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Abstract

Rock block strength is a significant factor controlling the rock mass behaviour
and therock-support interactions fractured rock masseSspecially when the design
relies on dscontinuum analysighe adoptedlock properties are a dominant driver
influencing the resultsA series oD UDEC grain-basedmodelswere performed on
samplef different sizes and qualities simulate the results ddéib- andblock-scale
experimentsThe effect of preexisting defects was simulated either in a smeared sense
by adjusting thegrain micro-properties or by explicitlynodelling mcro-Discrete
Fracture Mtworks (DFN) that were previously generated within FracMan
Relationships that linkherock block strength with its volume andsitu heterogeneity
were proposedfor the estimation of scaled Mdl€oulomb and HoékBrown
parametersThe UCS of blocks was expressed as a function of scale, defect intensity,
persistence and strengifhe quantfied scale/condition dependant reductiorbtifck
strength waghen linked witha block-scale Geological Strength Indgparameter
named micro GSI (mGSlppecial focus waalsogiven on the selection of appropriate
constitutive relationships and discontinm modelling techniquew/hen simulating
tunnetscale problemd-or continuum blocks ibetween DFNshe traditional Hoek
Brown approachdoesnot captue realistic behaviours and theodified Damage
Initiation and Spalling_imit approachis needed to predithe expectedlamage near
the excavation boundaried/hen blocks are simulated as a packingrafnelements,
considerably reduced damage, stress relaxation and defornsmfwadicted as the
Voronoi skeletoncreates a welkinterlocked structure that anps the prexisting
joints. Theresearchighlights that the estimation oépresentativélock properties is

of equivalent importance with the selection of appropriate modelling approaches.
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Chapter 1

1. Introduction

1.1. Problem Statement

To ensure the temporary (shoerm during construction) and permanent (long
term during operation) stability state of engineering structuresduibr within rock

massesitiis necessary to:

1. predict the anticipated rock mass behaviour @aswbciatedailure modes;

2. define appropriate excavation methods (i.e. dril and blast versus
mechanised excavation) and construction sequence stages (i.e.
advancement lengths, timing of iaations, etc.); and

3.  select suitable rock reinforcement and support measures.

The prediction of the anticipated rock mass behaviour poitihe specification
of excavation stageandground support measuresthe most important step towards
the desig of safe and economic underground and surface openings. Lack of capturing
the behaviour of the rock mass around excavations could influence a series of design

and performance aspects such as:

1  technical: rock reinforcement and support measures, exocavaethods,

construction sequences, excavation geometries and dimensions, etc.;
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1  commercial: programme, cost, profitability, bill of quantities, excavation /
construction / production rates, contractual and risk allocation
arrangements, construction cimgiencies, claims, etc.; and

1 health and safety: physical and mental health integrity, hazard
identification and risk management plans, safety during construction and

operation, safety of property and equipment, accidents, collapses, etc.

Only when he anticipated rock mass behaviour has been properly characterised
can become possible to ensure the safe andeffestive construction of civil and
mining related engineering proje¢tsaiser, 2016) The realistic pediction of the rock

mass behaviour and failure mechanisms is afodproblem which relies on the:

1. estimation of representative rock mass properties, structural characteristics
and spatial variability in different scales and orientations; and

2. selectionof appropriate empirical, analytical and numerical techniques.

It is clear that if a rock mass is poorly characterised during the engineering
geological interpretation phase and/or if inappropriate tools are adopted for assessing
the stressleformation esponse of the rock mass, meaningful understanding of the
intrinsic stability and roclsupport interactions are lost and hence the predicted rock

mass behaviour could bear little or no relationship with re@igndis et al., 2011)

Rock mass anisaipy and heterogeneity, scale effects, unforeseen ground
conditions, limited ground investigation data, sampling bias and disturbance, time
dependant phenomena and complex coupled thégdo-mechanicathemical
processes, all pose great difficulties festimating representative properties with
reasonable confidence. Consequently, the estimation of rock, joint, and rock mass
properties is regarded as a very challenging task that involves high levels of uncertainty
and as such requires experience and abagpreciation of all the possible interrelated

