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ABSTRACT

Micro-structural heterogeneities of brittle rocks govern thdailure process, which
involves crack initiation and propagation befottee peak stress is reached/oronoi
tessellation isan approach,commonly used in discontinuum numerical programs to
simulte brittle rocks by dividing thenumerical specimeninto several randomly
generated polygonal blocks. In this study, a 2D Voronoi Tessellated Model (VTM) is
developed in a continuum program to simulate the behavior of Lac du Bonnet (LdB)
granite. The VTMs first calibrated to the laboratory properties of LdB granite. The
calibrated VTM captures the damage evolution and failure mode transition from axial
splitting to shear failure with increasing confinement. Nex¢haped notch failure around

a circulartest tunnel is simulated by the VTM calibrated to the rock mass strength
estimated based on theshaped failure criterion. It is concluded that tbalibratedVTM

realistically simulates the observed failure and damage ganeund the tunnel.
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Chapter 1Introduction

1.1 Overview

Demand for global supply of minerals and energy resources dictates the development of
underground excavations at great depthEhere arevariousgeomechanical challenges
associated with deep underground excavations arising from complex and sometimes
unexpected rock behavior due to high in situ stress conditi®ediable designs a&uch
excavationsrequire detailed knowledge oin situ and induced stresseprogressive
fracturing processesstrengthand failure mechanism of rock mass surrounding these
openings.A Deep Geological RepositofDGR, which consists o network of tunnels
constructed at a depth of several hundred reet below the ground surfaces an

example of such excavations

Excavation of an underground opening results in redistribution of stresses in the vicinity
of the excavation boundary. In hard brittle rocks, failure occurs due to initiation,
accumulation ad propagation of damage resulting in spalling and slabbfmgck mass
near the excavation boundaryvhich may evolve to form ashaped notchFigurel-1
shows an examplef av-shaped notch failure around a test tunnel constructed at 420

Level of the Underground Research Laboratory (UiRManitobg Canada

Figurel-1 An exampleof v-shaped notch failre around a circular test tunnel at the URafter
Rea et al., 1998
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In permeability sensitive excavations such as DGRs, Depth of Failurafbekjent of
Excavation Damage Zone (EDZ) are two important design parameters. Additionally, Shape
of Failure(SoF) provides useful information about the concentration of dameage
failurearound the excavation. These parameters are required for the design of excavation

geometry, the longterm stability and postlosure safety of DGRs.

Two common approacheassedto estimaie the DoF in hard brittle rocks are empirical and
numerical methods. Empirical methogsovide a general guide in preliminary design
stages of underground excavations. The relationship between the DoF and the maximum
tangential stress at the eagation boundary proposed by Martin et al. (1999) is a-well
known example of empirical methodsed to predicthe DoF around circular excavations

in hard brittle rocksThis empirical metho@vasdeveloped based oseveralcase studies

and do not provide sufficient insights into the failure mechanism, EDZ andrSokd
underground openingsTherefore, a robust desigrf DGR should not be solely based on

this approach

Numerical modeling has been widely used in the past tkecades fostability analysis
anddesign oDGRsiIn this research, aumerical modelingpproach using commercial
softwareprogram based otthe Finite Element Method (FEM) is proposeccaptureall

three design criteria (i.e., DoF, SoF and EDZndidlK S ' w[ Q& & S aFigurel dzy' y S €
1-1.

1.2 Problem Statement

Numerical modeling is an important tool that is used to solve a wide range of rock
engineering problemsNumerical methods used in geomechanics are typically classified
into three broad categories: continuum, discontinuum and hybrid continuum
discontinuum Li et al., 2012 The FEM and the Finite Difference Method (FDM) are two
examples of continuum methodsommonly used in rock engineering. Examples of
discontinuum and hybrid continuwdiscontinuum methods include the Distinct Element

Method (DEM) and the hybrid FinHeiscrete Element Method (FDEM), respectively.



Two commorconstitutive lawsusedin converional continuum methods$o simulate the
failure of hard brittle rocks around underground excavation®ea€ohesion Weakening
Frictional Strengthening (CWR8gjiabdolmajid et a}.2002) and Damage Initiaticemd
Spalling Limit (DISIIpiederichs 2003). These models have been demonstrated to be
capable of simulating the DoF and SoF. However, the formation and emergent
characteristics of the EDZ are not properly captured by these models. Furthermore, the
simulated mode of failure is shear, which is not sistent with the failurenodeof brittle

rocks at low confinement observed in the laboratory (e.g., unconfined compression test)
and field (e.g., failurearound tunnel3, which isusually associated withtensile

mechanisms

Discontinuum methods typically@vide a better representation of the progressiedure
process of brittle rocksompared to continuum methods. The DoF, EDZ and SoF with
realistic failure modesiavebeen captured using discontinuum methods (e.g., Potyondy

& Cundall, 2004; Hazzard & Young, 2004; Vazaios et al., 2019). Nonetheless, the
disadvantage of discontinuum methods is their high computational costs due in large part
to the lack of reliable input paraetersand complexity of model calibration. For these
reasons, the discontinuum methods do not often meet practical requirements for

conventional engineering analyses (Bahrani and Hadjigeorgiou, 2018).

It is generally known that heterogeneity in rock fabresults inthe inducement of
localized tensile stresses inside a specimen awatfer an overall compressive loading
condition. At low confinement, such as the vicinity of underground openings, tensile
damage occurs when the tensile stress exceeds thal liensile strength of the rock. In
conventional continuum modelghe rock is simulated as a homogeneous mediand
therefore the simulatedfailure mechanism of hard brittle rocks often shearas the
stresses are uniformly distributed throughout themerical model. Therefore, in order

to realisticallysimulatethe brittle failure processmicro-structuralheterogeneities need

to be consideredin the simulations Preliminary investigations by Valley et al. (2009)
Bewick et al. (2010and Li and Bahran(2021a and bjave demonstrated promising

results in capturing the brittle rock failure process when heterogeneities are included in



continuum modelslin this researcha two-dimensional (2Dheterogeneouscontinuum
modelis developedo simulate the fdure process of hard brittle rocks under laboratory

andfield loading conditions.

1.3 Objectives

The central objective of this research is to simulate the progressive failure of hard brittle
rocks using RS2, which is a 2D finite element progtaweloped by Rocsciendec. For
this purpose, heterogeneous models are developed to replicate the laboratory and field

scale behavior of LdB granite. The detailed objectives of this research include:

1 Capturing the failurenode of LdB graniteobserved inaboratory tests including
the Brazilian Tensile Strength (BTBjrect Tensile Strength (DT3)niaxial
Compressive Strength (UGB confined compression test

1 Developing a systematic proceduecalibratethe models to the laboratory and
in situstrength of LdB granite

T {AYdzZ F dAy3 GKS 52CX 95% FyR {2C 6AGK

circular test tunnel shown iRigurel-1 usingthe calibrated models

1.4 Methodology

A Voronoi Tessellated Model (VTM) is an advanced modeling approach typically used in
discontinuum numerical programs to simulate the heterogeneous meatf rocks (e.g.,

Lan et al., 2010; Bahrani et al., 2014; Ghazvinian et al., 2014). A VTM consesteraf
randomly generategbolygonal blocks that are bonded together at their boundarigss
approachhas beenwidely usedby various researchets simulate various types of rock
heterogeneities at different scaleBor example, the laboratory scale, blocks and block
boundariescan be usedo simulategrains and grain boundari€ki and Bahrani, 2021,a)
while at the rock mass scale, theguldrepresent rock blocks and joints, respectivély

and Bahrani, 2021b)

In this study, a 2D continuwmasedVTM is developed to simulate tretandard rock
mechanics laboratoryests. The stepbefore simulating large scale applications (i.e.,
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tunnel) is to calibate the VTM to a representative strength envelope for the rock.
Typically, micranechanicamodelingof intact rockis conducted usinghodels calibrated

to laboratory test resultsThe calibrated model ihen upscaled an@pplied to excavation
conditionswith the objective thatfailure will be an emergent response of the miero
mechanical model(Dadashzadeh, 2020Li and Bahrani, 202)1bIn this study,the
continuumbased micremechanical model is calibrated to failure envelopes derived
specifically to captre brittle failure around excavations. Three strength envelopes are
considered for this purpose: 1) laboratory peak strength of intact rocleqijvalent
HoekBrownrock masstrength envelope; and 3) thinear (sshapedyock masstrength

envelope.

First, the intact rock strengtlenvelopeobtained from laboratory tests is used ftne
model calibration. This is based @irld observationsat the URLthat the rock masss
dewid of any strength dominating discontinuities and thus, the rock mass strength is
assumed to be equal to the intact rock strength. The two other strength criteria
investigated in this research are the-inear andits correspondingequivalent Hoek
Brown rock massstrength envelopes proposed by Bewick et al. (2019). Then&ar
criterion is fundamentally based on theshaped failure criterion developed for massive
to moderately jointed rock masses by Diederich899;2003). The main assumption in
these two criteria is that the rock mass strength under an unconfined condition is equal
to the crack initiation threshold of intact rockbtained from laboratory uniaxial
compression tests Once the VTM is calibratetb the target strength envelopes
mentioned above it will be used to identify the most appropriate strength envelope that
can capture all three design criteria, including the DoF, EDZ and SoF by simulating the URL

test tunnel.

