can be used to
model large displacements and block failure in deformable systems. The method, similar
to the FEM, is derived using the principle of minimum potential energy. This is the
fundamental difference between the DDA, which uses implicit energy based solution
schemes, and the DEM code which uses explicit force based procedures. Wu et al. (2005)
most recently proposed a code for 3D DDA analysis and demonstrated its usefulness for
analyzing a rock slope’s stability against toppling in Japan.
According to MacLaughlin and Doolin (2006), the DDA has been popularly used by
rock mechanics experts for analysis of rock structure stability, especially in cases of slope
and dam stability, and for underground caverns. Much study on the seismic response of
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slopes, using DDA, has been observed in literature, such as those by Irie et al. (2009),
Wu (2010), Wu and Chen (2011), Wu et al. (2011), Cai et al. (2013) and Zhang et al.
(2013a). Shi (2014) has also used the DDA for the stability analysis of underground
caverns, in addition to the stability of slopes, using 2D DDA and a simplified 3D DDA
(only slope stability). Its usefulness for the analysis of toppling of slopes has been
stressed upon by Shi (2007). Jian-ping et al. (2011) modified the original DDA code to
include the potential energy due to rock bolts for optimizing the support requirements for
the large deformations observed in a mine tunnel. The primary arguments in favor of the
use of DDA, as put forth by Cheng (1998), are that the DEM method requires artificial
springs to absorb the energy generated, to achieve equilibrium, and that the explicit time
marching algorithm used by the DEM can cause numerical instability if very small time
steps are not used. In addition, due to its non-commercialization, DDA is available as a
freeware. In contrast, the DDA has a multitude of drawbacks of its own. Scheldt (2002)
discovered that, if a model geometry is such that there is a large ratio between rock
blocks, or if joints have nearly zero angle between them, the computation fails. Also,
stresses within a block are assumed to be constant, blocks cannot undergo fracture, pore
pressure has not been considered and the post-processing capabilities of the available
DDA code is limited, as opposed to a wide variety of options available in the
UDEC/3DEC code for DEM. An important limitation of the DDA, which has been
repetitive throughout literature, is the problem of numerical truncation and loss of
significant effective digits (Ma, 1999; Zhao et al., 2011; Ohnishi et al., 2014). Hence,
while the DDA essentially guarantees numerical stability, it may not necessarily provide
accuracy.
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2.4.6. Hybrid methods
While there is no well-defined definition of a hybrid method or code, any code which
employs two or more of the continuum and discontinuum methods in any combination
can essentially be classified as a hybrid method. The Particle Manifold Method (PMM)
(Sun et al., 2013) and Numerical Manifold Method (NMM) (Zheng et al., 2014) are two
commonly implemented continuum-discontinuum numerical modeling methods. Two of
the popular hybrid codes incorporating FEM/DEM, used for rock mass simulations, are
ELFEN (Rockfield, 2011) and YGeo (Mahabadi et al., 2012). Munjiza et al. (1995)
elucidated on the inherent issues in computing power which could be a deterrent for the
FEM/DEM methods from gaining popularity. Progressive failure in rock slopes was
modeled using a 2D hybrid FEM/DEM approach by Eberhardt et al. (2003). Elmo (2006)
used the ELFEN code to determine the strength of a fractured rock mass. The modeling
was further carried out on a 3D version of ELFEN. While the author reports satisfactory
results, it has also been stressed that the code is still in development and multiple aspects
of rock mass modeling are, as yet, not available in the code, such as ability to incorporate
fluid pressures and tunneling in stages. The author stresses on the need for more efficient
algorithms and to use the parallel processing capabilities of modern computers. However,
recent versions of Elfen have been used to study fractured rock pillars in a limestone
mine and surface subsidence due to block caving (Elmo and Stead 2010; Vyazmensky et
al. 2010). Elmo et al. (2013) and Hamdi et al. (2014) use ELFEN to model further
fractures in laboratory testing of specimens. Lisjak et al. (2014) present a 2D FEM/DEM
analysis exploring the failure mechanisms of unsupported circular tunnels in clay shales.
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2.4.7. Summary
A detailed analysis of the advantages and drawbacks of different numerical methods is
tabulated in Coggan et al. (2012) and reproduced in Table 2.1. The authors also perform a
comparative study between the results of ELFEN and UDEC in simulating the roof
behavior of an underground coal mine roadway. In addition, they state that much of the
existing work on numerical modeling of roof stability in coal mines have been performed
without providing sufficient attention to the existence of fractures in intact rock. Jing
(2003) and Lisjak and Grasselli (2014) have carried out a detailed literature review of the
different DEM and hybrid FEM/DEM methods that have recently been fruitfully used in
the realm of rock mass stability. Lisjak and Grasselli (2014) note that the hybrid
FEM/DEM is not the same as a coupled continuum-discontinuum approach suggested by
Pan and Reed (1991).
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Table 2.1: Different numerical computational methods with their known advantages and
drawbacks (Reproduced from Coggan et al., 2012)
Analysis
method

Continuum:
Boundary
element

Input assumptions

Representative
tunnel geometry,
usually adopt simple
constitutive criteria

Advantages
Elastic analysis, capability
of three-dimensional
modelling, rapid assessment
of designs and stress
concentrations
Allow for material

Limitations

Normally elastic analysis
only, (non-linear and time
dependent options are
available.)
Must be aware of

deformation and failure, can model/software limitations

Representative
tunnel geometry,
wide range of
Continuum:
Finite-element
and finitedifference

constitutive criteria,
including weakness
plane, groundwater,
shear
strength/stiffness of
discrete interfaces,

model complex behaviour,

including effects of mesh

capability of three-

size, boundaries, symmetry

dimensional modelling, able and hardware restrictions
to assess simulate both

(i.e. memory and time

saturated and unsaturated

constraints) and data input

(multiphase) flow/water

limitations (such as effects of

pressures, recent advances in variation of critical input
hardware mean that

parameters etc.); simple

complicated models can now structures can be simulated
be PC-based and run in

with interfaces, but not

reasonable time periods, can suitable for highly jointedincorporate coupled

blocky media; well trained

dynamic/groundwater

and experience users and

analysis, suitable for soil,

familiarity with numerical

rock or mixed soil rock

analysis methods essential;

analysis, time dependent

validation through

deformation readily

surface/subsurface

simulated

instrumentation important

Discontinuum: Representative

Able to model complex

As above.

Discrete

tunnel and

behaviour; including both

Scale effects: simulate

element

discontinuity

block deformation and

representative discontinuity

in-situ stress,
support properties
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Analysis
method

Input assumptions

Advantages

Limitations

geometry, rock

relative movement of blocks geometry (spacing,

mass constitutive

(translation/rotation); three- persistence); limited data on

criteria,

dimensional models

discontinuity shear

possible; effect of parameter predominantly used for

strength and

variations on instability can jointed rock; validation

stiffness,

be investigated easily;

joint stiffness available;

through surface/subsurface

groundwater, in-situ dynamic loading, creep and instrumentation important
stress, support

groundwater simulated; can

properties

incorporate synthetic rock
masses to represent the
fracture network; use of
Voronoi polygonal blocks
allows simulation of rock
fracture between blocks
Limited use and validation,
state-of-the art codes
requiring in-depth
knowledge/experience of

Hybrid codes

As above.

incorporating

Use fracture

intact rock

mechanics criteria

fracture

or particle flow

capability

code (parallel/shear

(finite–discrete bonds) to simulate
element)

intact rock fracture

Able to allow for extension

modelling

of existing fractures and

methods/mechanics, must

creation of new fractures

incorporate realistic rock

through intact rock, capable fracture network, little data
of three-dimensional

available for contact

modelling (although limited properties and fracture
application to-date), can

mechanics properties, limited

incorporate dynamic effects capability to simulate effects
of groundwater, extremely
long run times will require
use of parallel processing for
large models
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In conclusion, while FEM principles can only be applied to rock masses in specific
cases of continua or equivalent continuum assumptions (Fig. 2.1), it is tempting to
explore the new FEM/DEM techniques which are suggestive of good results.

Figure 2.1: Typical rock masses which can be suitably modeled using (a) Continuum
techniques (b) Discontinuum or continuum mechanics (c) Discrete methods (d)
Continuum methods as an equivalent continuum (Source: Jing, 2003)

However, the hybrid techniques may be used cautiously. In theory, these techniques
exist as a means to eliminate the inherent drawbacks of the various individual methods.
Since the hybrid methods implemented as numerical modeling codes are relatively new
and not as established or popular as the FEM or DEM codes, they may not have all the
toolkits required for geomechanical modeling of excavations. This includes features such
as prior extensive validation, support definitions, explicit rock-support interactions,
capacity to model complex block or excavation geometries in three dimensions and the
ability to manipulate data structures at the source (as opposed to a Graphical User
Interface scheme).
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While none of the methods can be said to be absolutely perfect or flawed (Jing, 2003),
the choice of a numerical method rests with the researcher, and may be dependent on
numerous factors which may be functions of the case at hand and the resources available
at the researcher’s disposal. Numerical modeling is a powerful toolkit in rock mechanics
and can serve as a useful assistant at the design phase and as an important redundancy –
as a risk assessment mechanism, during the life of a project.

2.5. Prior studies on stability of deep excavations in soft rock
Since ‘deep’ can be very subjective depending on the country of use, for the purpose
of this thesis, deep mining refers to mining at depths exceeding 800 m. The presence of
roadways, tunnels and shafts at such depths pose unique geotechnical challenges.
Typically, higher humidity, water inrush, tectonic activities, rockbursts, gas explosions
and significantly higher horizontal in-situ stresses, as compared to vertical stresses are
some of the common problems that have to be dealt with while studying deep coal mines,
as each of these may prove to be life threatening at various levels. The stability of deep
mine roadways is of special interest as they are prone to roof falls and floor heaves at
such high confining pressures and in the presence of discontinuities in the soft strata.
Deep coal seams being operated for CO2 sequestration have not been included in the
discussion as they do not have significant safety threats associated with them, since
miners do not physically works in such seams.
The popular AlpTransit system in Switzerland, of tunnel lengths running at up to 57
km, has overburden stresses equivalent to up to 2500 m. Vogel and Rast (2000) write
about the safety considerations including stability of the tunneling in fractured rocks,
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temperature and ventilation being some of the prime safety and stability factors.
Schweitzer and Johnson (1997) comment on the geotechnical classification of the deep
mining areas in South Africa, drawing attention to the gold mines driven at depths
exceeding 3500 m. At these depths, rock bursts have been found to have exaggerated
effects, as do seismicity and mining induced fracturing. The authors stress on the need for
better understanding of the behavior of excavations at great depths through improved
numerical modeling studies. Cichowicz et al. (2000) and Guler et al. (2000) study the
rock mass stability in deep gold mines in South Africa placing impetus on seismicity and
stope supports respectively.
In terms of sheer numbers of deep coal mines, China leads the world by a distance.
Simultaneously, significant research efforts aimed at better characterizing deep tunneling
has been seen out of China. For instance, He et al. (2005) and He (2006) review the
existing methodologies and common instrumentation techniques in deep mining in China,
and comment on the validity, or lack thereof, of using classical rock mechanics in soft,
squeezing strata subjected to high stresses. Most research conducted by scholars has been
practical in nature, with immediate and tangible results.
Wang et al. (2006) attempt to define deep rock engineering and discuss the mechanism
of zonal disintegration in the rock mass around excavations in deep tunnels (> 1000 m)
through the analysis of stress state, tunnel deformation and rock mass failures at different
stages of tunnel advance. They also observe the post-peak behavior of the rock mass and
look at its residual mechanical parameters. Based on this, they propose empirical cutoffs
to classify excavations as shallow or deep within a Chinese context. Zhou and Qian
(2007) argue that tunneling at depth is a dynamic problem. They approach the tunnel
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stability issue by coupling strain localization, support interactions and fracture mechanics
theories to estimate failure onset and residual behaviors. They reported that the size and
quality of the fractured zone is a direct function of the tunnel advance rate and inversely
related to the rock mass strength. Sun et al. (2011) treat the tunnel stability problem as a
dynamic problem and attempt to establish the physics behind the rock mass instability.
They propose analytical solutions for the time-history based tunnel response during the
excavation of deep tunnels.
Yang et al. (2007) and Chen et al. (2012b) apply microseismics to monitor the state of
stability in a deep copper mine and a hydropower project respectively. They find strong
correlations between rock bursts and acoustic emissions and fracturing, and show that
microseismic monitoring systems in deep mines can be a significant part of hazard
prediction systems. Yaodong et al. (2004) study floor heaving in a deep coal mine
through field investigations and physical modeling, and identify four unique classes of
floor heaves through case studies in China. Zhang et al. (2009a) and Wu et al. (2011),
through field observations introduce indices and classification systems for supports in
roadways and failure modes of the roadway walls for deep mining in different mines.
Zhang et al. (2009b) introduces the high strength, high pretension and high stiffness
philosophy for deep roadway bolting, which has since been adopted in the Huainan coal
mining district. Wu et al. (2011) divide roadway failure into three categories and identify
nine unique failure modes and further go on to provide guidelines to prevent or localize
these failures. Ma et al. (2008) perform experiments to study clays under high stresses
typical of deep mining scenarios. Specifically, they look at the unloading behavior of the
clays and study the lateral earth pressure coefficients that would evolve during this