factors controlling the potential rock mass responses and failure modes.
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Rock block strength and deformability are significant factors controlling the rock
mass behaviour and the response of the rock suppdfor rock reinforcement. The
rock blocks (and/or rock bridges) delineated by persistent orpamistent
discontinuities can be influenced by scale effects and the presence ofanitimese
scale structural defect®ierceet al., 2009) Such defects impact significantly the
mechanical behaviour of blocks anid is therefore critical to account for their
weakening effect¢Jakubec et al., 2012)nderstanding the rock block performance
and th& contribution to the overall rock mass behaviour is key for selecting
appropriate design tools and thus to arrive at the most optimal excavation technique
and support measures. Especially when the design relies on discontinuum analysis
where rock blocksare modelled explicitly in between discontinuities, accurate rock
block properties and appropriate constitutive relations are particularly important for
capturing realistic rock mass behaviours and 1&ghport interactions.

Despite significant advances rock mechanics research, numerical modelling
and design, the role of defects is not typically considered as the principal focus is the
assessment and characterisation of large scale discontinuities. Current methodologies
to scale and express the uncoefirand confined properties of rock blocks according

to their size anth-situ heterogeneity are either incomplete or not universally accepted.

This researchaddresses this gap in knowledge by investigating the strength of
rock blocks through a series abloratory simulations at different scales and conditions.
GrainBased Models (GBMs) and Discrete Fracture Networks (DFNs) have been used
within the Universal Distinct Element Code (UDEQ)asca, 2014)to assess the
combined influence of scale and feisting defects. A numerical study is finally
performed toinvestigate the impact of scaled roclod! properties, constitutive
relationships and discontinuumodelling techniques on the behawi of underground

openings excavated in massive to moderately jointed rock masses at depth.
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1.2. Scale Effects in Rock Mechnics

In rock engineering, the performance of rock masses is controlled by the
condition and structural pattern of discontinuities and the mechanical properties of the
rock blocks between the fracture networks. The mechanical properties that are
importantfor design are influenced by the variability/heterogeneity of both the rock
material and jointing network, the size of the problem under investigation and the
dimension of the samples being tested (eithesitinor in the labJCunha, 199Q)

Intact rock and discontinuity properties of standard ssewdle specimens are
routinely measured in laboratory environments following well established standards
and procedures. As a result, a vambant of published data is available in the literature
and several expressions have been proposed to describe their constitutive behaviour.
However, these parameters are not representative for the scale of the problem as the
laboratory specimens are sigo#ntly smaller compared to the rock mass volume
affected by the engineering structfandis, 199Q) There is a recognised problem
associted with extrapolating the results of smatlale tests to the size of specific
engineering concern (e.g. slopes, tunnels, foundations, etc.), due to scale effects arising
from the different levels of micro/meso/macro strucsungolved with specimen size

and/or the different degrees of geometrical irregularities with joint length.

This challenge in assigning parameters for use in rock engineering design and
numerical modelling is made more difficult by the limited availability of lasgale
tests andhe practical difficulties in attempting to investigate larger rock volumes and
discontinuities. Largecale testing poses major difficulties due to apparatus
constraints, sampling limitations, safety hazards, the absence of suitable standards, the
uncertanties in interpreting the results and the costly and-tim@suming operation of

these experimen{®uBois, 1981; Christianson et al., 2006)
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Figurel.lillustratesthat by increasing the specimen size in a discontinuum rock
mass, then a progressive denser structural pattern is captured by the different samples
(i.e. from intact rock to rock mass), leading eventually to different degrees of

heterogeneity and behaviowhen subjected to similar test conditid@nha, 1990)

SIZE

ROCK MASS

JOINTED ROCK

SINGLE JOINT

INTACT ROCK

: i

AR - '.
AR '. 'W\'—)‘o&&, o
QLY , \&

Figurel.1. Physicalsymbolicstatistical representation of scale effg€anha, 199Q)
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The property versus size diagram showirigure 1.1 presents in a simple way
the concept of the Representative Elementary Volume (REV) and thenodwf scale
in a given property. The REV is essentially that critical size beyond which the scale
effects become much less pronounced and the given property becomes independent of
the specimen size and the density of mi@odor macredefects. That vaime can
vary between different rock mass qualities and/or lithologies and different properties
could require different REV sizes to reach a minimum asymptotic {funacha, 199Q)

The gaph inFigure 1.2 shows that for different scaleBigure1.3), a reference
REV could be reached until new types of defects are introduced with increasing
specimen dimensiongAubertin et al., 2000)The intact rock strength decreases as
specimen size increases due to grain boundaries inhomogeaadi¢ise presence of
micro/mesescale defects. As specimen size approaches that of the unit blockethe e
of scale practically disappears unless maswale joints participate in larger volumes

where strength reduces further up to that of the rock mass REV.