The advantage of the proposed continuuover discontinuurrbased VTM (e.g., UDEC
by Itasca Consulting Group Inc.) is its shorter computation time. Its advantage over other
continuum modeling approaches, such as the CWFS andridi$dls is that it captures
not only the DoF and SoF, but also the EDZ with realistic failodes(.e., tensile failure

at low confinement and shear failure at high confinement). The contribution of this



research ishe development ot modeling approach using an indusstandard software
programbased on the FEM, which can be used to desigretgrdund excavations in hard
brittle rocks. It is expected that the outcome of this research will be beneficial for the
designs of DGRs, deep underground mines and civil tueselscially subjected thigh
stress conditions. Furthermore, it offers a poteh tool for the back analysis of in situ

stress magnitudes from the depth and shape of breakautteep boreholes.

1.5 Thesis Outline

The results of this research are describefive chapters:

The first chapter provides an overview of the research, pnobdéatement and objectives

in addition to the research methodology.

¢tKS 4SO2YyR OKFLIISNI LINSBaSyida I OMURLIMBKESYaA D
followed by reviewingprevious attempts to simulate the failure arouride URL test

tunnel usingcontinuum, discontinuum, and hybrid continuutiscontinuum methods.

In Chapter 3, a VTM is developed in the 2D FEM program RS2. Using this model, laboratory
tests such as the BTS, DTS, UCS and confined compression tests are simulated. The model
is first calbrated to the intact rock propertiesand then used to simulate th&JRLtest

tunnel.

In Chapterd, the results of numerical simulatisof the URLtest tunnel using the VTM
calibrated to the rock mass strengémvelopesare presented. To this end, tha-linear
andits correspondingequivalent HoelBrownrock massstrength envelopsare used as

the target for model calibration.

Chapter5 provides a summary of the results of trstudy, he major findings of this
research in addition to recommendatiorisr future work are also presented in this

chapter.



Chapter 2Literature Review

2.1 Introduction

The prediction of excavatiemduced damage zone and failure around underground
openings is one of the main concerns safe and reliable design of underground
excavationsHence, a comprehensive desigyout must provide sufficient information
about theextent of EDAnNd predict theDoF and SoWwith realistic failure modearound

an underground opening

This chapter provides an overviewtbe URLocated inManitoba, Carada The focus is

on the weltknown Mineby Experiment(MBE)tunnel constructed at the URL to
investigate the characteristics of the excavatioduced damage zone. Thencentration

of this chapter is to review pertinent literature, especially the previous numerical

simulations of the NBEtunnel and thev-shaped notcHailure that occurred around it.

22 /| FYFRIFI Q4 ! YRSNANR dzURL)WS &SI NODK [ |

The URL was constructed withimc du BonnetLdB granite batholite, typical of the
Canadian Shield, aspotentialhost rock for longerm waste disposal. The URL is located
approximately 120 km northeast of Winnipeg, Manitoba, near the western edgkeof t
Canadian Shield (Read and Martin, 1996).

According to Read and Martin (1991), amongst various experiments conducted at the
URL, the MBE was focused on providing information on rock mass response due to
excavation. The MBE consisted of three phases tfiMat al., 1997): 1) the excavation
response; 2) the permeability studies; and 3) tirermally-induced failure. The first
phase was to study the EDZ, which is defined as the damage zone around an opening as
a result of stress redistribution. Tsang et &005) defind EDZ as a region with
hydromechanical and geochemical modifications, with no significant changes in flow and
transport properties. Thenainexcavations at the URL were on 240 m and 42@wels,

as demonstrated ifrigure2-1.
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Figure2-1 a) General layout of URL; b) 420lmvel excavations (after Chandler, 2003, and
Read, 2004)

Room 421

The excavation response phaskthe MBEcarried out at the 420 nhevel of the URL
(Figure 1b)wasa 46 m long, 3.5 m diameter circular test tunnel. Using-egplosive
excavation techniques, the target was to investigate of the progressive brittle dailur
regardless of the influence of the excavation method. A summary of the research

conducted at the URL can be found in Chandler (2003).

2.3 Geotechnical Characterization at URL

2.3.1 Geology

According to Martin (1990), LdB granite is considered to be representafiveany
granite intrusions of the Precambrian Canadian Shiélgure 2-2 illustrates the
generalized geology of the URL; it can be observed thathicst rock at the URL is a
mixture of pink and grey porphyritic granitgganodiorite. The composition and texture of
the massive, mediurto coarsegrained porphyritic granite is relatively unifordaigure

2-2 shows the URL shaft intersected by two major thrust faults dipping from 25° to 30°

southeast. The faults are referred to as Fracture Zone 3 and Fracture Zone 2.
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Figure2-2 Generalized geology of URL (Martin, 1993)

The geological characterization of the URL based on extensivdogmiag, geological
mapping of surface and subsurface exposures shows that subvertical jointing stops at a
depth of 220 m fom the ground surface (Read & Martin, 1991; Matrtin et al., 1997). As
shown inFigure2-2, the rock mass below this depth is relatively massive, exoeghe
illustratedfracture zones. A comprehensive report on the geology of LdB batholite within

the URL can be found in Everitt et al. (1996) and Everitt and Lajtai (2004).

2.3.2 In Situ Stresses

The initial estimation of fafield in situ stresses at thdRL was reported by Martin (1990)
based on an extensive program conducted at this site. The program consisted of
overcoring methods, i.e., USBM and CSIRO, hydraulic fracturing, convergence
measurements, micrseismic analyses, core disking and field obetgons. The in situ

stresses at the 420 m and 240Levels at the URL are summarized able2-1.



Table 2-11n situ stresses at 420 m and 240 m Levels of URL (after Martin et al., 1997, after
Martino & Chandler, 2004)

Excavation levels 1 2 3
420 mLevel
Magnitudes (MPa) 60+3 45+ 4 11+4
Trend/Plunge (°) 145/11 054/08 290/77
240 mLevel
Magnitudes (MPa) 26 16 12
Trend/Plunge (°) 228/8 135/28 335/65

2.3.3 Geotechnical Properties of Lac du Born(helB)Granite

Geotechnical properties of the pink and grey LdB granite are summariZeabia2-2.
The slight difference between the strength and stiffness propsrtf the pair is due to
the presence of microcracks in the samples. As can be sé@@abia2-2, the pink granite

has higher strength and elastic mdds in comparison to the grey granite.

Table 2-2 Summary of laboratory geotechnical properties of LdB granite (After Martin, 1990)

Parameters Unit Pink granite Grey granite
Porosity
Range (mean) % 0.16-0.28 (0.24) 0.32-0.67 (0.5)
Density
Mean Mg/m?3 2.64 2.63
Uniaxial compressive strengtt
Range (mean) MPa 134 248 (200) 147¢ 198 (167)
Brazilian tensile strength
Range (mean) MPa 6.17-12.07 (9.32) 6.22-11.52 (8.72)
Tangent, 2dzy 3 Qa Yz
Range (mean) GPa 53¢ 86 (69) 46¢ 64 (55)
t2Aaa2yQa NI
Range (mean) - 0.18-0.44 (0.26) 0.13-0.43 (0.30)
HoekBrown parameters
m - 31.17 30.54
S - 1 1

The results of laboratory tests on LdB granite along with the HByelkwn envelopes for
the peak and longerm (crack damage) strengths are plottedrigure2-3a. This figure
alsoincludeshe crack initiationthreshold obtained from micrgeismic events monitored
around the MBE tunnel and laboratory tests. The sti&sain curves obtained from the

10



UCS and confined compression tests are illustratelignire2-3b. According to Martin
(1997), the significant stress drops in the ppstik measured for LdB granite are

associated with macrscale failure of the specimens.
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Figure2-3 a) HoekBrown failure envelopes for intact rock and lortgrm strengths, andcrack
initiation threshold; b)stress-strain curves of LdB granite (Martin, 1997)

According to Martin and Chandler (1994), the streBain curve ofa brittle rock can be
divided into five regions: 1) crack closure; 2) elastic region; 3) stable crack growth; 4)
unstable cracl N2 ¢ (i K 0 O NkgOdnd SR peddndpdsipeak Read and Martin
(1996) explaiadthat the beginning of region 3 marks tleaset of stable crack growth or
dilation and usually occurs at aboB0%to 50%o0f the peak stress. The crack damage
occurrence is related to the reversal of the volumetric strain, thereafter, unstable cracks
begin to growBased orMartin and Chandler @94),the crack initiationthreshold and

" cd are true material parameters regardless of sample volume. The identification of the
pair is studied by Martin and Chandler (1994), Eberhardt et al. (1997), and Martin (1997).
Conversely, the peak stress, whislthe onset of the posgpeak region, is known to be a

function of loading conditions and sample size
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The strength of intact rock is directly related to intrinsic cohesion and frictional strength
componentsDamage testing dfdB granite by Martin and Chandler (1994) showed that
the assumptiorof consideringcohesion and friction angleeingmobilized at the same
strain cannot realistically describe the behaviortbe intact rock subjected to stresses.