47

scenario. They show that the behavior of clays is dependent on the unloading path taken.
Wang et al. (2008) perform laboratory and field pilot tests to introduce steel fiber
reinforced concrete as a support for deep excavations and show that it can withstand the
large deformations typical of deep structures.
Extensive numerical modeling has also been performed to understand the behavior of
deep excavations in China. Fault activation in the floor of a deep coal mine and the
associated implications were studied by Wang and Miao (2006) using FEM. Xiao-Guang
and Xiao-Hong (2007) modeled the stress fields in a deep tunnel in three dimensions,
using accurate measurements of in-situ stress values and stress orientations. Gao and
Kang (2008) study the effect of pre-tensioned bolts in on the stress redistributions in a
roadway modeled as a continuum using the FDM. They studied models with different
support patterns and unsupported cases and found that the introduction of pre-tensioning
increased rock mass strength and capacity for load bearing on the roof and walls of the
tunnel. Sun et al. (2009) used a coupling methodology to integrate the effects of bolting,
meshing and anchoring in their FDM numerical model of a deep tunnel. They compared
their model results with field observations to find good agreements with the modeling
procedures. They stress on the need for introducing the bolt/support at an optimum time
during tunnel excavation so as to optimize the best coupling effect. Zhang et al. (2009b)
studied zonal disintegrations in a deep tunnel in the Huainan mining district through three
dimensional modeling, and established failure laws for zonal disintegration and nonlinear deformations. Zhou et al. (2009) analyzed tunnel stability for a hydropower project
through the use of a Mohr-Coulomb elastoplastic and a strain-softening model. They
discovered that the walls of the tunnels in the main cavern and junctions or tunnel

48

crossings undergo significant plastic strains and recommend support frameworks to
adequately protect these structures.

2.6. Summary
This chapter reviews literature pertinent to numerical modeling of stability in deep
tunneling. Commonly used tunnel stability evaluation techniques have been introduced
with an attempt to objectively evaluate their strengths and weaknesses. The state of the
art in rock mechanics research related to deep excavations in soft rock, with a focus on
deep tunneling in coal-measure strata in China is also discussed in some detail. Based on
available monitoring data and geomechanical data for the intact rock and discontinuities,
the 3-D DEM has been selected as an appropriate methodology for the current study. This
is due to the partial availability of joint data which calls for a mixed stability evaluation,
incorporating concepts of discontinuum and continuum modeling for which the DEM is
appropriate. Subsequent chapters will introduce the reader to the mine site and the
numerical code used for the DEM analyses.
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CHAPTER 3: INTRODUCTION TO THE SITE

3.1. Introduction
The mining site in China, on which the case study discussed in this thesis is based, is
introduced in this chapter. Some of the geological and geomechanical features of the
region are discussed.
The Xiezhuang coal mine, located in the Xinwen coal mining area (Fig. 3.1) is one of
the deepest coal mines in China, with average excavation depths of 1000 m and the
deepest tunnels running at 1400 m. Due to the great depth and development of high
tectonic stresses, this mine is one of the most hazard prone mining operations in China,
with the main hazards being related to ground control and thermal issues (Kang et al.,
2010; Yuan et al., 2010).

Figure 3.1: Geographic location of the Xiezhuang coal mine in China
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3.2. In-situ stress measurements
In-situ stress measurements were undertaken by the Xinwen mining group for their
various mining districts in collaboration with China University of Mining and
Technology (Zhang et al., 2013b). Based on data reported by University of Science and
Technology Beijing (USTB) in connection with this thesis, in-situ stress measurements
for the Xiezhuang coal mine have been compiled and given in Table 3.1.
Table 3.1: In-situ stress measurements for the Xiezhuang coal mine

Depth (m)

Maximum

Minimum

Vertical

horizontal

horizontal

stress (MPa)

principal

principal

stress (MPa)

stress (MPa)

Direction of
maximum
horizontal
principal
stress (MPa)

790

20.9

32.4

16.6

N33.5oE

1071

28.4

39.8

20.6

N39.7oE

1150

30.5

34.6

17.9

N12.5oE

These values are consistent with another survey conducted by Kang et al. (2010). As
can be seen from the values in Table 3.1, the vertical stress values are approximately
consistent with the expected vertical stress gradient. However, the horizontal stress
measurements are skewed in that there is a stress drop at 1150 m for the maximum and
minimum horizontal principal stresses. This, based on communications with the mine and
USTB, has been attributed to the presence of faults in this region due to which a stress
relaxation may have occurred (for further reading on the tectonic stress states in northern
China, the reader is referred to Xie et al., 2009 and Jing et al., 2013).
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In an attempt to gather more in-situ stress measurements from this region, the World
Stress Map Project (Zoback, 1992) was used to determine whether the mining region
contains any useful information regarding the state of stress. The result of this approach
is shown in Fig. 3.2 and indicates that the few stress measurements available from the
region are of low-quality (C and D quality) from very shallow depths. Hence, the three
available stress values were interpolated to estimate the stresses at 1300 m, as shown in
Fig. 3.3. The figure shows a plot of the vertical section with stress variations expressed as
a function of depth. It was decided to estimate the stresses without considering the stress
measurement at 1150 m due to a two-fold consideration: (1) since the stress at 1071 m
follows the expected stress gradient and a stress relaxation has occurred within a
depth/distance of 80 m from this location (at 1150 m), the stress regime should readjust
and stresses should start following the gradient within 80 m from 1150 m, i.e., by 1230
m. (2) In case the strength is not fully regained as hypothesized in (1), the analyses
performed using values estimated from the first two points would be adequately
conservative from an engineering standpoint.
Based on the vertical stress gradient, an average rock density of 2700 kg/m3 was found
to be appropriate for this site and the vertical stress at 1300 m was calculated to be 34.5
MPa according to equation 3.1. The lateral stress ratios as defined in equations 3.2 and
3.3 were used to calculate the two horizontal principal stresses.
𝜎𝑣 = 0.0027 𝑔ℎ (𝑀𝑃𝑎)
Where,
g is the acceleration due to gravity (m/s2)
h is the depth at which the vertical stress, σv, is being calculated (m)
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(3.1)

Figure 3.2: Regional tectonic stresses as available from the World Stress Map Project
(Heidbach et al., 2008)
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Figure 3.3: A plot of in-situ stress variations as a function of depth (σV – Vertical
principal stress, σH – Maximum horizontal principal stress σh – Minimum horizontal
principal stress)

𝐾01 =
𝐾02 =

𝜎𝐻
𝜎𝑣
𝜎ℎ
𝜎𝑣

(3.2)
(3.3)

Based on the stress ratios defined in equations 3.2 and 3.3, the maximum and
minimum horizontal principal stresses, σH and σh, have been estimated to be 50.8 MPa
and 26.2 MPa respectively.
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3.3. Geological background
A comprehensive discussion of the structure and geological conditions which
encouraged the formation of the coal in the Xinwen mining area has been discussed by
Lu (2005). The Xinwen coalfields are located on the west side of the Mengyin trough in
the Shandong province, with an east-west length of 30 km and north-south length of 10
km. Southern parts of the Xinwen coalfields have Carboniferous and Permian coal
outcrops and contain high production mining facilities, with a total coal thickness of 248
m. The strata of the Mengyin formation formed in the upper Jurassic and Guanzhuang
formation from the lower tertiary have a high thickness, unconformably overlying on
Paleozoic lithology. Primary constituents include light red and brick red sandy
mudstones, fine sandstones and conglomerates, collectively referred to as the red layer.
The Jurassic formations are called the old red layer, while the lower tertiary stratum is
referred to as the new red layer. The Carboniferous and Permian coal is thought to have
been formed under isostatic conditions of shock, thus leading to the formation of a giant
coal basin. Frequent and severe crustal movements in the Mesozoic and Cenozoic
periods, along with erosion are thought to have separated this basin, thus scattering it
throughout Shandong province. The Lotus Mountain fault is the most prominent, in
addition to multiple minor faults in this region.
The region around the tunnels contains lithological units consisting of sandstone, coal
and sandy-shales. Specifically around the tunnel systems, four different units have been
identified, in increasing order of strengths as Coal, Sandy Shale #1, Sandy Shale #2 and
Sandstone. The tunnels in the Xiezhuang mine are 57 m long and driven at a depth of
about 1325 m in a soft sandy-shale stratum, Sandy-Shale #2. Based on primary
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communications with USTB and secondary communications with the mine, intact rock
mechanical property values for the lithological units around the tunnels as used in the
numerical modeling experiments are given in Table 3.2. These values agree well with
published literature on intact rock properties in this mine at depths greater than 1000 m
(Kang et al., 2010; Kang, 2014; Wang et al., 2010; Zhang et al., 2013b). The primary
joint set around the tunnel is a horizontal/near-horizontal bedding plane spaced at 1 m
and running through the weak Sandy Shale #2 stratum.

Table 3.2: Physical and mechanical property values of the different intact rock types
around the tunnel

Layer

Density
3

(kg/m )

Elastic
Modulus
(GPa)

Poisson's

Cohesion

Ratio

(MPa)

Internal

Tensile

Friction

Strength

Angle

(MPa)

Uniaxial
Compressive
Strength
(MPa)

Fine
Sandstone

2670

35.6

0.17

28.0

36.5

7.0

111.6

2660

26.5

0.29

16.0

32.0

3.8

57.5

2500

25.4

0.32

13.0

27.0

3.2

49.0

1392

3.0

0.36

2.8

24.0

1.0

8.5

(FS)
Sandy
Shale #1
(SS1)
Sandy
Shale #2
(SS2)
Coal (C)
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3.4. Tunnel and support data
The two tunnels analyzed in the studies presented in this thesis are the conventional
horseshoe shaped and an inverted arch shaped tunnel, as shown in Fig. 3.4 (a) and (b).
The tunnels have the same width of 3.8 m, with the horseshoe tunnel having a height of
3.5 m and the inverted arch tunnel with a height of 4.5 m. The inverted-arch tunnel is
approximately 30% larger by cross-sectional area.

(a)

(b)
Figure 3.4: Dimensions of the (a) Horseshoe tunnel and (b) the inverted arch tunnel at the
mine
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A typical supported profile in the tunnels in the Xinwen mining district is given in Fig.
3.5. The supporting framework includes the use of rigid or cable bolts and wire mesh to
protect against rock falls. Fig. 3.6 presents the status of failed and broken rock bolts from
the mine, primarily due to the high in-situ stresses.

Figure 3.5: Profile of the main-gate including the rock bolts and wire mesh in a mine
within the Xinwen mining area

Figure 3.6: Failed rock bolts used at depths greater than 1000 m in the Xinwen mining
area
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The bolts used in the tunnels being studied are two different steel cable bolts with
mechanical specifications as listed in Table 3.3.