ON st Scale corresponding to
FON

anisotropic behavior

F‘mm A

T i i

.minerals  {-5{ rock &5 irock mass
| 5ol 2

.

//%////%.m

-
S

dy

Figurel.2. Schematic representation of scaleect on r ock mpisthperties, w
nominal strength of sample with nominal size(dubertin et al., 200Q)
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Rock Mass
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Figurel.3. Schematic representation of samples at different scaldaljoeatory rock

block, and rock mass). As specimen size increases then new structural features
participate in thgrogressive larger volumes, leading eventually to different strength
reductions and REV sizes. The strength reduces due to intaet rock block and

rock massscale heterogeneities at different scales feigro-, mese and largescale
defects suchsggrain boundariesjeins andliscontinuities)
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The upscaling to rock mass properties has historically been treated using one or

a combination of the following approaches:

1. empirical relationships between {gbale samples and representative sizes
of blocks or discontinuities such as thiek Brown (Hoek and Brown,
1980a)and theBartori Bandis (Barton and Bandis, 198&ilure criteria;

2. rock mass classiation systems such as the Rock Mass Rating (RMR)
(Bieniawski, 1976)nd Tunneling Quality Index (Barton et al., 1974)

3. field observations, monitarg and baclanalysis; and
Synthetic Rock Mass (SRM) modelling technig(idss Ivars et al., 2011)

The most welknown failure criterion to €imate the strength of a rock mass as
a system was developed by Hoek and Br¢¥980a; 1980b)The criterion, dgste its
major limitations, criticism and the lack of adequate experimental evidences, has been
systematically used by the rock engineering community much beyond its initial scope
and has been revised many times since 1980, most recently by Hoek and Bib8jn
In its current form, the criterion incorporates the Geological Strength Index (GSI)
(Hoek, 1994; Hoek et al., 1995; Hoek and Marinos, 2000; Marinos and Hoek, 2001,
Marinos and Cder, 2018Yo downgrade the strength and deformation properties of the
intact rock to that of the rock mass. In using the criterion, the rock mass is considered
to be homogeneous and isotropic in all directions (at least three joints sets) and as a
consguence it is not applicable to rock masses in which the behaviour is dominated
by preferential structural weaknesses relative to the prescribed loading conditions or
when individual rock blocks are more than about #/aDthe excavation spafiioek
and Brown, 1997)Figure 1.4 presents the limits of applicability of the criterion and
the transition from an intact rock specimen to a jointed rock mass. Apart feom th
geometricalrequirementsthe Hoek Brown (HB) criterion is also not applicable in
massive to moderately hard jointed rock masses which are subjected to a state of

relatively high stress conditiorfKaiser et al., 2011)
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anisotropy - use GSI with caution

Heavily jointed rock mass
Use of GSl is appropriate

Figure 1.4. Geometrical limits for the applicability of éhHoeki Brown criterion
together with size effects in rock mass characterizgtmek and Brown, 2018)

From design and numerical modelling point of view, the equivalent continuum
assumption means that the criteriom d@e applied only in a continuum numerical
analysis (when applicable) or can only describe thedg@meous intact rock pieces
a discontinuum analysis. However, rocks are far much more complex than a continuum
medium (both macroscopically and microscaiig and the individual rock blocks of
a discontinuum analysis are rarely equivalent to the size of laboratory specimens.
Excluding the limited cases where a rock mass can be represented as an equivalent
continuum medium (c. 20% of cases) due to the Higisity or absence of fractures
relative to the size of the excavation, it is obvious that the-segke strength of rock
blocks and discontinuities must be treated explicitly in order to evaluate the pragmatic

strength and deformability of a rock massaasystem, and to capture the realistic and
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essential nature of failure mechanisms (i.e. block detachment or breakage; slip
opening of discontinuitiegtc.) and rock support interactiofgarton, 1998; Barla and
Barla, 2000; Bang et al., 2011)The explicit consideration of joints and rock blocks
requires knowledge of their fielscale properties and as such a readapproach is
needed to upscale their parameters from small sample to larger sizes.