This sudy stated that the progression of fracturing IodB granite is due to nen

simultaneous loss of cohesion and mobilization of frictibigure 2-5 illustrates the

cohesiont 2 a a

be noted that the damage parameter is defined as the permanent volumetric strain

FYR FNRAOGAZ2Y Y20AtATFdAZ2Y

resulting from a single damage increment.
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Figure2-5 Mobilization of cohesion and friction as functi@of damage (after Martin and
Chandler, 1994)

2.4 Characterization of Excavation Damage Zone at URL

In order to investigate thdormation, characteristics and extent of the ED#&rious
excavation response studies were conducted at the URL. The experiments were focused
mainly on the URL shaft and the 240Lavel in moderately to sparsely fractured rock

within moderate in situ stresses, in addition to in situ experiments carrigdnoilne 420

m Level.

According to Read (2004), the objectives of these investigations were to: 1) achieve
fundamental understanding of rock mass behavior around underground spaces; 2)
develop proper engineering tools to characterize rock mass behastibjected to
different in situ conditions; 3) propose a suitable design approach that combines
characterization, monitoring and numerical modeling to predict rock mass behavior in
both short and longterm periods; and 4) provide data useful for designiaegositories

in deep geological environments (Martino & Chandler, 2004). The following sections in
this chapter are focused on Room 4Farthermore, comprehensive reportsn the URL

shaft and 240 nhevel experiments can be found in Read (2004) and Madimd Chandler
(2004).
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2.4.1 Mine-By Experimen{MBE)Tunnel (Room 415)

To investigate the excavatiegnduced rock mass response, a 3.5 m circular test tunnel
was excavated using a naxplosive technique (Read & Martin, 1996). The layout of the
MBE including tl type of instrumentations at the 420 hevelof the URL is illustrated in
Figure2-6. The main focus of this experiment was to delve into the mechamtm
progressive failurethe development of excavatiemduced damage and to explore the
formation and characteristics of the disturbed zone around an underground opening in

crystalline rocks (Read & Matrtin, 1996; Martin et al., 1997).

Triaxial Strain Cells
/_

Test Tunnel
Extensometers—\

Figure2-6 Layout of MBE tunnel at 420 hevel of URL (Read, 2004)

2.4.1.1 Excavation Method

According to Read and Martin (1996), based on previous experience in Room 209 and the
URL shaft, the disturbed zone near the boandof openings was a function of both stress
redistribution and blast effects. In order to minimize the effect of blast damage, a
combination of driland-blast near Room 414 at the beginning of the MBE tunnel and line
drilling with mechanical breakageing hydraulic splittersKigure2-7a) was used (Read

& Matrtin, 1991). The excavation was modified to paoid-slash technique to investigate

the influence of sequential excavation (Martin et al., 19%igure2-7b demonstrates a
schematic longitudinal section of the MBE tunnel indicating the exaavatiethod and

sequences for various sections.
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Figure2-7 a) Excavation by lin@rilling method (Ghazvinian, 2015), b) excavation methods and
sequences along MBE tunnel (after Martin et al., 1997)

2.4.1.2 Observabn of Brittle Failure

In hard brittle rocks subjected to high in situ stresses, failure occurs when the rock mass
strength is exceeded by the induced stresses. The excavation of an underground opening
reduces confinement from its initial value to zerothe boundary and increases the

tangential stresses at certain locations depending on thdiédd stress magnitudes and
orientations. This usually results in spalling and slabbing of the rock near the excavation
boundaries (Martin et al., 1997). The ocance of failure in hard brittle rocks where the

tangential stresses arat their maximummagnitudes, commonly results in a-shaped

FILAf SR | 23KS LOSIRE fyR2RI OKA 0 a [-9kdpddyhotcl failute ivas> M
observed at the crown and the floor of the test tunnel as illustrate8igure2-8, where

the maximum compressive stresswvere concentrated (Read, 2004).
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Figure2-8: MBE tunnel: a) final sshaped notches; b) cross sectionmdtch in tunnel invert; c)
notch-tip in tunnel invert (Read, 2004)

The DoFaroundthe MBE tunnel varied throughout its 46 length. Everitt and Lajtai

(2004) discusd that the difference between the grain sizes of granite and granodiorite
played an impornt role in this variability. Therefore, regardless of the excavation
method, the depth of sshaped notch in the fine grained granite was less than the medium

grained granite Kigure2-9).
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granite granite Grade ine
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Geology
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Depth of breakout notch |:| 0-20 cm - >20 cm
0 2 4 6 8

Figure2-9 Influence of geology on breakout development along MBE tunnel (after Everitt and
Lajtai, 2004)
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The development of the breakout notch at different locatioRgy(ire2-7b) along the MBE
tunnel is presented ifrigure2-10a to d. The micreeismic events and acoustic emission
data captured around theetst tunnel are presented iRigure2-10e. According to Read
and Martin (1996), the tensile regions at the sidewall of the tunnel are considered as the
damaged zone, however, the damage in these regions is limited to foiaxks. The
extent of this zonavaslimited to 1 m from the tunnel boundary based on the acoustic
emission activity recorded by the monitoring system. The difference between the extent
of damage in the roof and the invert of the tunnelreported to bbemainly due to the
different stress paths and the confinement provided by the muck in the floor (Martin,
1993; Read et al., 1998; Hajiabdolmaijid et al., 2002).
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Figure2-10 Progressive development of breakout notches in MBE tunnel at convergence
arrays: a) 4181, b) 4, c) 41% and d) 4188 (after Read and Martin, 1996); e) EDZ
characteristics around MBE tunnel including mieseismic (+) ad acoustic emission)
events, as well as compressive, tensile and weakened zones (Read, 2004)
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The monitored data and direct observations in the MBE tunnel indicaeptbgressive
nature ofbrittle rockfailure. According to Martin (1993), Martin et al. (1997), and Read
(2004), the progressive brittle failure in the MBE tunnel involves multiple stages as

demonstrated schematically faigure2-11:

1) Initiation:micro-cracks begin to form in a narrow region ahead of the advancing tunnel

face. The locations of these cracks are determined using ms&gmic monitoring.

2) Dilation:at this stage, the mamum tangential stress exceeds the rock strength, hence,
shearing and crushing in this zone, called the process zone, takes place and dilation at the
grain scale leads to the formation of thin slabs. The process zone controls the failure

progression, and this zone is stabilized the failure progress stops.

3) Slabbing and spallinghearing, splitting and buckling result in the development of

larger and unstable slabs.

4) Stabilizationthe final geometry provides enough confinement especially at themot

tip that stabilizes the process zone.

(d) (c) (b) Longitudinal Section

(a)
Initiation
01-03 = 70 MPa

£%75V-shaped notch S50

Tunnel Advance
—_—

e Shgaring &
S k. §pl:lt|ng

Process

Buckling S

Localized
damage

(a)

Process
Process zone stabilized
(b) zone by confining stress

at notch tip

(d)

Figure2-11 Schematic progression of major stages of brittle failure with corresponding
location in MBE tunnel: a) initiation; b) dilation; c) slabbing and spatfirand d) stabilization
(after Martin et al, 1997 and Read, 2004)
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2.4.2 Excavation Stability Study

According to Read (2004) and Martino and Chandler (2004), the Excavation Stability Study
(ESS) was carried out in 420Lavel of the URL using the didhd-blasttechnique with
different tunnel geometries as illustrated igure2-12. The locations of these tunnels at
420Level are shown ifrigure2-1b. The U1, U2 and U3 tunnels were located at the upper
level (Room 418), the M1, M2 and M3 tunnels were at the main level (Room 417) and L1,
L2 and L3 tunnels were excavated at the lower I[éRelom 421). The objective of the ESS
was to investigate the stability and the EDZ around underground openings as a function
of: 1) tunnel geometry and orientation; 2) geolognd 3) excavation method. The
excavations were designed to be in an area of whigeology in both granite and

granodiorite and away from the influence of surrounding excavations.

100 MPa 110 MPa 120 MPa
U1 3 U

% g el
S go00 S 5300 - 3 400
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6600 5300
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Figure2-12 Crosssections of 9 tunnels excavated for ESS. The peak compressive boundary
stress magnitues and distribution from 2D elastic analysis are shown with black circles and
bolded lines on the tunnel boundaries (Read et al., 1998)

180

Lower Level (Room 421)
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The potential effects of thredimensional (3D) stress paths and rock fabric on the
stability of the tunnels subjectedtin situ stresses with different orientations relative to
tunnel axis were studied in the ESS. The results of their investigations indicated that
excavation geometry and geological variability influence the rock mass damage and
stability. Forinstance Uland M1 had the same geometry but their orientations relative

to the major principl stress were different. Thus, the maximum tangential stresses are
different around the tunnel boundaries. Read (2004) summarized the results of the ESS
and accordingly, sugpsted that careful characterization of the geological variability and

rock fabric is essential in the excavation stability analysis.