Table 3.3: Mechanical property values of supports in the mine
First support

Second support

98

98

Cable diameter (mm)

15.7

18.3

Cable cross-sectional area (mm2)

193.5

262.9

Tensile yield capacity of bolt (MN)

0.28

0.35

0.9

1.04

18674

19057

Young’s Modulus of bolt (GPa)

Grout cohesive capacity per unit
length (MN/m)
Grout stiffness per unit length
(MN/m/m)

The tunnels are bolted on the roof and ribs but not on the floor. The inter-bolt spacing
for each cable type, both in-plane and out-of-plane, is fixed at 0.8 m. The first support has
a length of 2.2 m and the second support has a length of 2.5 m. The supports are installed
in a staggered pattern and normal to the tunnel surface (except at edges/corners) as shown
in Fig. 3.7 (a) and (b).
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(a)

(b)
Figure 3.7: Dimensions and orientation of the roof and wall bolting in the (a) Horseshoe
tunnel and (b) Inverted arch tunnel (Dotted lines-First support; Solid lines-Second
support)
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3.5. Tunnel deformation measurements
Tunnel deformation measurements at the two tunnels measured over a period of 350
days have been presented in Fig. 3.8 (a) and (b) as time series trends. Table 3.4 shows the
final deformations used for the calibrations performed in this study. The deformations
have been measured using tape extensometers at the mine at a halfway distance along the
tunnel length for the two tunnels, on the roof, floor and wall. Wall deformations reported
in this thesis are averaged to represent each wall’s deformation. Raw deformation data
used for generating the time series trends are presented in Appendix A.
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(b)
Figure 3.8: Deformations in the (a) Horseshoe and (b) Inverted-arch tunnel over a period
of 350 days

Table 3.4: Deformation data at the monitoring point in the mine
Tunnel type

Roof (mm)

Wall (mm)

Floor (mm)

Horseshoe

34

24

52

Inverted arch

44

32

50
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CHAPTER 4: NUMERICAL MODELING USING THE DISCRETE ELEMENT
METHOD

4.1. Introduction
This chapter introduces numerical modeling using the discrete element method, in the
3DEC distinct element method environment (Itasca, 2008). The different theoretical
aspects of rock block deformation, inter-block interactions and rock-support interactions
with relevant mathematical and physical formulations are discussed in addition to some
of the successful practical applications of the distinct element method.
Cundall and Hart (1992) define a discrete element method as one which allows for
displacements, rotations and complete detachment (if applicable) of discrete bodies, and
is capable of automatically recognizing new contacts as calculations progress. The
distinct element method (usually used interchangeably with the term ‘discrete element
method’ in literature) is a subset of the discrete element method, and uses explicit timemarching to solve equations of motion rather than through the formation of large
matrices. While bodies may be rigid or deformable in the distinct element method,
contacts are usually deformable. The subsequent sections discuss the numerical
formulations in the 3DEC distinct element code.
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4.2. Contact detection in 3DEC
A block’s geometry can be described by vertices, edges and faces. To test for contact
between any two blocks, all possible combinations (n) of edges (e), vertices (v) and faces
(f) between two blocks A and B can be tested as in equation 4.1.
𝑛 = (𝑣𝐴 + 𝑒𝐴 + 𝑓𝐴 )(𝑣𝐵 + 𝑒𝐵 + 𝑓𝐵 )

(4.1)

However, such a brute force detection algorithm could prove to be excessively inefficient
in complicated block geometries such as those required for the simulation of geologic
structures. In 3DEC, a ‘common plane’ technique is used to reduce the number of
iterations required to detect the presence and type of contacts between blocks. Here, a
common plane is defined between any two blocks such that it takes up a position halfway
between the blocks, at the maximum distance from both blocks, at an orientation defined
by the sliding plane for the blocks. In this case, only a ‘vertex to common plane test’ is
required to be carried out to determine whether (and how) the two blocks contact each
other. This substantially reduces the number of tests (n) to
𝑛 = 𝑣𝐴 + 𝑣𝐵

(4.2)

If the blocks are in contact with each other in any way, the common plane would have to
touch both blocks, by definition. Alternately, if the blocks are not in contact, the common
plane would not be touching either block. The common plane determination algorithm is
simply to minimize the overlap (or maximize the distance) between the common plane
and closest vertex. Fig. 4.1 shows some examples of the common plane (denoted as c-p)
between blocks. The vertex-common plane contact detection is sufficient since edges are
resolved as the contact of two vertices with the common plane and a face can be resolved
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as the contact of more than two vertices with the common plane, for any given block.
Face to face contacts are described as joints/discontinuities.

Figure 4.1: Common planes between blocks for different scenarios (Reproduced from
Itasca, 2008)

4.3. Motion and interaction physics
This section describes the motion and interaction physics for blocks and the
calculation cycles. This is based on work carried out by Cundall and Strack (1979) and
Cundall and Hart (1985). Subsequent sections describe the internal calculation cycle,
joint model (inter-block interaction physics), deformable block motion, discretization
procedure and support physics. Rigid block motion formulations are not included in this
chapter since the studies outlined in this work make use of fully deformable blocks.
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4.3.1. Internal calculation cycle
The solution scheme in the distinct element method is an explicit finite difference
based time-marching procedure that solves for equations of motion and block/joint
constitutive equations at each time-step/cycle. This provides new block gridpoint
positions and velocities, which are then used to determine sub-contact forces, which are
subsequently applied to the whole block. This cycle is depicted in Fig. 4.2.

Figure 4.2: The calculation cycle in the distinct element method

4.3.2. Coulomb slip joint model
The Coulomb slip joint model is a constitutive law describing joint behavior as
dictated by the Coulomb friction law. The spectrum of joint deformation includes elastic
shear and normal deformations, as prescribed by shear and normal stiffnesses (Equations
4.3 and 4.4), and shear and tensile failure. Joint dilation is not considered for the scope of
the current study.
∆𝐹 𝑛 = −𝐾𝑛 ∆𝑈 𝑛 𝐴𝑐

(4.3)

∆𝐹 𝑠 = −𝐾𝑠 ∆𝑈 𝑠 𝐴𝑐

(4.4)

Where ∆Fn and ∆Fs are the normal and shear force increments, Kn and Ks are the
normal and shear stiffnesses across the discontinuity, ∆Un and ∆Us are the normal and
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shear incremental deformation vectors, and Ac is the contact area. Equations 4.3 and 4.4
govern discontinuity movements in the elastic region, and the strength criterion defined
in equation 4.5 governs the joint failure.
𝑠
𝐹𝑚𝑎𝑥
= 𝐹 𝑛 tan 𝜑

(4.5)

Fsmax is the maximum allowed shear force, and is determined by the Coulomb friction
law as the product of the normal force across the joint, Fn, and the joint friction angle (φ).
The contact forces are updated differently for tensile and shear failures as dictated by
equations 4.6 and 4.7 respectively.
𝐼𝑓 |𝐹 𝑛 | > |𝑇𝑚𝑎𝑥 |, 𝑡ℎ𝑒𝑛 𝐹 𝑛 = 0 𝑎𝑛𝑑 𝐹 𝑠 = 0
𝐹𝑠

𝑖
𝑠
𝑠
𝐼𝑓 𝐹 𝑠 > 𝐹𝑚𝑎𝑥
, 𝑡ℎ𝑒𝑛 𝐹𝑖𝑠 : = 𝐹𝑚𝑎𝑥
𝐹𝑠

(4.6)
(4.7)

Where Tmax is the maximum allowable joint tensile force (calculated as the directional
product of the joint tensile strength and corresponding contact area), i and : represent the
ith component of a vector and updated values respectively. The shear force component in i
and the total shear force are related as
𝐹 𝑠 = (𝐹𝑖𝑠 𝐹𝑖𝑠 )1/2

(4.8)

In the present study, the joint tensile strength and joint cohesion are assumed to be zero.

4.3.3. Deformable block mechanics
The deformable blocks used in this study are discretized into smaller finite-difference
tetrahedral elements. The equation of motion/gridpoint acceleration (üi) for the vertices of
these tetrahedral elements (gridpoints) is
𝑢̈ 𝑖 =

∫ 𝜎𝑖𝑗 𝑛𝑗 𝑑𝑠+𝐹𝑖
𝑚
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+ 𝑔𝑖

(4.9)

Where s is the surface enclosing the body with mass m, σij is the ijth stress component,
nj is the unit normal to s, Fi is the resultant of external forces on the gridpoint, and gi is
the gravitational acceleration.
The gridpoint forces are obtained as a sum of external forces, sub-contact forces (for
block boundaries) and internal forces in the block. Block deformation formulations,
expressed in incremental form, are given in equation 4.10.
∆𝜎𝑖𝑗𝑒 = λ∆𝜖𝑣 𝛿𝑖𝑗 + 2𝜇∆𝜖𝑖𝑗

(4.10)

Where ∆𝜎𝑖𝑗𝑒 is the elastic increment of the stress tensor, λ and μ are the Lame
constants, ∆𝜖𝑣 is the volumetric strain increment, ∆𝜖𝑖𝑗 is the incremental strain and 𝛿𝑖𝑗 is
the Kronecker delta.
Rocks undergo elastic and plastic deformations. The elastic deformation in this study
is governed by the Mohr-Coulomb failure criterion, and the plastic portion is modeled as
a perfectly plastic behavior, as shown in Fig. 4.3.

Figure 4.3: Elastic-perfectly plastic material behavior used in the numerical study (σ is
the normal stress on the sample and ϵ is the corresponding strain)
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The block constitutive model used in the current study, the Mohr-Coulomb model, is a
conventional Mohr-Coulomb failure criterion (Equation 4.11) with tension cut-off, to
accommodate for tensile failures through the explicit description of tensile strength.
𝜏 = 𝑐 + 𝜎 tan 𝜑

(4.11)

Where τ represents the shear strength of the material, c is the material cohesion, σ is
the normal stress and φ is the internal friction angle. The elastic (Hooke’s law)
formulations in the Mohr-Coulomb model can be expressed in incremental principal
stresses (σ1, σ2, σ3) and corresponding strains (ϵ1, ϵ2, ϵ3) as
∆𝜎1 = 𝛼1 ∆𝜖1𝑒 + 𝛼2 (∆𝜖2𝑒 + ∆𝜖3𝑒 )
∆𝜎2 = 𝛼1 ∆𝜖2𝑒 + 𝛼2 (∆𝜖3𝑒 + ∆𝜖1𝑒 )

(4.12)

∆𝜎3 = 𝛼1 ∆𝜖3𝑒 + 𝛼2 (∆𝜖1𝑒 + ∆𝜖2𝑒 )
Where the superscript e on the strains stands for elastic, signifying elastic strains. The
total strain in an element is simply the sum of elastic and plastic parts of the strain. α1 and
α2 are material constants related to the elastic constants-bulk modulus, K and shear
modulus, G, as
4
𝛼1 = 𝐾 + 𝐺
3
(4.13)
2
𝛼2 = 𝐾 − 𝐺
3
The failure criterion in equation 4.11 can be described in terms of the maximum and
minimum principal stresses, σ1 and σ3, as a function of the shear failure criterion, f s=0, as
𝑓 𝑠 = 𝜎1 − 𝜎3 𝑁𝜑 + 2𝑐 √𝑁𝜑

(4.14)

and the tensile failure can be defined by a criterion of the form ft=0 such that
𝑓𝑡 = 𝜎3 − 𝜎 𝑡
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(4.15)

Where 𝜎 𝑡 is the tensile strength and
1+sin 𝜑

𝑁𝜑 = 1−sin 𝜑

(4.16)

It may be noted that the sign convention in 3DEC recognizes compressive stresses as
negative stresses and tensile stresses as positive stresses. This is opposite to the
conventional sign conventions used by the rock mechanics community at large.

4.3.4. Discretization in 3DEC
Discretization of blocks in 3DEC is achieved through the division of blocks into
smaller elements. The elements can be tetrahedral (analogous to constant strain triangle)
or quadrilateral/hexahedron. While the quadrilateral (quad) elements have more degrees
of freedom and are suitable for plasticity calculations, the tetrahedral elements provide
more flexibility in meshing irregular block geometries, and have been used for the
present study. However, tetrahedral elements have the classical problem of mesh-locking
due to the incompressibility of plastic flow (Nagtegaal et al., 1974). This problem can be
eliminated by finer discretization in beams and in the layers around excavations, at the
cost of computational efficiency. However, the concept of nodal mixed discretization
(Marti and Cundall, 1982) does away with this stiffness locking problem by keeping
order of elements low and by reducing the number of constraints on plastic flow. In this
method, the isotropic and deviatoric components of the stress and strain tensors are
discretized differently. The deviatoric behavior is described per tetrahedral element and
the isotropic behavior is described over a zone (a cluster of tetrahedral elements forming
a hexahedron). This method improves plasticity calculations without significantly
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reducing computational efficiency or compromising the capacity to discretize complex
block geometries. Hence, it has been used with tetrahedral elements in the study.
In nodal mixed discretization, the strain rate (εij) obtained from nodal velocities is
divided into deviatoric (eij) and volumetric (e) components as
𝜀𝑖𝑗 = 𝑒𝑖𝑗 + 𝑒𝛿𝑖𝑗

(4.17)

Where 𝛿𝑖𝑗 , as usual, represents the Kronecker delta.
To calculate the volumetric strain across the zone, the mean elemental volumetric
strain rate (ē) is calculated as a weighted average of values in surrounding elements
(nodal volumetric strain rate) as shown in equation 4.18.
∑𝑚
𝑘=1 𝑒𝑘 𝑉𝑘

1

𝑒̅ = 4 ∑4𝑛=1 (

∑𝑚
𝑘=1 𝑉𝑘

)

(4.18)

𝑛

Where m is the number of elements surrounding a node, Vk is the volume of the kth
element and the number ‘4’ arises as a result of the four nodes in a tetrahedral element.
The mean volumetric strain rate, ē, is then used to redefine the total strain rate defined in
equation 4.17. The procedure is similar for stress tensors and is especially applicable for
dilatant materials.