For discontinuities, the work of Barton, Bandis and colleagues in thed @76 s ,
formed the basis to characterise the sdajeendent strength and deformability
properties of rock joints(Barton, 1976; Bandis et al., 1981; Barton and Bandis, 1982;
Bandis, 199Q)Based on extesive scaleeffect experiments and literature review, the
authors developed the Barid@andis (BB) constitutive law(Barton and Bandis, 1982)
that relates the nelmear shear strength and stiffness of joints to the applied stress
conditions and also allows for the effects of scale on the strength and roughness of the
joint walls. This is shown schematically iigure 1.5 which presents the influence of
scale on the three fundamental components (i.e. an asperity failure, a geometrical and
a residual frictional resistance component) of discontinuity shear stréBatidis et
al., 1981) FromFigure 1.5, as the joint length (or block size) increases, then larger
shear displacements are required to nedithe ultimate and peak strengths and a
reduced asperity strength and dilation are obtained due to size effects. Considering the
significant scale effects on the shear strerigihear displacement of joints, then a
scale effect on the shear stiffnesslso expected. This is shownhigure 1.6 which
summarises shear stiffness data for different scales from the literature for a wide range
of discontinuity types and normal stress conditi(Bandis et al., 1983)As can be
seen, these data suggest both strong size and normal stress dependency. It is important
to be mentioned that scale effects are more pronounced in unaltered roughi@rjrreg
undulating discontinuities while smooth and planar and/or clay infilled joints tend not

to be influenced by size effects for their properties.
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For the intact rock, it is well knowthat the Unconfined Comprase Strength
(UCS) and elastic modulus decrease with increasing sample size due to an increased
heterogeneity as a function of scale and the greater probability of randomly or
preferentially orientated defects to interact with each other and to creaigttigoing
failure paths into the larger rock volum@eniawski, 1968; Hoek and Brown, 1997)
Figure 1.7 illustrates a wdely used graph for hard rocks that shows the influence of
specimen size on the strength of the intact {btdek and Brown, 1980b)
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Figurel.7. Influence of sample size on intact rock strer{gitbek and Brown, 1981).

The inverse relationship between strength and size is more pronounced in
materials associated with brittle behavi@and appears to disappear in comparatively
ductile materials. Also, the size effedecreases or even vanishes in high confining
pressure conditions as the influence of-exesting defects is reduced / supressed
(Habib and Vouille, 1966; Tstravie and Denekamp, 1982; Aubertin et al., 2000)
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Although the scaleffect relationship between strength and specimen size has
been validated through several laboratory amditu tess for a wide range of rock
types (inter alia Mogi, 1962; Bieniawski, 1968; Pratt et al., 1972; Medhurst and
Brown, 1998) currently there are only limited approaches to predict the size/guality
dependent unconfigeRock Block Strength (RBS) based on qualitative descriptions or
guantitative measurements. Since most of the experiments investigating scaling effects
were performed under unconfined compression conditions, the existing empirical,
statistical and theoretl scaleeffect relationships (inter alidVeibull, 1951; Einstein
et al., 1970; Hoek and Brown, 1980b; Carpinteri, 1994; Yoshinaka et al.,, 2088)
limited to the cheacterisation of the btk UCSby simply fitting the observed strength
reduction as a function of size. The only noticeable practical exception that explicitly
account for rock block defects was proposed by Laubscher and J¢R0b&gvia the
Mining Rock Mass Rating (MRMR) classification system which essentially introduced
the concept of the RBFigurel.8). The UCS of rock blocks can be estimated with the
MRMR system following a series of adjustments considering the stéhe sample,

the frequency of weakening micro/meso defects and their frictional properties.