Several researchers haattempted to numericallyreplicatethe MBE tunnel and the-v
shaped notch failure around its pphery. The following section provides an overview of
previous simulations of the MBE tunnel, regardless ofrteaccess in capturing the v

shaped notch failure.

2.5 Simulation of Brittle Failure ArouMBETunnel

The assessment of the stability of undergrowmknings requires insight into the stress
distribution around the excavations. According to Brady and Brown (2006), the stress
distribution can be obtained using analytical solutions and numerical modeling. Analytical
solutions, e.g., equations proposeg Kirsch (1898), necessitate certain assumptions to
be made for excavation geometry and rock mass behavior to simplify the problem. For
example, they are generally developed for a circular opening excavated in a
homogeneous, elastic or elasfitastic medim subjected to an isotropic stress field

under plane strain condition.

In order to overcome some of the limitations of closedm solutions, numerical
modeling is often used. According to Hoek et al. (1991), numerical methods are classified
into two broad categoriesboundary and domain methods. In tfiest type, the boundary

of the excavation is discretized inseveralelements, while in the domain methods, the
interior is divided into simple zones. According to Li et al. (2019), numerical methatls use

to simulate a rock mass can be classified into three main categories: continuum,
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discontinuum and hybrid continuwdiscontinuum methods. An overview of numerical
methods applied to rock mechanics can be found in Jing and Hudson (2002) and Brady
and Brown(2006).

2.5.1 Continuum Modeling of ‘8haped Notch Failure

2.5.1.1 Elastic Model

A conventional method used for stability analyses of underground excavations is based
on calculating the Factor of Safety (HS3.is the relationship between capacity (C) and
demand (D)normallyexpressedn terms of balance of forces but sometimes in terms of
stresseshence, FS = C/D. The FS of an underground opening is then a ratio between the
strength and the induced stresany FS values below 1 is an indication of failure in this

approach.

Using Kirsch equations, the maximum tangential stfesthe test tunnel is calculated to

be 169 MPa (i.e.,max=3 1 ¢ 3=169; 1= 60 MPa andz = 11 MPa). Assuming that the
averagelJCS of LdB granite is 213 MPa, the FS is calculated to be 1.26, suggesting a stable
condition for the test tunnel. However, failure occurred at the top and bottom of the MBE

tunnel in the form of asshaped notch as reviewed earlier.

Martin (1997) discusskthat the loading path is influential on the ultimate strength of the
rock mass near an excavation boundary. As showkigare2-13, the in situstress path

that a point experiences on the tunnel boundary differs from those applied to a rock
specimen in the laboratory. In standard rock mechanics laboratory tests (e.g., uniaxial and
triaxial compression tests), the loading path is monotonicallyeasing. Martin (1997)
suggests that the true in situ stress path can be estimated using 3D elastic angigses (
2-13). This figure shows the stregaths of two points at the top and bottom of the MBE
tunnel where the tangential stresses are at their peak values. These stress changes are
captured by simulating the excavation sequence; A, B, C and D are points ahead, at the
tunnel face, behind the fac and far behind the face, respectively. The stresses are
Ol LJi dzZNB R | ¥y R-  dsgpageldirdRtheAtyfinel’ advance as the tunnel face

approaches and passes these points. It can be observed that during the tunnel advance,
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the inducedstresses exceethe crack initiationthreshold and pass through the tensile
zone. Martin (1997) discussed that rock is weaker when subjected to tension compared
to compression, therefore, damage is more prone to occur in the tensile zones, which
could lead to rock massrsingth degradation. After the tunnel is excavated, the stresses
reach their final values that can be estimated using 2D analytical solutions such as Kirsch

S|j dzI ( A=21¢9MP#@ 3= 0 MPa) owith a 2D elastic continuum model.

omin
2007 G,, ©,/0,=0.05 Ormax
1

O; (MPa)

Figure2-13In situ stress paths at the top and bottom of MBE tunnel (Read et al., 1998)
Martin (1993), Martin (1997) and Hajiabdolmajid et al. (2002) discussed that the strength
of arock masss influenced by the stress patit experiences during an excavation. The
difference between the depths of the failure in the top and bottom notches of the MBE
tunnel can be an example for this statemehtgure2-13 shows the difference between
the stress paths in the crown and the floor of the test tunnel. Read et al. (1998) suggested
that the tunnel axis is not perfectly parallel to the intermediate priatgiress direction,
therefore, the induceeshear stresses at the top and bottom are different. The stress path
from 3D elastic analysigigure2-13) shavs that the roof region ahead of the tunnel face
experiences higher deviatoric stresses in comparison with the floor (Read et al., 1998).

Therefore, the roof of the tunnel is more damaged and the DoF is different from the floor.
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Numerical simulations usindinear elastic continuum models by Martin (1993)
(Examine2D by Rocscience), and Hajiabdolmajid et al. (2002) l§ifLltaSca Consulting
Group Inc., 1995) demonstrated that no failure should occur near the MBE tufigete
2-14shows the stress distribution around the MBE tunnel indicating that the FS is greater

than 1 when the intact rock strength with a UCS of 213 MPa is used in the analysis.

5 M

Faited Zone Profile

Figure2-14 Major principal stress distribution in MBE tunnel from an elastic FDM model
(Hajiabdolmajid et al., 2002)

In an attempt to simulate the progressive slabbing and spalling leading to-shaped

notch failure, Read (1994) and Martin (1997) used an elastic approach which consisted of
monotonic removal of the failed material, i.e., material with F§<idure2-15). The initial

FS was calculated using the Hd&lown parameters for an unconfined lotgrm
strength of 114 MPa with anwsalue of 0.25. As demonstrated gure2-15a, the thin

skin over the roof of the tunnel represents the failed material with a FS < 1. These
elements were thenmanuallyremoved (excavated)and a new model with updated
tunnel geometry was ran. This process was repeaitstil the vshaped notch geometry
(seeFigure2-15b) similar to the actual profile of the failed zone was developed. According

to Martin (1997), this approach overpredicted the DoF.
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Figure2-15 Elastic analysis with monotonic removal of failed material (i.e., FS < 1): a)
formation of thin skins in top and bottom of MBE tunnel; b) estimatethape of the notch
(after Martin 1997)

Strength Factor = 1

According to Martin et al. (1999), the initiation of brittle failure around underground
excavations occurs when the maximum tangential stress is approximately 40% of the UCS
of intact rock. Martin et al. (1999) discesl that the brittle failure around underground
openings is mainly dominated by the loss of intrinsic cohesion, thus, the frictional
component of the strength can be ignored when estimating the DoF. In the-Biamkn

failure criterion, the mparameter is aepresentation of the frictional component of the
strength, hence, by keeping m = 0, the strength envelope would be cohbaged.
Martin et al. (1999) used an elastic continuum model with m awmdlges equal to 0 and

0.11 Figure2-16a), respectively, and was able to estimate the DoF (i.e., when FS = 1). The
relationship between the DoF and maximum tangential stress at the boundary, and a
comparisonbetween the DoF predicted by this approach and measured from case

histories are presented iRigure2-16b and c, respectively.
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Figure2-16 a) HoekBrown envelopes for frictional (i.e., intact rock strength) and brittle
parameters (i.e., m = 0 and s = 0.11); b) relationship between radius of failujea(ili
maximum tangential stress; and c) comparison between depth of failure using Hekwvn

brittle parameters and measured from case histories (after Martin et al., 1999)

2.5.1.2 ElastiePerfectly Plastic Model

An elastieperfectly plastic constitutive law indicates that with increasing strain in the
postpeak region, the stress level remains the saas the peak stressigure2-17a
illustrates the stresstrain behavior of an elastgerfectly plastic material used in
continuum numerical models.dflabdolmajid et al. (2002) discussed that this constitutive
model is not representative of brittle rocks because the material weakersngot
considered In order to simulate the test tunnel using this approach, they assumed that

the GSl is equal to 9therefore, the UCS of the rock mass is equal to 128 MPa. The result
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of this simulation shown ifrigure2-17b demonstrates that an elastperfectly plasic

model cannot capture the-shaped notches formed near the MBE tunnel.