4.3.5. Cable support formulations
Cable elements are capable of normal and shear resistance, and are described through
their constituent steel and grout physical and mechanical properties. The cables in 3DEC
are divided into a finite number of segments of length L, with their segmental nodes at
the end of each segment. Cable supports are defined by the cable cross-sectional area (A),
Young’s modulus of the cable (E), tensile strength of the cable, grout-rock interfacial
shear stiffness per unit length (Kbond), grout-rock interfacial cohesive capacity per unit
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length (Sbond) and yield strength of the cable. The axial behavior of the cable segment is
described in incremental expressions, as the incremental axial force, ΔFt, expressed as a
function of the incremental cable axial displacement, Δut, in equation 4.19.
∆𝐹 𝑡 = −

𝐸𝐴
𝐿

∆𝑢𝑡

(4.19)

The shear force per unit cable length, developed in the grout elements, Fs, is calculated
as a function of the displacement difference between the cable axial displacement (uc)
and the rock axial displacement (um) as
𝐹𝑠 = 𝐾𝑏𝑜𝑛𝑑 (𝑢𝑐 − 𝑢𝑚 )

(4.20)

The grout-rock interfacial shear stiffness and cohesive capacity are not easily obtained
through field measurements and their descriptions are sometimes poorly understood. A
reasonable estimate for their input in 3DEC (Itasca, 2008) is given in equations 4.21 and
4.22.
𝐾𝑏𝑜𝑛𝑑 =

2𝜋𝐺
10 ln(1+2𝑡/𝐷)

𝑆𝑏𝑜𝑛𝑑 = 𝜋(𝐷 + 2𝑡)𝜏𝐼 𝑄𝐵

(4.21)
(4.22)

G is the grout shear modulus, D is the reinforcing diameter, t is the grout annulus
thickness, 𝜏𝐼 is an empirical constant (approximately half of the uniaxial compressive
strength of the grout or rock, whichever is smaller) and QB is the bond quality index (0-1)
between the grout and rock. In this study, QB is used as the bond efficiency between the
grout and steel for reasons described in subsequent chapters.
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4.4. Applications of the 3DEC distinct element code in rock engineering
The 3DEC distinct element code has been used in a wide range of rock mechanics
analyses spanning the civil, mining and petroleum engineering sectors. This has ensured
that the code remains refined and free of errors, and new physics for different analyses
such as creep, discrete fracture networks, acoustic analyses etc. have been added from
time to time. For instance, Stefanou et al. (2011) have used the code to perform dynamic
analyses on a multi-drum masonry column with fractures to determine the effect of
fractures and cracks on the overall structural stability of ancient monuments, especially
during earthquakes. Similarly, Wang et al. (2006) studied the effect of presence of joints
on wave propagation including the effect on attenuation and velocity of primary and
secondary waves. The 3D distinct element code has been applied to study coupled
hydromechanics of stimulated fractured systems using the discrete fracture network
concept by Rachez and Gentier (2010). They concluded that the numerical simulations
provided results similar to those obtained from borehole monitors and microseismic
analyses in the geothermal system. Damjanac and Cundall (2016) detailed the
methodology that can be used to apply 3DEC to study hydraulic fracturing in naturally
fractured reservoirs through coupled hydro-mechanical codes. The model they created
was found to able to evolve based on both intact rock fracturing and through the shearing
and opening of existing joints. Studies on hard rock to potentially identify and analyze
nuclear waste repository sites (Stephansson and Shen, 1991) and underground
powerhouse caverns (Dasgupta et al., 1995), considering effects of joints, earthquakes
and fluid flow, are some of the less conventional applications where the 3D distinct
element code has been successfully applied. In mining, 3DEC has been applied to both
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surface and underground analyses. Firpo et al. (2011) used 3DEC in a rock slope stability
analysis in tandem with digital photogrammetry. Remote fracture mapping and 3DEC
modeling were integrated in a slope stability analysis of a gold mine in an area with
complex fault geometries by Kulatilake and Shu (2015). A cavability assessment criterion
to ascertain an excavation’s proneness to caving was built by Vakili and Hebblewhite
(2010), using numerical analyses of longwall panels mining using a Longwall Top Coal
Caving (LTCC) method. Fundamental studies using the concepts of Representative
Elementary Volume (REV) have been applied to rock tunnels to study scale effects
during the modeling of fractures by Wu and Kulatilake (2012a, 2012b). Further studies
have been performed to study the tunnel stability through the methods created.

4.5. Summary
The underlying numerical modeling formulations and block movement and interaction
physics in the distinct element method used as part of the current study has been
discussed in detail in this chapter. The most important concepts that figure in the
background in subsequent chapters have been provided in an attempt to make the thesis
as standalone as possible and to enhance readability. This includes concepts such as
contact detection, block translation and rotation, joint failure laws, discretization logic,
support definitions and block-support interactions. Further, a discussion has been
included to show the applicability of the code for solving common rock engineering
problems in recent literature.
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CHAPTER 5: MODELING THE TUNNELS

5.1. Introduction
The procedures adopted in modeling the tunnels are presented in this chapter. This
begins with the process of creating accurate lithological sections, the boundary
conditions, assigning in-situ stresses, joints and interface properties and discretization.
The chapter also explores the stress relaxation and support stability quantification
procedures introduced in the study. Further, the procedures adopted during the backanalysis of rock mass mechanical property values, installation of floor supports and
parametric sensitivity analyses have been discussed.

5.2. Setting up the initial numerical models
The numerical model space is a polyhedron of dimensions 57 m along the tunnel
length and a 50 m X 50 m square across the tunnel’s cross-sectional profile. The model
dimensions, along with lithological sections, for the horseshoe (HS) tunnel are provided
in Fig. 5.1. Note that the orientation of the coordinate system is presented at the top-right
corner of Fig. 5.1. The tunnel axis (and maximum principal stress direction) is the y-axis,
and the vertical axis is the z-axis. The x-axis represents the direction of the minimum
principal stress, which is the actual spatial orientation of the stresses in the tunnels/mine.
Furthermore, the x-axis in the numerical model is set-up to go from x=-25 m to x=+25 m,
the y-axis ranges from y=0 m to y=57 m and the z-axis ranges from z=-23 m to z=+27 m.
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Figure 5.1: Set-up numerical model with different lithologies and model coordinate
system

To ensure that the model boundary is not influenced by the tunnel boundaries, the
model dimensions have been carefully selected such that they are at least five times larger
than the tunnel width in any direction from the tunnel. The in-situ stresses in the model
have been assigned in each zone based on the vertical stress at 1300 m, the stress gradient
as dictated by gravity and the stress ratios (See equations 3.1, 3.2 and 3.3). The boundary
conditions in the model have been selected as a combination of stress and velocity
constraints to ensure model stability and physical accuracy. The model base has been
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fixed in the vertical direction, and a vertical stress equal to overburden stress has been
placed at z = 27 m (34.5 MPa). The four faces of the polyhedron have corresponding
principal stresses and increasing stress gradients with depth. Fig. 5.2 shows the boundary
conditions in the model in 2-dimensions. The out-of-paper boundary conditions are same
as the stresses seen on the walls shown in figure.

Figure 5.2: Boundary conditions used in the numerical modeling

The bedding planes of spacing 1 m defined explicitly in the Sandy Shale #2 stratum
are shown in Fig. 5.3 (a) and (b) for the HS and inverted arch (IA) tunnels respectively.
The interfaces between lithologies and the bedding planes have been defined using the
Coulomb-Slip joint model (jcons=1 in 3DEC) which is a derivative of the Coulomb
friction law as explained in section 4.3.2. The intact part or the continuum in the model
has been described using the elastic-perfectly plastic Mohr-Coulomb strength criterion
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with tension cut-off (cons=2 in 3DEC), as discussed in section 4.3.3. Hence, the
numerical model is neither a pure continuum since it has explicit interfaces and bedding
planes but is not completely discontinuous since it has included the minor fractures as
part of the continuum. Due to this, it has been described as a ‘mixed discontinuumequivalent continuum’ model. This is not to be confused with hybrid numerical models
which incorporate concepts of both continuum and discontinuum mechanics.

(a)

(b)
Figure 5.3: The bedding planes in the (a) HS tunnel and (b) IA tunnel
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The interfaces between lithologies have been assigned parameters in such as a way as
to provide a gradual change in strength between strata as is normally observed in the
field. To do this, the framework suggested by Kulatilake et al. (1992) and Kulatilake et
al. (1993) has been used to estimate the interface mechanical property values. The
interface friction angle and cohesion have been selected as the average of the friction
angles and cohesion values between the rock layers that they are sandwiched between.
The joint shear stiffness (JKS) for the interface is estimated such that the ratio of the
average shear modulus across the interface to the interface JKS is in the range 0.0080.012 m. The joint normal stiffness (JKN) is then selected as being between 2-3 times the
JKS. As a guideline, an appropriate value for coefficient may be the ratio of the average
elastic modulus and average shear modulus across the interface. The interface mechanical
property values and bedding plane mechanical property values used in the study are
provided in Table 5.1.
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Table 5.1: Interface and bedding plane mechanical property values used as input to the
numerical model
Friction

Tensile

Joint Shear

Joint Normal

Strength

Stiffness, JKS

Stiffness, JKN

(MPa)

(GPa/m)

(GPa/m)

Cohesion
Discontinuity

Type

Angle
(MPa)
(Degrees)

FS/SS1

I

34.3

16

0

1063

2736

SS1/SS2

I

29.5

13

0

828

2133

SS2/C

I

25.5

2.8

0

447

1150

FS/C

I

30.3

2.8

0

675

1738

SS1/C

I

28.0

2.8

0

474

1220

SS2

B

16.0

0

0

8

21

I=Interface, B=Bedding planes, FS= Fine Sandstone, SS1=Sandy Shale #1, SS2=Sandy Shale #2,
C=Coal

The bond quality index, QB, introduced in equation 4.22 has been defined for the
purpose of this study as the quality between the grout and cable rather than between the
grout and rock. This has been done because the norm in many mines in Asia is to use
discarded wire ropes from haulages and pulleys as cable bolts, in an attempt to save costs
(Singh et al., 2001). These discarded ropes typically have grease and/or other forms of
lubricants on them and have been subjected to significant cyclic loading during their
operational life. Due to this, they typically have lower adhesion to the grout and it is a
reasonable expectation, then, that the grout-rock interface would have a higher roughness
than the grout-steel interface. Taking this into consideration, QB has been assumed to be
0.45. Physically, this means that the grout-rock interface (grout-steel interface for the
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purpose of this study) has a cohesive efficiency of 45% of its maximum cohesive
capacity (Sbond).
The discretization was done using tetrahedral zones of 2 m close to the model
boundary and using 1 m zones close to the tunnels. Instead of adopting smaller
discretization which would significantly impede solution runtime, the nodal mixed
discretization (NMD, equations 4.17 and 4.18) was adopted to improve plasticity
calculations.
One of the contributions of this study to the state-of-the-art is the treatment of support
installation. For all analyses performed, an effort has been made to incorporate the effect
of stress redistribution that occurs between excavation and supporting cycles. The
difference between considering this effect (henceforth referred to as stress relaxation, SR,
in this study) and using the conventional simulation scheme of simply installing supports
after excavation (referred to as instantaneous, I, installation in this study) has also been
studied. Stress relaxation or its variants (using density perturbation) has been previously
adopted by Ghee et al. (2006) and Vardakos et al. (2007) in their two dimensional distinct
element numerical studies but its effect on the rock supports has not been studied. To
incorporate stress relaxation, the following procedure has been adopted, derived and
modified from Vardakos et al. (2007):


Immediately after excavation, before starting the mechanical calculations,
external balancing stresses are installed on the tunnel boundary as if the tunnel
were never excavated.



These external stresses are gradually reduced quasi-statically in an ideal
condition (but in decrements of 10% for realistic computational time in this
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study) with mechanical calculations being performed after each stress
reduction decrement.