Rock

Cemented block
joint Open
joints

INTACT ROCK < MICRO-FRACTURES,
STRENGTH FOLIATION ETC.

v

ROCK BLOCK 1 NON-CONTINUOUS
STRENGTH FRACTURES AND VEINS

Intact rock
ROCK MASS OPEN AND CEMENTED specimen
STRENGTH < JOINTS AND SMALL FAULTS Fractures

and veins

Figure1.8. Scale concept used in the MRMR classification system due to the effect of
weakening defects atfthrent scalegJakubec2013)
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In confined conditions, it is again recognised that some form of strength
reduction with specimen size and rock block condition exists. As shokigune1.9,
the strength of the unit rock block within a rock mass isetgal to ben-between the
strength of the intact rock (due to bleskale heterogeneities) and that of the rock mass

(due to the absence of rock massile heterogeneitie@pahrani et al., 2018)

g, Lab test
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e
. &Of’\i’/
e e
RBS -~
e
7
s
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Figurel.9. Strength degradation from intact rock to rock block due to rock {soale
heterogeneities, and from rock block to rock mass due to rock-soaks
heterogeneities as a function of confinem@ahrani et al., 2018)

The most common tool for estimagirthe confined strength of defected rock
blocks is the HB failure criterion by downgrading the GSI and/or the intact rock
strength. However, in massive to moderately jointed rock maasdsgh stress
environments, certain modifications are required inHBeparameters to capture the
observed failures around excavatigMartin et al. 1999; Diederichs 2007Another
option for estimating the confined strength of rock blocks containing defects is the

Strength Degradation Approach proposed by Bahrani and K2i3&7)

The effects of size and/or block condition are more pronounced at low confining
stresses (e.g. near excavation boundaries), where strength is highly varighalkieand
processes involve the generation of stiadsiced tensile cracks along local material

heterogeneities and defects such as veins and 4triaoks Figure1.10).
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1.3. Anticipated Rock Mass Behaviour

Hoek et al(1995)proposed the wekstablished tunnel instability and modes of
failure matrix shown inFigure 1.12 to descrbe the types of rock mass behaviours

commonly anticipated / encountered around underground openings.
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From the matrix ofFigure 1.12, the diffeent instability mechanisms are

categorised based on the interrelationship between three factors:

1. the rock mass quality (i.e. blockiness and discontirautyace condition),
expressed as a function of the GSI;

2. the UCS of the intact rock obtained from triaxial compressive testing
according to Hoek and Brow(i988)

3.  the pre or postexcavation stress conditions:
a. the preexcavation maximum #situ stress magnitude at the level of

the excavation (lefhand column of matrix ifrigure1.12); and/or

b. the postexcavation maximum tangential stress on the baynoliaa

circular opening (righhand column of matrix ifrigure1.12);

Depending on the combination of these factors, rock masses aroundtexts

can fail due to three general failure mo@dsartin et al., 2003)

1. structurally controlled gravitgriven failures of blocks in low #situ stress
environments nzones of low confinement (e.g. tunnel junctions);

2. stressinduced brittlespalling and slabbing through intact material in highly
stressed rock masses (typical in massive to moderate jointed rock masses);

3. a combined stressduced intact rock fracturingnd structurally driven

block movement along discontinuities at intermediate stress conditions.

Each of these potential behaviours requires specific design tools, construction
methods and support systems. Therefore, lack of understanding the anticgukted
mass behaviour could lead to inappropriate decisions and ineffective designs. From
constructability point of viewwhen moving to the right of the matrix due to decreasing
rock mass quality and then downwards due to increasing stress conditioma) seve
problems are anticipated in the form of reduced standimes, slower excavation

rates, face instability issues, increased convergence and thicker disturbance zones.
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Although the structurally controlled failures are typically associated with shallow
depths (i.e. low stress levels) and the stokggen mechanismare commonly observed
at great depths, (i.e. high stress levels), in practise it has been proven that these failure
modes can occur essentially at any déMhartin et al., 2001)For example, in large
caverns or in tunnel junctions at great depths, wédge failures could dominate the
failure processes due to loss of confinement and the presence of unfavourably
orientated joint sets. In contrast, the failure of rock masses at shallow depths which are
subjected to relatively high locked tectonic stresses (e.g. Hawkesbury Sandstone in
Sydney), could be driven by stressluced fracturing rather than gravity dnivelocks.
Another factor that drives the mobilisation of different failure modes within the same
stress and rock mass conditions is the shape and sequencing of the excavations as
different excavation geometries will promote different stress paths. Iratieeaf the
combined stresstructure failure mode, brittle failure through extensional fracturing
needs to occur first within the interlocked rock blocks or the massive rock mass in order
to disrupt the continuity of the medium and as such as to creatglehkinematic
freedom for blocks to rotate and/or glidartin et al., 2001)A matrix of photographic

representations for the various tunnel instability modes is givEigimre1.13.