Failed Zone Profile —

(a) (b)

Figure2-17 a) Elastieperfectly plastic constitutive law; b) estimated depth of failure in MBE
tunnel using elastieperfectly plastic model in FLAC (Hajiabdolmajid et al., 2002)

2.5.1.3 ElastieBrittle Model

Hoek et al. (1995) suggest that eladziittle constitutive law is suitable for modeling
brittle materials. The stresstrain response of this constitutive model is demonstrated in
Figure2-18a. Martin (1997) used the loAgrm strength with residual m and s values of

1 and 0.01, respectively, to simulate the failure in the MBE tunnel using the FEM program
PHASES (by Rocsceince), as shoWwigure2-18b. Hajiabdolmajid et al. (2002) repeated

this simulation in FLAC with a rock mass strength of 128 MPa, estimated based on a GSI
of 90. The elastibrittle models shown ifFigure2-18b and ¢ underestimate the depth of
failure and do not capture the EDZ, the shape of failure and realistic failuresaooiend

the MBE tunnel.
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Figure2-18 a) Elastiebrittle behaviour (Hoek et al., 1995). Estimated depth of failure in MBE
tunnel using elastiebrittle model with: b) longterm strength and residual m and s values of 1
and 0.01, respectivelyMartin, 1997); and c¢) rock mass strength based on a GSI of 90
(Hajiabdolmajid et al., 2002)

2.5.1.4 Cohesive Birittle Frictional Model

Martin (1997) proposed a constitutive model in which material yielding occurs when the
constant deviatoriestress criterion, i.e, 1 ¢, 3= 70 MPa, is met. The residual values for
cohesion andtiction used in this model, called Cohesive Brittle Frictional (CBF) model,
according to Martin and Chandler (1994), are 7.46 MPa and 47°, respectively. An
illustration of the stressstrain response of the CBF model is presented in Figure 21a.
Martin (1997) used the CBF model to simulate the MBE tunnel and concluded that this
method does not capture the shape of failure. However, the distribution of yielded
elements resembles #hlocations of micreseismic eventsHigure2-10d) recorded in the

field.
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Figure2-19 a) Stressstrain response of CBF constitutive model; b) estimated depth of failure
in MBE tunnel using CBF model in PHASES (After Martin, 1997)

2.5.1.5 Cohesion Weakening Frictional Strengthening (CWFS) Model

Studies such as Martin and Chandler (1994) and Martin et al. (E9@®)ed that the
cohesional and frictional components of the strength are not mobilized simultaneously
(Figure 2-5). Based on the logic that cohesion is degraded gradually due to tensile
cracking, and friction can only be fully mobilized after the cohesiosigsificantly
reduced, Hajiabdolmajid et al. @2) proposed a Cohesion Weakening Frictional
Strengthening (CWFS) modEidgure2-20a and b) in FLAG simulate the brittle failure
around the test tuwnel. In the CWFS model, coheslors and frictional strength
mobilization are functions of plastic shear strain. Hajiabdolmajid et al. (2002) discuss that
the residual values for these components must be calibrated against laboratory tests and
in situ falure. The result of numerical simulation using the CWFS model in FLAC for
predicting the depth and shape of failure is showrigure2-20c. It can e seen in this
figure that the depth and shape of failure agree well with field observations. The failure
mode of brittle failure at low confinements (e.g., at the vicinity of tunnel walls) is expected
to be due to tension. Accordingly, the limitation dfis approach is that the failure
mechanism is not realistically captured as the elements in tshaped notch area are

solelyfailedin shear Figure2-20c).
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Figure2-20 CWFS constitutive model: a) cohesitwss as a function of plastic strain; b)
frictional strength mobilization as a function of plastic strain; and c¢) simulated depth of failure
in MBE tunnel using CWFS in FLAC (after Hajiabdolmajid et al., 2002)

Rafiei Rnani and Martin (2018) examined the gradual decrease of cohesion and
mobilization of friction for LdB granite during laboratory tests. The results of their
simulations showed that using the conventional CWFS, in which the cohesional and
frictional strengh components linearly change with plastic stréiifigure2-20a and b
cannot capture a realistic stresgrain response for a brittle rock. Therefore,avercome

this problem, a nodinear model was proposed by Rafiei Renani and Martin (2018) in
which, the degradation of cohesion and mobilization of frictional strength component are
gradual. An illustration of the proposed CWFS model is presentétjure2-21a. The
backcalculated UCS of the rock mass in this simulas@i0 MPan their study. In order

to confirm the applicability of the proposedadel, they simulated theVIBE tunnéwith
FLAC3DItasca Consulting Group Inc, 200%e result of their numerical simulation is
shown inFigure2-21b. It can be concluded that by using the proposed CWFS, the depth
and shape of failure can be captured. It should be noted that the failure captured by this
model is shear dominated which is not consistent with that of brittle failure at low
confinement, theefore, the true failure mechanism cannot be captured using this

method.
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Figure2-21a) Proposed CWFS model for gradual degradation of cohesion and mobilization of
friction as a function of plastic strain; b) estimated depth and shape of failure in MBE tunnel
using proposed CWFS model in FLAC3D (after Rafiei Renani & Martin, 2018). fadtual
profile is added with red lines for comparison purposes

2.5.1.6 Damage Initiation Spalling LiritiISLModel

The DISL proposed by Diederichs (2003) is an empirical criterion for massive to
moderately jointed rock masses. Diederichs (2003) discussedatiamass strength near

the excavation is controlled by damage initiation, i.e., tensile fracture initiation and

accumulation. Therefore, the failure envelope for brittle rocks can be represented by an
sshaped curve Kigure 2-22). According to Diederichs (2003), when the stress path
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confinements, the accumulation of micacks results in macsscale shear failure.
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Figure2-22 Schematic shaped failure envelope for brittle rocks illustrating multiple regions
and failure modes: no damage, unravelling, spalling and shedlufe (Diederichs, 2003)

Based on the concept ofshaped failure envelope, Diederichs (2007) proposed the DISL
model Figure2-23a). In this model, the initiation of brittle failure is related to tensile
cracking, therefore, the frictional component is ignored. It can be discussed that the DISL
is another form of the CW8; where the transition from peak to residual strength is
instantaneous and independent of plastic shear strain. The residual strength envelope,
however, is dominated by friction thus thevalue is nearly zer(Figure2-23a). As the

peak and residual strength envelopes in this model are different, the failure can be
divided into three regions: 1) at low confinement where stress drop occurs as the peak
stress is reached; 2) at the intersection of peak and residual strength envelopes where
the model is elastiperfectly plastic because the pair have the same values; and 3) at high

confinement, where peak stress is lower residual stress.
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Figure2-23 a) Peak and residual envelopes used in the DISL model. The arrows show the
strength-softening and strengtkhardening that occur after reaching to peak strength; b)
simulated depth of failure in MBE tunnel using §ll model in Phad¢after Diederichs, 2007)

Diederichs (200) used the DISL in the finite element program PRéRecscience, 2005),

and simulated the MBE tunnel. The input parameters for simulating tbleapel notch
failure in the MBE tunnel are presented fiigure2-23a. Note that the UCS of the rock
mass in this study was 100 MPa. The results presenté&igure2-23b indicate that the

DISL approach can be used to properly estimate of the depth and shape of the failure. It
can be observed that the failummode in the notch area is dominantly in shear, and
therefore, is not in consistent with the brittle failure mechanism at low confinement. This
is due to the fact that the model is homogeneous, consequently, only shear yielding can

be expected under compssive loading conditions.

2.5.1.7 InstantaneousCWFS Model Considering Tunnel Boundary Irregularities

Cai et al. (2004) highlighted the importance of irregularities around the excavation
boundary and its potential influence on tensile damage initiation and propagat was
understood from simple linear elastic analysis that a smooth wall boun&agyire2-24a)
compared to an irregular wall surfacdrigure 2-24b) results in different stress

redistribution. Cai et al. (2004) discussed that the local stress concentration due to the
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irregularities increases the maximum tangential stress from 169 MPa&9® MPa,

therefore, promotes early notch formation.

220.0000

¢ max = 195MPa

o max = 169 MPa

(@)

Figure2-24 Major principal stress redistribution around MBE tunnel with: a) smooth wall
surface; b) irregular wall surface (after Cai et al., 2004)

Accordingly, Cai and Kaiser (2014) simulated the MBE tunnel with irregular wall surface.
The peak and residual uniaxial compressiversiths were set to be 175 MPa and 0.5

MPa Figure2-25), respectively. Cai and Kaiser (2014) discussed that the conventional
DISL modelHigure2-23a) is based on the interpretation of rock failure using simplified
StraGdA0 adGdzRASE gAGK aY2204K gl ff o02dzyRINE
strength that is much lower than the intact rock UCS (i.e., aBo%& oflUCS). They implied

GKFG dzZKSEQWRQGAAGdz N2 O CitlirdsBolf a (oW cofiieménty, 3 K S NJ
approximately 80% of the peak strength of intact rodkey concluded that the
approximation of in situ rock strengti30%to 40%of UCS, is only applicable when the
geometry issimplified; thus, using therack initiationthreshold as the rock strength at

low confinement leads to an underestimation of rock mass strength when boundary

irregularities are included in the model.
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Figure2-25 Peak and residual strength envelopes used in FEM model withuaik (irregular
boundary) tunnel geometry (Cai & Kaiser, 2014)

Byconsideringhe fact that in the MBE tunnel, the boundary is not smooth and perfectly

circular Figure2-26F ' yR 60X [/ FA | YR YddaiSIN® ovi2nRuSito  AON
(by Rocscience). They discuss that the-tiriting excavation method (se€igure2-7a)

created irregularities in the boundary of the tunnel which imposes stress redistribution

around the boundaryRigure2-24). The result of their simulation which is in agreement

in terms of the depth and shape of failure with field observations is illustratétigare