After sufficient stress redistribution, supports are installed normally, the
balancing stresses are removed, and mechanical calculations run until
equilibrium.

The amount of stress redistribution that needs to be undergone before supports are
installed is a very site-specific measure and is a function of the rock mass strength and
deformability parameters. This study uses a relaxation of 50% reduction from initial
stresses as a reasonable estimate for excavations which may be left unsupported for 8-10
hours, which is the shift cycle for this mine. This is based on comparison of the rock
mass strength in this case to the rock mass strengths in Ghee et al. (2006) and Vardakos
et al. (2007), and the relaxation values used by them.
In addition to looking at the tunnel deformations and stability, cable stability has also
been given due importance since it serves as a useful proxy for rock mass stability. This
has been done through the calculation of cable factor of safety (FS) and grout failure. The
cable FS has been calculated individually for both first and second supports and has not
been combined since they are of different lengths. To calculate the FS, the highest axial
force out of all segmental axial forces in each cable was taken as the cable axial force and
averaged over all cables in the first and second supports to give a composite cable FS, as
shown in equation 5.1.
𝐹𝑆 =

∑𝑁
𝑐=1 𝑀𝑎𝑥(𝐹𝑠𝑒𝑔 )𝑐
𝑁𝑇

(5.1)

Where Fseg is the segment axial force for cable c, and N is the number of cables of a
particular type and T is the yield capacity of the cable (unit N).
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The grout failures in 3DEC are available as a list of segmental failure flags. In other
words, each segment’s grout bond will have a status assigned to it as intact or broken.
The grout failures have been calculated as the number of broken bonds expressed as a
percentage of the total number of grout bonds in the cable. The exercises of calculating
the cable FS and grout failures have been performed in RStudio, an environment for the
R programming language, after exporting the relevant lists from 3DEC as text files.

5.3. Back-analysis of rock mass mechanical property values
The rock mass property values have been estimated indirectly from the numerical
modeling using a back-analysis procedure. In this procedure, a strength reduction using
the binary search algorithm was applied to the numerical model until the model
deformations matched the field deformation monitoring data. The density and intact rock
internal friction angle were kept unchanged during the strength reduction procedure since
they are a feature of the intact part of the rock (Kulatilake et al., 2004). The Poisson’s
ratio was increased as the strength of the rock mass was reduced, based on observations
by Kulatilake et al. (2004). The increase was a function of the reduction in strength, with
percentage increase in magnitude being half the percentage decrease in strength
parameters. For instance, if the other strength parameters were reduced by 10%, the
Poisson’s ratio was increased by 5%, capping at the physical limit for rocks - 0.5.
The binary search method was adopted to actually perform the strength reduction
based calibration. Here, a range of possible rock mass property values with upper and
lower limits are specified which are updated at each iteration. The initial values for the
upper and lower limits are the intact rock properties and zero respectively. During the
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first iteration, the upper limit of the range, i.e., the intact rock properties are used as the
initial estimates for the rock mass. In each subsequent iteration, the average of values in
the range is used as the estimate for the rock mass property values. After each iteration,
the model deformations are compared to the field deformation data sets and the range is
updated based on whether the model deformations are larger or smaller than field
deformations. If the model deformations are larger, the rock mass property value
becomes the new lower limit and a new rock mass property estimate is made. If model
deformations are smaller, the existing rock mass property values become the new upper
limit for the range, and a new rock mass property value is estimated accordingly. In this
way, the property values are averaged over the designated range at each iteration until the
numerical model deformations matched the field deformation values within the range of
acceptable error. At this point, the model was said to be calibrated and the corresponding
rock mass property values have been used as the rock mass property values for
subsequent analyses.

5.4. Modeling the effect of rock supports
The calibrated numerical model was used to perform subsequent analyses as detailed
in Table 5.2, in an attempt to observe the effect of rock supports. A total of ten cases,
spanning both HS and IA tunnel shapes were studied. Different combinations of supports
– unsupported, roof and wall supports, and floor bolting were simulated to see the effect
on tunnel stability. It may be noted that floor bolting, in this study, refers to floor bolting
in addition to roof and wall bolting. The pattern of bolting, when floor bolting was
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introduced, is shown in Fig. 5.4. Additionally, the effect of longer bolts (3.5 m long first
support; 4.0 m long second support) was studied for reasons described in Chapter 6.

(a)

(b)
Figure 5.4: Floor bolting pattern in (a) HS tunnel and (b) IA tunnel
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Table 5.2: The various cases simulated using the calibrated model

Case

Tunnel shape:

Support installation

Horseshoe (HS) /

routine: Instantaneous (I) /

Roof and wall

Floor bolting

bolting (Y/N)

(Y/N)

Inverted arch (IA)

Stress-relaxation (SR)

1

HS

Unsupported

Unsupported

Unsupported

2

HS

I

Y

N

3

HS

I

Y

Y

4

HS

SR

Y

N

5

HS

SR

Y

Y

6

IA

Unsupported

Unsupported

Unsupported

7

IA

I

Y

N

8

IA

I

Y

Y

9

IA

SR

Y

N

10

IA

SR

Y

Y

5.5. Parametric sensitivity analyses
A parametric study was carried out to determine the effect that different rock and
discontinuity mechanical property values have on the tunnel deformations, so as to better
understand which properties need to be estimated with higher accuracy in future strength
measurement routines at the mine.
The properties that were parameterized for the intact rock include the cohesion,
internal friction angle, tensile strength and elastic modulus. Each parameter was varied by
+/-15% and +/-30% from their mean calibrated values. Similarly, the bedding plane JKN,
JKS and basic friction angles were varied from -30% to +30% of their mean calibrated
values in increments of 15%.
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In an attempt to ascertain whether the cable configuration could be optimized, the
cable diameters and grout compressive strengths were varied in specific ranges. These
two properties were selected since they are the most easily modifiable parameters in the
field. The cable diameters were changed in diameter pairs for the first and second
supports as shown in Table 5.3 (Default pair is configuration 1). These pairs are based on
manufacturer specifications for some commonly available cable diameters in China. The
grout compressive strengths have been varied between 25 MPa and 55 MPa in increments
of 10 MPa, and are also based on the uniaxial compressive strengths of commercially
available grout compounds. The default grout compressive strength for the study is 55
MPa.

Table 5.3: Different support diameter pairs studied
Configuration First support diameter (mm) Second support diameter (mm)
1

16

19

2

19

22

3

22

26

4

26

29
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CHAPTER 6: ANALYSIS AND RESULTS

6.1. Introduction
The analyses set up in Chapter 5 and their corresponding results are discussed at
length in this chapter. The created numerical model is first checked for correctness in
applied boundary conditions and material properties, and the tunnel systems are
calibrated to estimate the rock mass strengths around the tunnels. Then, the results from
analyses focusing on support behavior and tunnel stability have been reported. The
chapter concludes with results from parametric analyses focusing on continuum
mechanical properties, bedding plane mechanical properties and support strength
parameters. Unless explicitly stated, all results have been recorded at the tunnel crosssection y=28.5 m (the center of the tunnel), the vertical deformations on the roof and
floor have been performed at x=0 m, and the wall deformation measurements at 1.6 m
above floor level for the horseshoe (HS) tunnel and 2.6 m above floor level for the
inverted arch (IA) tunnel.

6.2. Preliminary analyses on model behavior
To study the behavior and correctness of boundary conditions and in-situ stress fields,
a HS tunnel model without any bedding planes was created. This was done since bedding
planes running across the excavation can complicate the analysis of stress fields around
it. Fig. 6.1 shows the vertical (ZZ) and horizontal (XX) stress fields around the HS tunnel
in the case with no bedding planes.
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(a)

(b)
Figure 6.1: (a) ZZ stress distribution and (b) XX stress distribution in the HS tunnel
modeled with no bedding planes
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Fig. 6.1 shows that the ZZ stress approaches zero on the roof and floor, and is highest
on the walls. Similarly, the XX stress approaches zero on the walls and is highest on the
roof and floor. This shows that the stress fields are following the expected trends. It may
be noted that the negative stress values on the legend indicates compressive stresses by
convention, and tensile stresses are represented by a positive direction. The far field
stress (green) in the ZZ direction is approximately 35 MPa, and the far field stress field in
the XX direction is about 28 MPa, which are the approximate values used in the 3DEC
numerical model. This shows that the numerical model is behaving as one would expect.
The models in this study have been run till a force balance ratio of 10-5, i.e., until the
average unbalanced forces in the model became 105 times smaller than the initial
unbalanced forces in the model. This ensures that the numerical calculations have
sufficiently progressed to stability. Fig. 6.2 shows a typical graph of the unbalanced
forces in the numerical model versus the number of calculation cycles. Quantitatively, an
unbalanced force value of about 500 N can be considered insignificant in a model of 50
m X 50 m X 57 m.
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Figure 6.2: Unbalanced forces with calculation cycle progress in a typical model
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6.3. Calibration of rock mass mechanical property values
Iterative calibration of the rock mass mechanical property values were carried out
through both instantaneous excavation and support installation, and stress relaxation
based techniques detailed in sections 5.2 and 5.3. Results of these analyses are presented
for both tunnels in tables 6.1 through 6.4.

Table 6.1: Iterative calibration of the HS tunnel through instantaneous excavation and
support
Grout bond failure
Deformations (mm)

Factor of safety
(%)

Percentage
Iteration
of Intact

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

1

100

8.9

4.7

11.8

3.67

2.79

2.02

3.58

2

50

26

20.5

33

1.18

1.27

11.11

10.39

3

25

74.5

79.5

93.4

1.02

1.05

19.11

13.67

4

37.5

41

37

51

1.02

1.11

11.86

9.57

5

43.75

32.5

27

41

1.04

1.16

11.22

10.10
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Table 6.2: Iterative calibration of the HS tunnel through stress relaxation
Grout bond failure
Deformations (mm)

Factor of safety
(%)

Percentage
Iteration
of Intact

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

1

100

8.9

4.8

11.9

4.58

4.07

0.69

0.09

2

50

25.7

19.8

32.1

1.36

1.42

10.12

9.94

3

25

78.8

86.5

97

1.02

1.05

19.34

14.9

4

37.5

40.2

35.7

47.8

1.06

1.18

11.21

10.95

5

43.75

31.9

26.6

39.3

1.14

1.25

11.01

11.5

Table 6.3: Iterative calibration of the IA tunnel through instantaneous excavation and
support
Grout bond failure
Deformations (mm)

Factor of safety
(%)

Percentage
Iteration
of Intact

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

1

100

8.7

5.5

9.3

3.77

2.68

2.02

2.58

2

50

26

22.5

31

1.22

1.24

12.34

10.99

3

25

78.5

88

98.8

1.01

1.06

17.39

17.95

4

37.5

42

41

50.5

1.01

1.11

12.73

11.31
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Table 6.4: Iterative calibration of the IA tunnel through stress relaxation
Grout bond failure
Deformations (mm)

Factor of safety
(%)

Percentage
Iteration
of Intact

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

1

100

8.7

5.4

9.2

5.18

4.53

0

0.05

2

50

26.5

22.7

31.3

1.39

1.34

10.19

11.54

3

25

81.2

93

102.7

1.02

1.07

20.37

18.84

4

37.5

42.5

42

51

1.09

1.17

13.2

12.2

It was found through the comparison of model deformation data and field deformation
monitoring data that the best-fit rock mass mechanical property values were
approximately in the range of 37.5% - 43.75% of the intact rock strength, as seen from
Fig. 6.3. It may be noted that the term normalized rock mass strength refers to the rock
mass strength expressed as a percentage of the intact rock strength property values
calculated using the procedure described in section 5.3.
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(a)

(b)
Figure 6.3: Tunnel deformations expressed as a function of normalized rock mass
strength for (a) HS tunnel and (b) IA tunnel
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Based on the results in Fig. 6.3, a range of 35% - 45% has been selected to describe
the calibrated rock mass strength values in this mining region, accounting for possible
variability in property values. The calibrated strength parameters at a normalized rock
mass strength of 40% are given in Table 6.5.