In general, as the stress levels increase (either due to depth or subsequent
construction stages), the pegisting discontinuities become locked and the failure
modes become more brittle. At moderate stress madpst only localised stress
damage is expected near the excavation boundary but in highly stressed rock masses
the stressnduced fracturing involves thick disturbance zones around the whole

excavation Figure1.12).

This thesisdcuses on the yellow highlighted behavioursiglirel.12 and more
specifically to moderately hard jointed and blocky rock masses at moderate to high
stress levels. In these conditions, stiessiced fracturing within the rock dtks is

anticipated, combined with structural failures depending on the level of confinement.
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Stress Low Moderate High

Sheared

Rock Mass Strength
Blocky

Massive

Figure 1.13. Matrix of photographic representations for the various tunnel instability
failure modes from relevant literatu(eloek et al., 1995; Kaiser et al., 2000; Hoek,
2001; Hoek et al 2008; Hoek and Brown, 2018)
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As an attempt to assess the potential for sireksced brittle failure, Martin et
al. (1999)proposed the Darga Index'D) shown at the right axis Figurel.12, which
is the ratio of the maximum tangential stress ( o, ., on the boundary of
a circular opening to the laboratory UCS. Comparedrily considering the pre
excavation stress magnitudes, the is a better indicator for quantifying the impact
of stresses on the anticipated strésgen instabilities, asonsiders both the minor and
major principal stresses and hence accofantthe stress anisotrofi{aiser, 2016)

However, considering that the strength of rock blocks is strongly influenced by
scaling effects, the intensity of structural micro/mesdects and the degree of
weathemg, Kaiser(2016)emphasized that it is essential to establish the rock block
strength when using the behavioural matrixFegure 1.12. Figure 1.14 presents an
updated version dfigure1.12 where the anticipated failure modes are expressed as a
function of the block strength and the maximum tangential stresses around the
excavation.Given that the rock block sngth is one of the predominant factors
controlling the behaviour of massive and moderately jointed rock m@&sissr et al.,

2015) the extehof the disturbed¢one around an excavati¢@hen and Baon, 1997)
and the response of the structural elements used as s(fpaoerbu et al., 2015}t is

clear that it needs to be characterised and estimated as accuratelylds.poss

Also shown inFigure 1.14, are the limits of the GSI approach applicability. In
the cases where tensile fracturing is expected within the rock blocks then the block
strength dominates the behaviour (GSI not applicable) ewitiien sheadominated
behaviour occurs thefailure modes are driven by block sliding and rotati@8l
applicable)(Kaiser, 2016)When the conventional HB criterion is not applicable, the
traditional HB parametrrs need modifications. Once the rock block strength under
unconfined conditions has been defined, then the failure envelope in theglstreps
space can be established following the Damage Initiation and Spalling Limit (DISL)

approach proposed by DRierichs(2007)or the procedure descrithdy Kaisen2016)
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Figure 1.14. Limits of applicability of GSI approach for rock mass strength
characterisation in relation to the rock block strer{gidser, 2016)

The failure envelopes in these modified versions follow -aor $i-linear shape
to account for the anticipated streésduced fracturing near the excavation boundaries
(Kaiser et al., 2000; Diederichs, 2007)he fundamental difference between the
conventimal HB (and the equivalent Mdl€oulomb) strength envelopes and the
modified brittle models, is that the latter is not mobilising simultaneously the cohesive
and frictional components of strength at low confieais, but allows for significant

cohesion loss before activating the frictional strefiytartin, 1997; Carter et al. 2008)
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At low confinements, the-near envelope stngth drops to a lower bound field
threshold called the Crackitiation (ClI) (typically approximately 3%5% of UCS),
whil e at higher conyning stresses the envelo
deyned by the Crack Damage thre¥%ofld (CD) (
UCS). The concept of the- 8r tri-linear failure emelopes is shown ifrigure 1.15
together with the three anticipated rock mass responses (i.e. no damage, spalling failure
and tensileravelling failure) commonly observed in massive to moderately jointed
rock massegDiederichs, 2003)This model is typically applicable to hard brittle rocks
as other rock types such as weak and soft mudstones or siltstones will fail imrshear

will exhibit a combined (transitional) behauio(Perras eal., 2013)