2-26c. It should be noted that the failure mechanism (i.e., tensile yielding) is realistically
simulated, however, the EDZ around the test tunnel cannot be captured using this

method.
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2.5.2 Discontinuum Modeling of-8haped Notch Failure

According to Jing and Hudson (2002), in discontinuum numerical methodDistinect
Element Method (DEM), the domain of interest consists of an assemblage of rigid or
deformable blocks/particles, interacting with each other through a contact or bond
model. Accordingly, the properties of both blocks/particles and contacts/bonoisidibe
determined. The behavior of the blocks and contacts is controlled by different
constitutive models. Li et al. (2019) classified the discontinuum methods based on their
logic of time integration into implicit (e.g., Discontinuous Deformation Aral{3DA))

and explicit methods. According to Jing and Hudson (2002) and Li et al. (2019), the most
well-known explicit DEM programs are Particle Flow Code (PFC) for 2D and 3D analyses,
and Universal Distinct Element Code (UDEC) for 2D and 3DEC for 3Dmprohle

comprehensive review of discontinuum numerical methods can be found in Bobet et al.
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(2009). The following sections provides a brief review of the simulatiorsbéped notch

failure around the MBE tunnel using discontinuum models.

2.5.2.1 Simulation of \Shaped Notch Failure Using PFC

In PFC, the disshaped particles are bonded to the surrounding particles at their contact
points. This allows for simulating the key aspects of riaviour of brittle rocks, such

as internal cracking and heterogeneity trfless and strain.

Potyondy and Cundall (2004) used PFC and calibrated the model to the Brazilian tensile
and triaxial compressive strengths of LdB granite. They used the calibrated PFC model
coupled with FLAC to simulate theskiaped notch failure aroundhe MBE tunnel.
However, the model calibrated to the intact rock properties could not capture the
observed brittle failure. Therefore, a series of sensitivity analyses on the bond strength of
the PFC model was carried olihe UCS of the rock mass modehis study was reduced

from the intact rock peak strength (i.e., 213 MPa) to about 120 MPa. As discussed by
Potyondy and Cundall (2004), the formation oEhaped notch initiates when the
maximum tangential stress exceeds approximately 120 NFRpure2-27 illustrates the

model with a strength reduction factor of 0.6 (i.e., estimated PFC model strength of 120

MPa) that captured the-ghaped notch in the MBE tunnel.

Figure2-27 Simulated depth of failure in the MBE tunnel using a coupled FHE@.C model with
a strength reduction factor of 0.6 applied to the calibrated PFC model. Blue and red colours
correspond to shear and tensile failure, respéatly (after Potyondy & Cundall, 2004). Actual
notch profile is added with black lines for comparison purposes
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Hazzard and Young (2004) used a technique in PFC to simulate deformation, damage and
seismic events in brittle rocks subjected to compressivesses. They developed an
approach in PFC to capture seismicity by monitoring and analysing the failed contacts
between the particles. Thereafter, a UCS test was simulated for LdB granite and the
applicability of the technique to reproduce mieseismic egnts observed in laboratory
tests was evaluated. In order to validate their model, they simulated the MBE tunnel to
capture the distribution of in situ seismicity around the failure zone. The UCS of their rock
mass model was approximately 120 MPa. A colgparbetween the seismicity captured
using their method with actual recorded events around the MBE tunnel is illustrated in
Figure2-28a andFigure2-28b, respectively. It is observed that the locations of micro
seismic events recorded in the field are marginally extended in lateral directions,
however, the simulation results fit the recorded data in terms of the DoF. According to
Hazzard and Young (2004), the test was run for a simulbiezhrperiod and the events
stopped after approximately 4.5 months, which is in agreement with the excavation time

of the MBE tunnel.

Round 17 data ' PFC model

335 events scaled to moment magnitude 425 events scaled to moment magnitude
B ]
(a) -4.3 -2.5 (b) -3.7 -2.4

Figure2-28 a) Actual recorded seismic events in top notch of MBE tunnel; b) seismicity
captured by PFC model (b). Grey scale shows the magnitude of events (after Hazx6vdr,
2004). Actual notch profile is added with black lines for comparison purposes

The influence of stress path on strassluced fracturing in brittle rocks was investigated

by Bahrani et al. (2019) using a 2D clumped PFC model, calibrated to thetjg®pér
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intact LdB granite with a UCS of 213 MPa. The objective of this investigation was to
explore the potential effects of stress path on the depth of damage. Therefore, the MBE
tunnel was first simulatedusing RS2, as illustrated iRigure 2-29a, with intact rock
properties and the Internal Pressure Reduction (IPR) approach to simulate the 3D tunnel
advance. The 2D stress paths of seven points obduadary and adjacent to the tunnel

wall Figure2-29b) were then applied to the calibrated PFC2D modiegjure 2-29¢
demonstrates the microcracks developed at the end of each stress paths in the clumped
PFC model, shown kigure2-29b. It can be seen in this figure that the damage density

decreases rapidly with increasing distance (i.e., increasing confinement).

0 5 10 1I5 20 25 (c)
(b) 0, (MPE)

Figure2-29 a) Contours of major princigl stresses in in RS2 with intact rock properties,
showing locations of 7 monitoring points; b) 2D stress paths of 7 monitoring points during
excavation along with damage initiation threshold; argj contact failure in clumped PFC
model after application of 2D stress paths (after Bahrani et al., 2019)
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Bahrani et al. (2019) discussed that although the UCS of both the FEM and clumped PFC
models are 213 MPa, the continuum model does not capture theadgmraround the

tunnel. In contrast, the DEM model in this indirect approach is able to capture the extent
of damage observed in the field due to its heterogeneous nature. They further discussed
that the compressive stresses cause the micracks to grow ta stress level which is
drastically lower than the peak compressive strength of the intact rock. According to
Bahrani et al. (2019), this approach is not capable of simulating in situ spalling process.
They suggested that a 3D coupled continudiscontiruum method is likely the solution

for accurately simulating the failure around the MBE with intact rock properties.

2.5.2.2 Simulation of \Shaped Notch Failure Using UDEC and 3DEC

Shin (2010) used UDEC (Itasca Consulting Group Inc., 1996) to investigate aad simul
the EDZ around the test tunnel. They used an approach based on the Voronoi tessellation
technique to produce polygonal blocks; thus, the interior is an assemblage of
blocks/grains that interact with each other at their contacts surfaces. This method is
called a GrawBased Model (GBMin the literature Two sets of micrproperties are
needed for blocks and block boundaries in UEBEBDBA. Shin (2010) calibrated the model

by simulating the UCS and confined compression tests, as well as the BTS and<DTS test
Shin (2010also compared the simulated stressain curves with those from laboratory
tests on the intact LdB granite. The target UCS of the UEHN was set to 205 MPa, to

be the same as the UCS of intact LdB granite. The +proferties of the coracts
followed the CWFS model, and the blocks were assumed to be elastic. The failure
envelope obtained from this model is illustrated in Figure 32, which also show the failure
modes over a range of confinement. The H@khwn and equivalent Moh€oulomb

failure envelopes of the intact LdB granite are additionally showsigare2-30.

39



a1 (MPa) ) ; _
900 - ‘i_,:.;". oy :" LDB Fit {M-'C}
O LDB Granite > f\j 1 < c=15 MPa
1 SR @ = 53.5°
H@®A UDEC-DM 800 z@%ﬁf: \,«D
v S B
— 700 - LDB Fit (H-B) L Y ;
3’. ﬁ}£ Oci= 224 MPa o € -
h‘.f L}"i'q 600 - . 0O
v 3 \
% -4 UDEC-DM Fit
A [} Oci= 205 MPa
= me=28
v w 1 Hé o1
7.
A m)
f 'Ilr' 1 ‘ o T
-40 20 0 20 40 60
Ot (MPa) O3 (MPa)

Figure2-30 Strength envelope obtained from calibrated UDEXBM in comparison with intact
rock strength envelopes for LdB granite and failure modes of different laboratory test
simulations (Shin, 2010)

Shin (2010) upscaled the calibratedDEGSGBM to simulate the MBE tunnel, as shown in
Figure2-31a. The development of the cracks around the MBE tunnel from the EHRC

is presented in Bure 33b. As can be seen in this figure, the depth of cracks from the
UDEGGBM does not reach the actual notch profile, meaning that this approach
underestimates the depth of failure. Additionally, it can be discussed that contact failure
in Figure2-31b is most likely a representation of damage not failure since the rock
strength in 205 MPa but the maximum tangential stress is 169 MPa. Therefore, failure

cannot propagate to match the-shaped notch failure around the MBE tunnel.
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Figure2-31a) Simulated MBE tunnel with calibrated UDEBM; b) development of damage
around MBE tunnel (After Shin, 2010). Al notch profile is added with red lines for
comparison purposes

Azocar (2016) employed a GBM in 3DEC (Itasca Consulting Group Inc., 2014) to simulate
brittle failure ofLdB granite at the laboratory and in situ scales. The geometry of the grains

in GBMshas essential influence on modeling results. To further investigate these
potential effects, Azocar (2016) used Voronoi and tetrahedral blocks in hisGBEC

The grains in his models were assumed to be elastic and the 4mioperties of the
contacts wee adjusted until the models were calibrated to intact LdB granite with a UCS

of 200 MPa. The failure mechanism in UCS simulations showed that when the Voronoi
tessellated model is used, tensile failure is more likely to occur. Conversely, in the model

with tetrahedral blocks, shear failure was the dominant mode of the failure.