Table 6.5: Calibrated rock mass mechanical property values
Uniaxial
Elastic
Density
Layer

Poisson's
Ratio

Tensile

Friction

Strength

Angle

(MPa)

Cohesion

Modulus
(kg/m3)

Internal

Compressive

(MPa)

(GPa)

Strength
(MPa)

Fine
Sandstone

2670

14.2

0.21

11.2

36.5

2.8

44.6

2660

10.6

0.36

6.4

32.0

1.5

23.0

2500

10.2

0.40

5.2

27.0

1.3

19.6

1392

1.2

0.45

1.1

24.0

0.4

3.4

(FS)
Sandy Shale
1 (SS1)
Sandy Shale
2 (SS2)
Coal (C)

Figures 6.4 through 6.10 show the typical outputs from 3DEC for the HS and IA
tunnels at the normalized rock mass strength parameter values of 37.5%. Figures 6.4 and
6.5 show the vertical (ZZ) and horizontal (XX) stresses respectively for the HS and IA
tunnels. The effect of joints on the stress fields can be clearly seen. While the stresses
follow intuitive trends, the peak values on the walls and, roof and floor for the ZZ and
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XX stresses respectively occur at some distance from the tunnel boundary. This is due to
the presence of bedding planes, causing a stress relief effect. Figures 6.6 and 6.7 show the
vertical and horizontal deformation distributions respectively for the HS and IA tunnels.
The effect of bedding planes is pronounced here too, in the form of discontinuous
contours. Fig. 6.8 shows the failure states in the HS and IA tunnels. These failures states
represent the area of failed region around the tunnels and the mode of failure. For
instance, the suffix ‘p’ in shear-p indicates that the region corresponding to that color
failed in shear in the past. The past here refers to the solution cycle and not a point in
physical time. This suffix can be ‘p’ for past or ‘n’ for now, indicating current failures.
Hence, shear-p and tension-n would indicate shear failures in the past and current tensile
failures, and so on. Figures 6.9 and 6.10 show the cable axial force distributions and
grout failure distributions respectively. Fig. 6.9 shows that the maximum axial force in
some cable segments is 353.9 kN, which is close to the axial yield capacity of cables (354
kN). This, along with the values in tables 6.1 to 6.4, show that even when the average
system factor of safety (FS) is above 1.0, local FS values could be 1.0 indicating local
failures. Hence, an analysis of both average FS and the axial force contours is necessary
to fully realize the status of a support system. Grouts are classified as intact bonds or
broken bonds, as seen in Fig. 6.10. In interesting observation from Fig. 6.9 and Fig. 6.10
is that some of the locations of local failures in cable segments also correspond well with
broken grout bonds. This is very similar to physical observations of cable and grout
behaviors and shows the likelihood of failures in different cables in a system.
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(a)

(b)
Figure 6.4: Vertical (ZZ) stress distribution contours around the excavations for (a) HS
and (b) IA tunnels (unit: Pa)
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(a)

(b)
Figure 6.5: Horizontal (XX) stress distribution contours around the excavations for (a)
HS and (b) IA tunnels (unit: Pa)
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(a)

(b)
Figure 6.6: Vertical deformation distribution contours around the excavations for (a) HS
and (b) IA tunnels (unit: m)
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(a)

(b)
Figure 6.7: Horizontal deformation distribution contours around the excavations for (a)
HS and (b) IA tunnels (unit: m)
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(a)

(b)
Figure 6.8: Failure flags around the excavations for (a) HS and (b) IA tunnels
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(a)

(b)
Figure 6.9: Axial force distributions for segments in the cables of (a) HS tunnel and (b)
IA tunnel (unit: N)
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(a)

(b)
Figure 6.10: Grout bond failure statuses for segments in the cables of (a) HS tunnel and
(b) IA tunnel
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In addition to Fig. 6.3, figures 6.11 and 6.12 graphically present the information and
trends seen in tables 6.1 to 6.4. The effect of method of support installation –
instantaneous or stress relaxation is apparent from these figures. Figure 6.3 indicates that
the method of support installation has little to no bearing on the deformations in the
tunnels. However, the effect is significantly more pronounced in the behavior of the
supports. Overall, the deformations are an inverse function of rock mass strength, as one
would expect. As the rock mass strength decreases, the deformations increase. It can also
be seen that the deformations follow the increasing trend of wall<roof<floor until about
37% normalized strength after which the wall and roof deformations are nearly the same
at lower normalized strength values.
Figure 6.11 shows the cable FS expressed as a function of the normalized rock mass
strength. It may be noted that some of the curves have been truncated to a FS of 3.0 to
provide better resolution in the lower rock mass strength regions. The percentage values
at the truncation represent the normalized rock mass strength at these values. The overall
behavior between the first and second supports is similar for both support installation
procedures. The support FS are direct functions of rock mass strength in that they
increase as the rock mass strength increases. The first support has a lower FS than the
second support until 50% normalized rock mass strength and the trend reverses after this.
This indicates uneven load sharing between the two supports. The second support takes
lesser loads until about 50% strength after which it starts taking more loading. For a
given normalized rock mass strength, the instantaneous support procedure predicts lower
FS than the stress relaxation. For instance, the instantaneous support predicts a FS of 1.0
for the first support for normalized strengths of 45% and below whereas the stress

105

relaxation procedure predicts FS of 1.0 for normalized strengths of 25% or lower. This is
because the stress relaxation procedure accounts for the stress redistributions that the rock
mass undergoes during its unsupported stand up time. Hence, the stress relaxation
procedure estimates more plausible support FS and grout failure values, providing a
better picture of the rock and support statuses.
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(a)

(b)
Figure 6.11: Cable FS expressed as a function of normalized rock mass strength for (a)
HS tunnel and (b) IA tunnel
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(a)

(b)
Figure 6.12: Grout bond failure percentages expressed as a function of normalized rock
mass strength for (a) HS tunnel and (b) IA tunnel
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Fig. 6.12 indicates inverse trends for the grout failures which increase with decreasing
rock mass strengths. Similar to the FS, the grout failure estimates are higher and more
conservative for the instantaneous support procedure as compared to the stress relaxation.
Since the grouts have been divided as failures for the first and second supports, there
exists a possibility that grout failure trends can depend on the load sharing between
supports. While an overall decreasing trend can be observed, local trends may be
distorted to reflect the uneven load sharing between the supports. This is also observed in
the form of an anomaly in the trend between 50% and 37.5% rock mass strengths in Fig.
6.12. The calibrated HS and IA models have then been used to perform analyses listed in
table 5.2 to study the effect of supporting on tunnel stability through tunnel deformation
and support stability proxies.

6.4. Effect of rock supports on tunnel stability
The results from the analyses tabulated in table 5.2 are presented in table 6.6. Quickly
browsing through the size of yield zones in table 6.6 reveals that the size of yield zones is
very similar to the length of cables being used in the mine, and is even larger than the
cable lengths in some cases. This opens up the possibility that the cables may not have
sufficient surface area to ensure proper anchoring in the intact portion of the rock
especially if most of the cable is coupled with failed/fractured rock. Hence, it was
decided to carry out further analyses using longer bolts of 3.5 m and 4.0 m lengths for the
first and second supports respectively. The comprehensive results are provided in table
6.7 and graphically expressed in figures 6.13 through 6.15.
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45
42
41.5
42.5
42.5

7-IA, I, Normal

8-IA, I, Floor

9-IA, SR, Normal

10-IA, SR, Floor

31.9

4-HS, SR, Normal

6-IA Unsupported

32

3-HS, I, Floor

31.8

32.5

2-HS, I, Normal

5-HS, SR, Floor

34.5

I-Instantaneous supporting, SR-Stress relaxation
41.5

42

40

41

47

27

26.6

27

27

30

Roof Wall

1-HS Unsupported

Case

46.8

51

47

50.5

52

36.8

39.3

36.8

41

42.5

Floor

Deformation (mm)

1.05

1.09

1.02

1.01

1.18

1.14

1.08

1.04

First
support

1.13

1.17

1.09

1.11

1.22

1.25

1.12

1.16

Second
support

Factor of safety

16.00

13.20

12.20

12.73

10.17

11.01

13.52

11.22

First
support

12.30

12.20

11.40

11.31

11.08

11.5

14.54

10.10

Second
support

Grout bond failure
(%)

1.5

1.5

2

2

2.1

1.5

1.5

2

2

2.1

Roof

2.6

2.5

3

3.2

3.2

2

2

2.1

2.3

2.3

Wall

2

2.5

2.2

2.7

2.6

1.5

2.1

2.5

2.6

2.6

Floor

Yield zone (m)

Table 6.6: Results of analyses carried out on the calibrated model
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32
31.5
41.4
42

HS, SR

I-Instantaneous supporting, SR-Stress relaxation

IA, I

IA, SR

41

39.7

26

26.5

Roof Wall

HS, I

Case

46.6

46.4

36.8

36

Floor

Deformation (mm)

1.12

1.07

1.34

1.17

First
support

1.12

1.09

1.31

1.21

Second
support

Factor of safety

7.62

7.78

6.00

7.70

First
support

7.15

8.35

7.00

8.30

Second
support

Grout bond failure
(%)

1.2

1.9

1.5

2

Roof

2.5

2.8

2

2.1

Wall

1.7

2

1.5

2.5

Floor

Yield zone (m)

Table 6.7: Results of analyses carried out using longer bolts of 3.5 m and 4.0 m as first
and second supports

(a)

(b)
Figure 6.13: Effect of different bolting configurations on deformation for (a) HS tunnel
and (b) IA tunnel deformations
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(a)

(b)
Figure 6.14: Effect of different bolting configurations on cable FS for (a) HS tunnel and
(b) IA tunnel
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(a)

(b)
Figure 6.15: Effect of different bolting configurations on grout failures for (a) HS tunnel
and (b) IA tunnel
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It can be seen from Fig. 6.13 that the supports help reduce tunnel deformations.
Compared to the unsupported condition, normal bolting on the roof and walls is seen to
reduce deformations by up to 15%. However, it has moderate-low effect on the floor
deformations. However, floor bolting along with roof and wall bolting is seen to reduce
floor deformations by up to 12% in the HS and 10% in the IA tunnel. Longer bolts are
seen to not affect the deformations significantly. It can, however, be seen from table 6.7
that longer bolts have helped reduce the size of the yield zone as compared to cases 3, 5,
8 and 10 in table 6.6. The effect of cable length is also pronounced in the increased cable
FS, reduced grout failures and better load sharing as seen in figures 6.14 and 6.15. In the
HS tunnel, the use of longer bolts has improved the support FS. The slightly lower FS for
the second support, after floor bolting, as compared to normal bolting indicates possible
instabilities in the floor. Another reason for this behavior could be the uneven load
sharing between the supports. In the IA tunnel, floor bolting does not significantly change
the support FS and the use of longer bolts is seen to greatly improve load sharing between
the supports as seen from their similar FS values. As previously explained, the use of
stress relaxation or delaying support installation provides more realistic FS numbers
when compared with instantaneous supporting. This allows the user to estimate a range
for the support FS values, between an average (stress relaxation) and a lower limit
(instantaneous supporting) for the system FS.
In case of the grout failures in figure 6.15, floor bolting either causes no change in
grout failures or increases the grout failures. This trend is observed in both tunnels. Using
longer bolts, however, is seen to greatly improve (reduce) and localize grout failures.
Similar to the FS, using both instantaneous and delayed support installation procedures
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can provide useful ranges for grout failure values as between more likely and more
conservative estimates. In subsequent analyses, only the stress relaxation procedure has
been used since it provides more insight into the support behavior.

6.5. Tunnel closure strains
Since the two tunnels studied have different cross-sectional areas, their deformations
cannot be compared directly. To normalize them, the closure strains have been estimated
(Table 6.8) and plotted as a function of normalized rock mass strengths in figure 6.16.
Since the two supporting methods provide similar deformations, the closure strains have
not been separately plotted for them. Table 6.8 and figure 6.16 show that, for a given
normalized rock mass strength, the HS tunnel has a slightly lower horizontal closure
strain than the IA tunnel, with a difference of less than 0.25%. However, its vertical
closure strain is significantly higher than that of the IA tunnel especially for the lower
normalized rock mass strength values (~1% difference in closure strains). The fact that
the mine experiences significant floor heaving and that the IA tunnel has lower vertical
closure strain than the HS tunnel despite having a 30% higher cross-sectional area
indicates that the IA tunnel may be a better performer under the existing geo-mining
conditions at the site being studied.
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Table 6.8: Closure strains for the HS and IA tunnels
Rock mass strength as a

Horizontal closure strain (%)

Vertical closure strain (%)

Horseshoe

Inverted arch

Horseshoe

Inverted arch

100

0.25

0.28

0.59

0.40

50

1.04

1.19

1.65

1.28

37.5

1.89

2.21

2.53

2.09

25

4.55

4.89

5.02

4.09

percentage of intact strength
(%)

Figure 6.16: Closure strains for HS and IA tunnels expressed as a function of normalized
rock mass strength
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6.6. Parametric sensitivity studies
6.6.1. Variation of continuum mechanical parameters
The continuum mechanical properties that have been varied for the current study are
the cohesion, internal friction angle, tensile strength and elastic modulus. Sensitivity
studies have been performed to provide additional insights into the mechanical
parameters of the rock mass and bedding planes. This has been done so as to direct the
focus of future testing routines at the mine to concentrate on those parameters whose
fluctuations most affect the rock mass stability. As described in section 5.5, the analyses
have been done by varying the above mentioned parameters between +30% and -30% of
their mean estimated values (Table 6.5), in increments of 15%. The results of this study
have been expressed as variations in floor deformations and are given in figure 6.17.

118

(a)

(b)
Figure 6.17: Floor deformation response to changes in continuum mechanical properties
for (a) HS tunnel and (b) IA tunnel
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It is seen from the figure that the tunnel floor for both HS and IA tunnels is most
sensitive to changes in internal friction angle and closely followed by cohesion. When the
cohesion and friction angle reduction is 30%, the deformations are seen to increase by up
to 40%, and the deformations reduce by up to 12% when the values are increased by
30%. The plastic behavior of floor deformations is apparent from the non-linear nature of
the curves in the -15% to -30% range. The elastic modulus is seen to also cause
significant fluctuations in floor deformation. The overall trends show that an increase in
cohesion, internal friction angle and/or elastic modulus stabilizes the rock mass and the
deformations decrease. The tensile strength plays no overall role in the deformations.
This makes sense since the tensile strength is a more important factor in the detection of
failure rather than in the post-failure phase.

6.6.2. Variation of bedding plane mechanical parameters
Similar to the procedure for the continuum mechanical properties, the joint normal
stiffness (JKN), joint shear stiffness (JKS) and the basic friction angle for the bedding
plane have been varied from -30% to +30% in 15% increments. Figure 6.18 shows the
response of floor deformation to changes in these parameters for the HS and IA tunnels.
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Floor deformation (mm)

70
65

JKN Bedding Plane

60

JKS Bedding Plane

55

Base friction angle

50
45
40
35

30
-30

-15
0
15
Percentage deviation from mean value (%)

30

(a)
70

Floor deformation (mm)

65

JKN Bedding Plane

60

JKS Bedding plane

55

Base friction angle

50
45
40
35
30
-30

-15
0
15
Percentage deviation from mean value (%)

30

(b)
Figure 6.18: Floor deformation response to changes in bedding plane mechanical
properties for (a) HS tunnel and (b) IA tunnel

121

It can be seen that the deformations are most sensitive to changes in the basic friction
angle, followed by changes in joint normal stiffness. The joint shear stiffness is seen to
not have much effect on the floor deformation. This is because the floor heave is
principally governed by normal separation of the bedding plane and tensile beam
bending. Wall deformations, on the other hand, can be expected to be significantly
influenced by the shear stiffness. The effect of bedding plane friction angle is more
prominent in the inverted arch tunnel floor deformation as compared to the horseshoe
tunnel floor deformation, both for the strengthening and weakening cases. In the
strengthening case, the deformation reduces more for the inverted arch tunnel (45 mm to
37 mm, 18%) than in horseshoe tunnel (45 mm to 41 mm, 9%). Conversely, in the
weakening case, the inverted arch tunnel shows higher increase in deformation (45 mm to
57 mm, 27%) versus horseshoe tunnel (45 mm to 53 mm, 18%). The tables containing the
actual data sets used to plot the figures shown in section 6.6.1 and 6.6.2 are given in
Appendix B.

6.6.3. Variation of support mechanical parameters
The support response was studied by varying cable and grout strengths through the
parameterization of cable diameter and grout uniaxial compressive strengths as discussed
in section 5.5. In these analyses, the nominal support factor of safety (FS) for engineering
design is taken to be 1.2 although this is subjective and may be site specific and regulated
federally in various countries. Figures 6.19 through 6.22 show the variations of support
FS and grout bond failures with changes in cable and grout strengths. The dotted
horizontal line in figures 6.19 and 6.21 represents the nominal FS of 1.2.
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Figure 6.19: Support factors of safety as a function of cable diameters

Figure 6.20: Grout bond failures as a function of cable diameters
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Figure 6.21: Support factors of safety as a function of grout uniaxial compressive strength

Figure 6.22: Grout bond failures as a function of grout uniaxial compressive strength
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Since the support diameters were parameterized in pairs as first and second supports,
the x-axis in figures 6.19 and 6.20 may be interpreted as the diameter of the first
support/diameter of the second support. For instance, 16/19 indicates that the first support
was 16 mm in diameter and the second support was 19 mm in diameter. Figure 6.19
shows that, for both HS and IA tunnels, as support diameters increase, the support FS
increases. This is because thicker cables are stronger and less prone to tensile failures
(snapping). It can also be seen that the support FS for the HS and IA tunnels are more or
less similar across the spectrum of cable diameters. The support pair 22 mm/26 mm is
seen to be the ‘thinnest’ pair with the FS for both supports being at least 1.2. Figure 6.20
shows the behavior of grout bonds with increasing cable strength/diameter. The grout
bond failures are seen to increase as cable strength increases. This is because, as cables
become stronger and less prone to tensile failures, the failures may occur through grout
shear and slipping would emerge as the governing mode of support failure.
Figures 6.21 and 6.22 show the behavior of support FS and grout failures as functions
of changing grout compressive strengths. These analyses have been carried out for the
support pair 16 mm/19 mm. It can be seen that the trends reverse in this case. As grout
compressive strength increases (Figure 6.21), the support FS decreases. Parallelly, the
grout bond failures also decrease (Figure 6.22). This is because, as the grout is
strengthened, the failure mode is now governed by the ‘weaker’ cables and cable tensile
failures dominate. It can be seen from figure 6.21 that for the support pair 16 mm/19 mm,
grout compressive strengths above 25 MPa reduce the FS to 1.2 or less. However, the
reduction in support FS is very gradual and more or less constant. Hence, a trade-off
between the slip (shear failure) and snap (tensile failure) of cable bolts is necessary to
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arrive at an optimum compatibility system. Differential stiffnesses of the steel and grout
can destabilize the system and increase proneness to one of the two modes of failures.
Again, the overall trends are insignificantly different for the HS and IA tunnels. The raw
numbers for the analyses carried out on the HS tunnel are presented in tables 6.9 and
6.10. Due to the similarity in results between HS and IA tunnels, the results are not
presented for the IA tunnel. As one would expect, if either component of the support
system – cable or grout, is strengthened, the deformations are seen to decrease across the
roof, wall and floor of the tunnels. However, the size of yield zone is largely unaffected
by the analyses.

Table 6.9: Results of variation of cable diameters for HS tunnel
Grout bond failure

Diameter
Average FS
(mm) –

Roof

Wall

Floor

First/second

(mm)

(mm)

(mm)

support

(%)
1st

2nd

1st

2nd

Support

Support

Support

Support

16/19

36.5

32.1

44.6

1.09

1.2

11.11

10.92

19/22

36

31.1

44.1

1.1

1.23

15.03

13.42

22/26

35.4

30.4

43.8

1.18

1.3

26.4

19.77

26/29

34.9

29.1

43.5

1.29

1.4

32.63

25.42
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Table 6.10: Results of variation of grout uniaxial compressive strengths for HS tunnel
Grout bond failure
Average FS
Grout UCS

Wall

Floor

(mm)

(mm)

(%)

Roof (mm)
(MPa)

1st

2nd

1st

2nd

Support

Support

Support

Support

25

37.1

32.5

44.6

1.21

1.32

36.6

29.08

35

36.8

32.3

44.5

1.11

1.22

25.7

19.87

45

36.7

32.1

44.3

1.09

1.21

12.98

12.57

55

36.5

32.1

44.6

1.09

1.2

11.11

10.92
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

7.1. Conclusions
This thesis lays out numerical modeling studies performed on two tunnels, a horseshoe
(HS) shaped and an inverted-arch (IA) shaped tunnel, driven in a coal-measure stratum in
one of the deepest soft rock excavations in the world. Accurate 3-dimensional distinct
element numerical models have been created using available data on the state of stress in
the region, lithological and geological considerations, joint and intact rock properties,
tunnel dimensions and support properties. The numerical models have been used to
analyze the stability of the tunnels and supports in a variety of ways. Modeling has been
carried out using two procedures – an instantaneous supporting method which installs the
supports immediately after excavation, and a stress relaxation procedure developed in this
research which accounts for the stress redistribution undergone by excavations during the
stand-up time between tunnel drivage and support installation. A new procedure has also
been developed to describe the state of the cable and grout for each support type, and all
models are accompanied by these support status descriptions. The cable has been
described through a factor of safety (FS) definition and the grout has been described
through the calculation of failed grout bonds as a percentage of total grout bonds.
The created numerical models have been tested and validated for correctness of
applied input parameters, and have been subsequently used in a back-analysis routine to
calibrate the rock mass mechanical property values. This has been achieved through a
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binary search based strength reduction approach using baseline intact rock and bedding
plane mechanical property values, and a comparison against available field deformation
monitoring datasets. The rock mass was found to have strength parameter values of
approximately 35%-45% of intact rock strength in the region, using both excavationsupport procedures. It was also found that, while the stress relaxation and instantaneous
support procedures predict similar tunnel deformation values, they predict largely
different values for the support parameters – the cable FS and grout bond failures. This
allows a user to employ both methods to get a range of descriptive/quantitative values for
the support behavior.
The calibrated models have further been analyzed by changing support configurations
and lengths, to better understand the response of the tunnels to the existence (and a lack)
of supports. It has been found that the tunnels undergo higher deformations and have
larger fractured zones in the absence of supports and had the lowest overall deformation
and size of fractured zones in the presence of supports in the roof, wall and floor. It was
also found that the existing supports (2.2 m, 2.5 m) were approximately as long as the
size of the fractured zone around the tunnels, indicating insufficient room for proper
rock-support coupling. Hence, analyses have been carried out using longer bolts (3.5 m,
4.0 m) to study their effect on the tunnel stability. It has been found that while the longer
supports did not significantly change the tunnel deformations, they helped reduce the size
of the failed/fractured zone, and they also had ‘safer’ cable FS and lower grout failures.
In the next stage, a comparative study between the two tunnel shapes was performed
through the analyses of normalized deformations in the form of closure strains. It was
found that, for the existing geo-mining conditions where the tunnels at the site are
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undergoing significant floor heaving, the IA tunnel had lower vertical closure strains than
the HS tunnel. This, despite the IA tunnel having a 30% higher cross-sectional area,
appeared to indicate that the IA tunnel may be better suited to handle the floor
instabilities which are part of the existing geo-mining conditions.
The thesis concludes with parametric studies performed on the mechanical properties
of the continuum and those of the explicitly introduced bedding planes around the
tunnels, and optimization studies performed on the cable bolts used in the modeling
studies. The parametric studies on the continuum mechanical properties showed that, for
both tunnels, the rock mass deformation is most sensitive to changes in cohesion and
internal friction angle, followed by changes in elastic modulus of the equivalent
continuum. The tensile strength was not found to influence the deformations in any way
since it is a failure indicator or criterion. Parameterization of bedding plane deformability
and frictional properties indicated that the tunnel deformations are most sensitive to
changes in bedding plane basic friction angle, followed by the joint normal stiffness
(JKN) and to some extent, the joint shear stiffness (JKS). This lays out guidelines for
future rock testing routines at the mine site. The support optimization studies aimed at
linking cable diameters (and in turn, the steel strengths) and grout strengths to the cable
FS and grout failures. The studies illustrated the importance of ensuring stiffness
compatibility between the steel and grout to ensure that neither tensile failures of steel,
nor shear failures of grout dominate.
Supplementary data including raw deformation data, output data from parametric
studies and abstracts from accepted/submitted manuscripts resulting from this research
are available in Appendices A-C.
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7.2. Recommendations for future work
Future work on this research could focus on using other constitutive models for
representing the continuum and the discontinuum, such as the strain-softening model for
the continuum and continuously yielding joint model for the bedding planes to observe
post-failure behavior. Additionally, the study could benefit from using creep constitutive
models to gain insight on long-term time dependence of the rock mass. Extensive field
instrumentation and real-time monitoring of tunnel stability, in addition to thorough insitu stress measurements, fracture mapping and in-situ mechanical property
measurements would provide more reliable input properties for the modeling. Finally,
modeling performed on the entire mine, including tunnel networks and shafts would
provide significant insight into the global behavior of the rock mass.
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APPENDIX A: RAW DEFORMATION DATA