After calibrating the models, the MBE tunnel was simulated using both approaches. The
numerical set up of the MBE tunnel is presentedrigure2-32a and b. The results of the
model with tetrahedral blocks with intact rock properties show that no damage
developed at the top and bottom of the MBE tunnel and minor damagmurred near

the sidewalls Rigure2-32c). According to Azocar (2016), the Voronoi tessellated model
also underestimated the DoF in the roof and flafrthe tunnel and overestimated the
damage in the sidewallg=igure 2-32d) when the laboratoryscale calibrated micro

properties were used.
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Joint Slip

Symbol: sphere
Slipped (past)
Slipping now

Tensile failure

Figure2-32 Numerical set up of MBE tunnel in 3DEZBM with: a) tetrahedral blocks; b)
Voronoi blocks. Simulated depth of failure in MBE tunnel using: c) tetrahedral blocks; d)
Voronoi blocks (after Azocar, 2016)

Azcar (2016) discussed that the tetrahedral model can capture the DoF if the-micro
properties are readjusted, and if the largecale model follows a suitable CWFS model.
Therefore, by recalibrating the model and decreasing the contact cohesive strength fr

130 to 100 MPa, a more realistic depth of damage zone was obtained, as shBignria
2-33a. However, recalibrating themicro-properties of the Voronoi tessellated model did
not accurately capture the-shaped failureigure2-33b). Note that the recalibration of

the \Voronoi tessellated model by Azocar (2016) was done by decreasing the tensile

strength of the contacts from 60 to 40 MPa.

42



Joint Slip .

Symbol: sphere “ .
Slipped (past)
Slipping now ™ *
Tensile failure

(b) *

Figure2-33 Simulated depth of failure in MBE tunnel using-oalibrated 3DEEBM wih: a)
tetrahedral blocks; b) Voronoi blocks (after Azocar, 2016)

2.5.3 Simulation of “Whaped Notch Failure Using Hybrid Continuum

Discontinuum Approach

According to Hoek et al. (1995), hybrid approaches combine the continuum and
discontinuum numerical method® removethe limitations of each while keeping their
advantages. The hybrid Finilgiscrete Element Method is a combination of continuum
finite element and discontinuum discrete element methods (Li et al., 2019). In the FDEM,
micro-scale damage leads tmacroscale behavior of the simulated material, hence,
micro-properties need to be determined. An overview on the fundamentals and

applicability of the FDEM can be found in Tatone and Grasselli (2015) and Li et al. (2019).

Vazaios et al. (2016) employed approach utilizing the FDEM in Irazu (Geomechanica
Inc, 2017) to simulate progressive brittle failure of hard, massive rock by modeling the
MBE tunnel. The model was initially calibrated to a UCS of 213 MPa. However, they found
that this calibrated modetloes not allow the brittle failure process to occur in the MBE
tunnel simulation. Therefore, Vazios et al. (2016Laébrated the model to match the

failure observed in the MBE tunnel, which leads to a badkulated UCS of 119.5 MPa.
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The results of th&JCS test and MBE simulations based on the npooperties of the re

calibrated Irazu model are shownhingure2-34a andFigure2-34b, respectively.

Figure2-34a) UCS test model in Irazu, (blue and yellow correspond to tensile and shear
cracks, respectively); b) simulated failure of MBE tunnel using FDEM in Irazu (after Vazaios et
al., 2016). Actual notch profile is added with black dashed line for comparison purposes

The results of numerical simulation of the MBE tunnel using the eddidrmodel matches

the EDZ around the test tunndtigure2-34b). Vazaios et al. (2016) discussed that in this
model, the initiation of fractures is @uto tensile failure at the top and bottom notches,
and shear fracturing dominates the higher confined area near the nigpsh Thus, in
addition to the DoF and EDZ, the failure mechanism is realistically captured around the
MBE tunnel.

2.6 Summary

This chaper provided an overview of the excavation response experiments at the URL,
focusing on the MBE tunnel, a 46 m long circular tunnel with a diameter of 3.5 m at the

420 mLlevel. The objective of this experiment was to investigate the characteristics of
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excawation damage zone adjacent to an underground opening including the depth and
extent of this zone. As discussed, predicting the behavior of rock mass is important in
order to safely isolate the waste in a host rock. Amongst available options for the
predicton of DoF and simulation of EDZ around underground openings, numerical
methods are the tools that overcome many of the limitations of existing analytical and
empirical approaches. Thus, a review of the numerical simulations of failure around the
MBE tunnéwas also provided in this chapter. A summary of the previous attempts to
capture the depth and shape ofshaped notch failure is presentedTiable2-3. It should

be noted that various studies used different rock mass UCS, hence, these values are

explicitly indicated imrable2-3 for each study.

From the comprehensive literature review conducted in this chapter and summarized in
Table2-3 it can be concluded that the rock mass UCS used in a 2D model needs to be
lower than the UCS of intact rock in order to be able to capture the DoF (Hajiabdolmajid
et al., 2002; Cai and Kaiser, 2014; Diederichs, 2007; Potyondy addlCA004; Hazzard

and Young, 2004; and Vazaios et al., 2019). Using the UCS of intact rock strength in 2D
models leads to an underestimation of the DoF (Shin, 2010; and Vazios et al., 2019). As
discussed by Bahrani et al. (2019), realistic simulatidrspalling process leading te v
shaped notch failure most likely requires the application of the actual 3D stress path.
Therefore, a 3D coupled continuwaliscontinuum should be used to capture micro
cracking ahead of tunnel face and associated strengthratkgion, and thus, the DoF

without the need to manually reduce the rock strength.
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The objective of this research is to develop a VTM in adiinuum model to simulate
brittle failure with reasonable failure mode around underground excavatiovisch is
the focus of the following chapterBased on the comprehensive literature review
presented in this chapter, it is expected that a strength ueitbn is necessary for
simulating the DoF and SoF in a 2D VTM.

47



Chapter 3A 2D ContinuurBasedvoronoi Tessellated Model
(VTM) for Lac du Bonnet Granite

3.1 Introduction

As reviewed irChapter 2 differentmethodologieshave been developetb simulate the
DoF, SoFand EDZaround the MBE tunnel including the DISLmodel proposed by
Diederichs (2003)In this chapter, he application of theDISL modein simulatingthe
failure modes of brittle rocks under laboratory loading conditiomns investigated|t is
discussedhat heterogeneous modslare more suitableto simulatethe brittle failure
processcompared to homogeneousodels Next, RS2 is used to simulatiee laboratory
behaviorof intact (undamaged)dB granite and the-shaped notch failure around the
MBE tunnel For this purposga continuumbasedheterogeneous modelin which the
numerical specimegonsiss of severalrandomly generategolygonal blocks separated
by block boundariess developedThis model called Voronoi Tessellated Mo@éTM), is
calibrated to thelaboratory properties ofntact LdB graniteThe calibrated VTM is then
used to simulate théViBE tunnelko further investigate thecapabilities of theproposed

modelng approachor simulating thedamage and failure around tHdBEtunnel.

3.2 TheFnite Element Method

RS2(version 10)which is a twedimensionalnumericalprogram based on théinite
Element Method (FEMvas used in thisesearch The FEMs one of the most popular
numerical methods in rock mechanics and rock engineering. donsmonly usedo
simulate underground excavations rocks (Hoek et al., 1996 In this method the
material (e.g.rock massis treated as a continuummediumandisdiscretizednto several
smaller regularly shaped elementonnected toadjacent elementsand the model
boundates at their nodes There are four different element types in RS2n®&led

triangular, 6noded triangula, 4-noded quadrilateral, and -8oded quadrilateral
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elements.The steps to calculate the stressasd corresponding straine the FEMcan be

summarized intdive stagesPande et al. 1990

1. Discretization of domain: the continuum mediusdividedinto severalsmaller
elements.

2. Calculation of strain within each elemenhie displacementover an element is
estimatedwith a trial function of thenodaldisplacementswhichmust satisfy its
governing probabilistic density function.

3. Derivation of stiffness matria stiffnessmatrix is derivedfrom the material and
geometric properties ofn elementusing the principle of the minimum potential
energy

4. Assembling of global algebcagequationsa global stiffness matrix is assembled
from individual element stiffness matrices

5. Calculation of stresses and strairtBe corresponding stresses and strains are

calculatedfrom global displacements.