Table A.1: Deformation measurements (in mm) for the horseshoe tunnel
Wall

Wall

Roof

Roof

Floor

Floor

increment

deformation

increment

deformation

increment

deformation

0

0

0

0

0

0

0

3

1

1

0

0

1

1

57

6

7

8

8

7

8

66

1

8

1

9

1

9

77

1

9

1

10

0

9

105

1

10

2

12

3

12

121

1

11

1

13

1

13

134

1

12

2

15

3

16

142

0

12

1

16

1

17

159

1

13

0

16

0

17

164

2

15

1

17

3

20

167

0

15

0

17

0

20

172

0

15

0

17

0

20

180

2

17

0

17

0

20

196

0

17

2

19

5

25

207

2

19

2

21

3

28

213

0

19

2

23

3

31

Day

151

216

0

19

4

27

0

31

233

0

19

4

31

6

37

240

2

21

0

31

3

40

257

2

23

2

33

4

44

266

0

23

1

34

3

47

300

1

24

0

34

0

47

331

0

24

0

34

2

49

342

0

24

0

34

3

52

350

0

24

0

34

0

52

152

Table A.2: Deformation measurements (in mm) for the inverted arch tunnel
Wall

Wall

Roof

Roof

Floor

Floor

increment

deformation

increment

deformation

increment

deformation

0

0

0

0

0

0

0

3

2

2

1

1

0

0

57

5

7

2

3

1

1

66

1

8

1

4

1

2

77

1

9

2

6

2

4

105

2

11

4

10

3

7

121

1

12

2

12

0

7

134

0

12

0

12

10

17

142

0

12

0

12

0

17

159

0

12

0

12

0

17

164

4

16

0

12

0

17

167

0

16

1

13

0

17

172

0

16

1

14

1

18

180

1

17

0

14

0

18

196

1

18

1

15

0

18

207

0

18

2

17

1

19

213

0

18

10

27

10

29

216

0

18

0

27

0

29

233

1

19

1

28

1

30

240

3

22

2

30

1

31

Day

153

257

1

23

2

32

1

32

266

1

24

1

33

1

33

300

3

27

6

39

5

38

331

3

30

3

42

11

49

342

2

32

2

44

1

50

350

0

32

0

44

0

50
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APPENDIX B: SUPPLEMENTARY MATERIAL FOR PARAMETRIC
ANALYSES

Table B.1: Results from parametric changes in continuum cohesion for the horseshoe
(HS) tunnel
Deformations (mm)
Deviation

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

49.8

53

60.8

1.03

1.19

16.66

14.12

-15

39.7

37.2

48.9

1.06

1.17

11.2

10.31

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

33.8

27.5

42.8

1.13

1.24

11.14

11.39

30

30.8

23.2

40.2

1.23

1.32

10.17

10.25

from mean

Table B.2: Results from parametric changes in continuum cohesion for the inverted-arch
(IA) tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

48.8

54.2

59.9

1.03

1.12

17.1

13.33

-15

42.8

43.7

50.9

1.06

1.15

13.5

12.1

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

33.7

30.1

40

1.15

1.21

10.97

11.53

30

31

26.1

36.5

1.26

1.28

10.19

10.89

from mean
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Table B.3: Results from parametric changes in continuum friction angle for the HS tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

54.1

62.5

61.7

1.03

1.09

17.42

14.41

-15

42.4

42.1

50

1.05

1.16

14.35

11.49

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

32

25.1

43.3

1.19

1.28

10.59

10.51

30

29.6

21.6

39.8

1.37

1.43

10.12

10.9

from mean

Table B.4: Results from parametric changes in continuum friction angle for the IA tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

52.9

65

63.4

1.03

1.12

17.45

15.98

-15

44.9

47.7

52.7

1.07

1.15

14.49

12.12

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

32.4

27.5

39.6

1.22

1.23

10.44

11.43

30

28.7

22.5

34.5

1.41

1.35

10.35

10.19

from mean

Table B.5: Results from parametric changes in continuum elastic modulus for HS tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

45

39.2

56.3

1.06

1.16

11.11

9.62

-15

39.8

35

48

1.08

1.19

11.13

11.02

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

34.6

30.5

42.2

1.09

1.21

11.14

11.35

30

32.1

27.8

38

1.12

1.21

11.05

11.3

from mean
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Table B.6: Results from parametric changes in continuum elastic modulus for IA tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

47

45.8

57.2

1.07

1.17

13.21

11.29

-15

42.2

40.7

50.6

1.1

1.18

13.09

11.67

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

35.8

34.5

42.9

1.1

1.19

12.93

13.38

30

33.7

32

40

1.11

1.2

12.89

13.55

from mean

Table B.7: Results from parametric changes in continuum tensile strength for HS tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

37

32.8

45.1

1.09

1.2

11.15

11.23

-15

36.9

32.3

45.1

1.09

1.2

11.15

11.21

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

36.5

32.1

44.6

1.09

1.2

11.11

10.92

30

36.5

32.1

44.6

1.09

1.2

11.11

10.92

from mean

Table B.8: Results from parametric changes in continuum tensile strength for IA tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

38

36.9

45.6

1.11

1.19

12.94

11.94

-15

37.9

36.6

45.5

1.11

1.19

12.94

11.71

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

37.9

36

44.5

1.11

1.19

12.94

11.71

30

37.9

36

44.3

1.11

1.19

12.94

11.71

from mean
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Table B.9: Results from parametric changes in bedding plane joint normal stiffness
(JKN) for the HS tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

41.9

34.9

50.8

1.03

1.15

12.83

10.9

-15

38.5

32.6

45.5

1.06

1.17

11.13

10.59

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

34.7

30.5

44

1.12

1.21

10.66

10.33

30

33.7

29.9

43

1.14

1.22

10.14

10.39

from mean

Table B.10: Results from parametric changes in bedding plane JKN for the IA tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

42.9

39.5

51.8

1.04

1.14

13.3

12.65

-15

40.5

38.5

48.4

1.1

1.17

13.1

12.83

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

37.3

36

44.5

1.13

1.2

12.93

12.83

30

36.2

35.6

42.9

1.14

1.21

12.08

12.61

from mean
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Table B.11: Results from parametric changes in bedding plane joint shear stiffness (JKS)
for the HS tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

38.3

34.3

47.2

1.08

1.2

11.44

11.37

-15

37.5

33.5

46.5

1.08

1.2

11.2

11.23

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

35.5

30.3

44.5

1.1

1.19

11.07

10.33

30

35.3

29.3

44.5

1.1

1.19

11.07

10.27

from mean

Table B.12: Results from parametric changes in bedding plane JKS for the IA tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

39.4

38.9

46.9

1.09

1.19

13.14

11.96

-15

38.4

37.5

46

1.1

1.19

13.03

11.93

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

37.3

35.3

44

1.1

1.19

12.39

11.94

30

36.4

34.3

43.5

1.14

1.19

11.35

11.47

from mean
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Table B.13: Results from parametric changes in bedding plane basic friction angle for the
HS tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

43.2

41.5

53.4

1.04

1.15

16.23

13.51

-15

39.6

35.5

48.4

1.06

1.18

12.3

11.67

0

36.5

32.1

44.6

1.09

1.2

11.11

10.92

15

34.8

29.5

42

1.12

1.22

11.05

10.57

30

33.3

28.7

40.2

1.14

1.23

11

9.84

from mean

Table B.14: Results from parametric changes in bedding plane basic friction angle for the
IA tunnel
Deviation

Deformations (mm)

Factor of Safety

Grout bond failure (%)

Roof

Wall

Floor

First

Second

First

Second

(mm)

(mm)

(mm)

Support

Support

Support

Support

-30

46.2

51

56.9

1.04

1.15

17.33

15.78

-15

41.2

42.5

50.3

1.08

1.17

13.78

13.04

0

37.9

36

44.5

1.11

1.19

12.94

11.71

15

35.2

31.9

41.1

1.14

1.2

11.44

10.96

30

33.7

29.8

37.9

1.18

1.2

10.15

10.56

from mean
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Table B.15: Results of variation of cable diameters for IA tunnel
Diameter
(mm) –

Roof

Wall

Floor

First/second

(mm)

(mm)

(mm)

support

Average FS

Grout bond failure
(%)

1st

2nd

1st

2nd

Support

Support

Support

Support

16/19

37.9

36

44.5

1.11

1.19

12.94

11.71

19/22

37.1

34.9

44.2

1.13

1.22

15.22

14.88

22/26

36.2

33.4

44.1

1.18

1.3

22

20.48

26/29

35.6

32.4

43.9

1.27

1.38

28.8

23.24

Table B.16: Results of variation of grout uniaxial compressive strengths for IA tunnel

Grout UCS
(MPa)

Roof (mm)

Wall

Floor

(mm)

(mm)

Average FS

Grout bond failure
(%)

1st

2nd

1st

2nd

Support

Support

Support

Support

25

38.5

36.8

45.3

1.17

1.32

34.5

30.03

35

38.2

36.5

44.9

1.12

1.22

22.14

20.38

45

38

36.4

44.9

1.11

1.2

14.85

14.72

55

37.9

36

44.5

1.11

1.19

12.94

11.71
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APPENDIX C: MANUSCRIPTS FROM THIS WORK

C.1: Rock Mechanics and Rock Engineering
One manuscript containing some of the results in this thesis has been published in the
peer-reviewed journal Rock Mechanics and Rock Engineering. The abstract of the paper
(doi: 10.1007/s00603-015-0885-9) is given below:
Title: Discontinuum–Equivalent Continuum Analysis of the Stability of Tunnels in a
Deep Coal Mine Using the Distinct Element Method
Abstract: An imperative task for successful underground mining is to ensure the stability
of underground structures. This is more so for deep excavations which may be under
significantly high stresses. In this manuscript, we present stability studies on two tunnels,
a horseshoe-shaped and an inverted arch-shaped tunnel, in a deep coal mine in China,
performed using the 3DEC distinct element code. The rock mass mechanical property
values for the tunnel shapes have been estimated through a back-analysis procedure using
available field deformation data. The back-analysis has been carried out through a
pseudo-time dependent support installation routine which incorporates the effect of time
through a stress-relaxation mechanism. The back-analysis indicates that the rock mass
cohesion, tensile strength, uniaxial compressive strength, and elastic modulus values are
about 35–45 % of the corresponding intact rock property values. Additionally, the
importance of incorporating stress relaxation before support installation has been
illustrated through the increased support factor of safety and reduced grout failures. The
calibrated models have been analyzed for different supported and unsupported cases to
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estimate the significance and adequacy of the current supports being used in the mine and
to suggest a possible optimization. The effects of supports have been demonstrated using
deformations and yield zones around the tunnels, and average factors of safety and grout
failures of the supports. The use of longer supports and floor bolting has provided greater
stability for the rock masses around the tunnels. Finally, a comparison between the two
differently shaped tunnels establishes that the inverted arch tunnel may be more efficient
in reducing roof sag and floor heave for the existing geo-mining conditions.

C.2: American Rock Mechanics Association Symposium
A second paper with some material from the research detailed in the thesis has been
accepted for presentation at the American Rock Mechanics Association Symposium 2016
at Houston. The abstract is given below:
Title: Distinct Element Method Based Stability Analysis of Tunnels in a Deep Coal Mine
in China
Abstract: Stability studies on two tunnels, a horseshoe-shaped and an inverted archshaped tunnel, in a deep coal mine in China, have been performed using the 3DEC
distinct element code and presented in this study. A pseudo time-dependent support
installation procedure has been developed to incorporate the stress relaxation and
deformation due to time gap between excavation and support installation. The utility of
incorporating stress relaxation before support installation has been explored through
observation of support factors of safety and grout failures. The numerical models have
been analyzed for different support configurations and unsupported situations. The
reinforcement provided by the supports has been demonstrated using changes in tunnel
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deformations and sizes of yield zones around the tunnels, in addition to observations of
support factors of safety and grout failures. Results indicate that using longer supports
and floor bolting would provide higher stability for the rock masses around the tunnels. A
comparison between the closure strains in the two tunnels indicates that the inverted arch
tunnel may be more stable under the existing geo-mining conditions at the site. Finally,
parametric studies point to the importance of cohesion and friction angle estimation for
intact rock, and basic friction angle estimation for the rock mass, to ensure robust
numerical results.
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