There are different material models awable in RS2such aghe Mohr-Coulomband
HoekBrownmodels In this researchthe Mohr-Coulombmodelwas usedor both mesh
and joint elementsThe MohrCoulomb model in RS& an elastebrittle-plastic material
model (Rocscience, 2021). This means BR&R2 accepts peak and residual valieeghe
strength properties (i.e., cohesioand friction anglg. After the initial yielding, the
strength of the materialnstantly drops from its peak state to a lower residual stéte.
the case where the residual vals are the same as peak values, the behavietaistic
perfectly-plastic.In RS2, the dilation angle should be less than or etyu#ie residual
friction angle which makes the flow ruleon-associated or associatedespectively
(Rocscience, 2021). this research, a dilation angle of zero was used in all RS2 models.
RS2 also accepts peak and residual valuatéxensile strengthThe flow rule for tensile

strength is associated.

The joint elementin RS2is a onedimensional4-noded quadrilateral @ment with a
negligible thickness(Riahi et al., 2010)It is an edgéo-edge contact in which

interconnectivity does not change with timEigure3-1 presents the configurations of a
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joint element before and after deformation. As can be seen in this figure, the two sides
of the joint element have equal lengths. Before deformation occhigufe3-1a), nodes

1 and 4 of the joint element share the same position, while nodes 2 and 3 share another
position. When the blocks start to deforrfigure3-1b), the nodes can move normally
and tangentially from each other. AccordingRa@hi et al. (2010Q¥isplacement, rotation,

or strains of discrete objects can be accommoddigdhe joint element so long as these

mechanisms do not change contacting node couples

W <«
4 3 . 1 A® 2
treeeeE— ()

(@) (b)

Figure3-1 Interpretation of finite element interface (joint element) in RS2 (aft®iahi et al.,
2010 and Li and Bhrani, 2020a)a) undeformed joint element; and b) deformed joint
element.

The joint elements inRRS2are assigned strength and stiffness properties. Relative
movemens of the two sides of a joint may be elastic or inelastic. Inelastic joints with
perfectly plastic or brittle pospeak response can be simulated by assigning a failure
criterion (e.g., MohiCoulomb, BartorBandis, etc.) and appropriate residual strength
values to allow for shear (slip) or tensile yielding between the two discrete bodies. The
residual strength parameters will be in effect if joint slip or tensile yielding occurs (i.e.,
peak strength envelope is exceeded). For example, in the Maliombmodel, if the
shear stress on a joint element exceeds the joint peak shear strength, slip (or shear
yielding) occurs, and the cohesion and friction angle of the joint element are reduced to
their residual values. Similarly, if the normal stress on a josneht exceeds the joint
peak tensile strength, tensile yielding occurs, and the tensile strength of the joint element
is reduced to its residual valudlote that snce the FEM assumes that the domain is
continuous, joint elements cannot experience detacimé&he detachment is simulated

by a reduction in pospeaknormalstiffness of the joint elementn this researchit was

assumed that joint tensile yielding reduces the joint stiffness by a factor of 0.01.
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3.3 Simulation of Brittle Failure Using Continuuronmdgeneous
Models

Hoek and Browr(1997) introduced theimon-linear failure criterion in an attempt to
provide input data for the design of underground excavations in rock maSsesmany
researchersand practitioners still use the linear Mol@oulomb dterion for excavation
designsand many geotechnical softwapgogramsare developedased orthis criterion

it is necessary to determine equivalent friction angles and cohesive strengths for each
rock mass and stress randkeloek and Brown, 2002Yhis $ done by fittinga linear
relationship to theHoekBrown curve for a range of minor principal str€ss). Hoek et

al. (2002)havedeveloped guidelines that came used todeterminethe upperlimit of
confiningstress(" ®ay for different applications (e.g., deep tunnel, shallow tunnel and
slopeg. The ™ faxvalue can then be used to determiribe equivalent linear Mohr
Coulomb envelopd(i.e., fiction angle and cohesion)n this section an alternative
approachis used tadetermine the' faxvalue.First a homogeneous elastic modef the
MBE tunneis constructedandthe " 3 aroundthe tunnelis monitored. Themaximum'® 3
value near the tunnel boundaris usedas the upper bounaf the confining stresgo
determine the equivalent MokR€Coulomb parameters, which will then lsensideredor

the calibration of heterogeneous models

3.3.1 Analysis oElastic Stresseé&sound MBE Tunnel

In thissection, a180 mx 180 mhomogeneouslasticmodelfixed on all sidess usedo
monitor the inducedstres®s around the MBE tunneFigure3-2 showsa close view of
the 2D plane straihomogenousnodelof the MBE tunnelSixnoded triangular elements
were used to mesh the modeThe mesh size was chosensuch a wayhat the minor
principal stressat the tunnel boundary woulddrop to approximately zerdollowing the
excavation of the tunnelfhe maximum tangential stresgas found to bel69 MPawhich
is consistent withthat obtained fromthe Kirsch equationgi.e., ‘max = 31 ¢ 3 =
3x60¢ 11 = 169 MPr Figure3-2 illustrates he contoursof the major ( 1) and minor

principal stressesaround thetunnel.
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Figure3-2 Elastic stresses around MBE tunraédtained from a homogeneouglasticmodelin
RS2a) majorprincipal stress; and b) minoprincipal stress

A monitoring lineshown inFigure3-2 was used toextract the induced stresses as a
function of distance from theexcavationwall. Figure3-3 showsthe stresseslongside
the monitoring line.tlcan beobservedn this figurethat the maximunvalue2 ¥zaround
the MBE tunnels approximately 25 MPdherefore, ths valuecanbe used ashe upper
limit of the confining stresgi.e., ~ #ay to determine the equivalent MohfCoulomb

strengthparametersandfor the calibrationof heterogeneous models
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Figure3-3 Major and minorprincipal stressesalongmonitoring line shown inFigure3-2
following the excavation of tunnelobtained from ahomogeneouselasticmodel in RS2

Figure3-4 shows tle HB strength envelope fitted to the results of laboratorgxialtests
on intact LdB granite. Two equivalent Me@ioulomb envelopes are fitted to the non
linearHBenvelope, one foa™ Raxvalue of25 MPa and the other fa™ Raxvalue of60-
MPa.lt is shown thathe unconfined compressive strength (2038) obtainedfor the
© fRaxvalue of25 MPa is closer tthe average UC& LdB granitewhich is213 MPaFor
this reason the Mohr-Coulombparameterscorresponding to theonfinementrangeof 0

to 25 MPa is used for model calibration.
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Figure3-4 Non-linear HB strength envelope fitted to results of laboratotgiaxial tests on LdB
granite andcorrespondingequivalent MohrCoulombenvelopesfor confinement rangs with
" &axvalues of25 and 60 MPa

Figure 2-10a shows the profiles of the MBE tunnel as the wshaped notch was
progressivelydeveloped over a period of several monthdn an attempt to better
understandthe evolution of stresses around the test tunneluring its excavation and
progressive formation athe v-shaped notcHailure, ahomogenous elastic model of the
tunnel was constructed in RSk this model, the progressive failure around the test
tunnel was simulated by manually excavating slabsevenstages as shown irFigure
2-10b to g.Stage 1 corresponds to the applicationtbé far-field stressesife., 1= 60
MPa, 3= 11MPa, >= 45MPa). At Sage 2, the tunnel core is excavate#&igure2-10b).

Sages3 to 7correspond tahe tunnel profilesobserved in the field

Sage 3: tunnel profileon Dec. 23, 199{Figure2-10c);
Sage4: tunnel profile onJan 15, 199%Figure2-10d);
Sage5: tunnel profile onFeb 26, 1992Figure2-10e);
Sage6: tunnel profile onMar 2, 1992 Figure2-10f); and

= =2 =/ = =

Sage 7 final wshaped notch profile on Aug 7, 19@2gure2-10g).
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Figure3-5 Simulated MBE tunnel usingn elastic homogeneous model in RS2 considering
progressive detachment afock slabsas observed in the fielda) Sage 2 (excavation of
circular tunne) (Read & Martin, 1996)b) Sage 3 (tunnel profile on Dec. 23, 1991F)Sage 4
(Jan 15, 1992)d) Sage5 (Feb 26, 1992k)Sage6 (Mar 2, 1992)and f)Sage7 (final v-
shaped notch profile orAug 7, 1992)

The excavationinduced elastistresses alonghe monitoring line shown ifrigure3-5¢
were plotted as a function of distance from thgcavation boundarfor all the excavation
stagesshown inFigure3-5. The results including 1 and " 3 distributions along the
monitoring ling are presented irFigure3-6a and brespectvely. It can beseen inFigure
3-6athat " 1increases near the tunnel boundary as the slabs are remboad Stage? to
Stage7 up to approximately 375 MPaear the tip of the wshapednotch. Figure3-6b
shows thatthe confinementis zero at the tunnel boundaryafter each round of slab
removal. The confinementincreases rapidly away frorthe excavation boundaryo

around 68 MPa near théip of the notch at Stage7. It can be discussed thahe
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