: O,
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A
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Figure 1.15. Schematic of DISL model for spalling rocks, showing four zones of
distinct rock mass failure mechanisms: no damage, shear failure, spalling, and
unr av eclislthe d@S.ofdhoratory sampleiederichs, 2003)Other rock types

yield in shear or show a combined (transitional) behaviBerras et al., 2013)
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1.4. Numerical Approach

The numerical approaches typically adopted to siteulae behaviour of rock
masses around underground excavations can generally be divided into three categories:
I) continuum modelling; ii) discontinuum or discrete modelling; and iii) hybrid
continuum/discrete modellinfCoggan et al., 2012 Coggan et al(2012) provide a
summary for the capabilities, advantages andaimns for each of these methods.

In the continuum approach, the rock mass is represented as an equivalent
continuum medium in which isotropic or anisotropic constitutive models are assigned
based on the REV concept. In the discontinuum approach, gemdl@jructure is
modelled explicitly, and the rock mass is represented as an assembly of deformable
rock blocks which are separated by discontinuities. The hybrid continuum/discrete
approach combines the continuum and discontinuum methods and allowsiricact

through intact rock material following fracture mechanics criteria.

The choice between continuum and discontinuum modelling depends on the
anticipated failure mechanisms and the condition and geometry of the fracture network
in relation to the sizef the problem (i.e. tunnel or cavern span, shaft diameter, slope
height) under investigatioffrigure1.16). Deere and Mille(1966)suggested that when
the discontinuity spacing compared to the tunnel diametea lmatio approximately
between 1/5 and 1/100, then a rock mass can be treated as a discontinuum material. In
cass of ratios outside these | imits, t hen
continuous medium, though it could behave in an anisotropic manner. BE9@3)
provided the schematic diagna shownin Figure 1.17 in which the selection of
appropriate numerical method is based on a range of suggestddd3 (i.e. rock mass
guality). According td-igurel1.17, for Q-values between 0.1 and 100 the discontinuum

modelling will be more appropriate than the continuum modelling method.
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Figurel.16. The difference between discontinuous and continuous materials in a tunnel
of gmilar size (revised by Palmstrofh995)from Barton(1990)

Pseudo-continuum Discontinuum Continuum
using continuum »—b approach r:'_] > approach
approach
;.;; IS r;y 7 /
5 / 0 o‘.' f
oI il

Q=01 Q=100

FEM/FLAC UDEC/3DEC FEM/BEM

Figurel.17. Schemdt diagram suggesting the range of application of discontinuum
modelling (UDEC and 3DEC) in relation to thev@lue(Barton, 1998)
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By incorporating the scale of the excavation in relatiothéodegree of jointing
and the most widely used rock mass classification systems (i.e. Q, RMR, GSI), Bandis
et al.(2011)defined a broad range of rock mass types and specific rock mass conditions
at which each numeral method is applicabld-{gure 1.18). According to this work,
the discontinuum and equivaleontinuum approaches are applicable to more than

80% and less than 20% of rock masses respectively.

Description of rock mass Analysis | Classification
Intact E| =
massive 2 | & |Q>1000
s>2m 5 . [RMR >80
Dis<5 8 E GSI >80
O | =
Jointed Q==>10-100
$=0.5-2.0m RMR = 61-80
D/s=5-20 GSI =>40-80
% (applicable?)
Bedded g Q=>1-10
s=0.1-0.5m £ | = [RMR=41-60
D/s=20-100 | & | B |GSI=>30-40
a (applicable?)
Very densely Q=0.1-1
jointed RMR=21-40
$=0.05-0.1m GSI =>20-30
D/s=100-1000 o (applicable?)
Tectonically E
disturbed o gﬁ]g{lz |
s<0.1m =
D/s>500 gz |50
- | =
Rockfill or s | = |o<001
talus material E = RMR. GSI
d=0.01-0.5m | § not applicable
D/d >10000 ©

Figure 1.18. Broad distinction of rock mass types in relation to classification and
method of analysiéBandis et al., 2011)
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To distinguish between continuous and discontinuous rock masses, Palmstrom
(1995) proposed a Continuity Factor (CF) which considers that the problem depends
on the relative block size (i.e. tunnel diameter or span / block size). According to this
concept, underground excavations of different sizes will behave differentyn wh
excavated in the same jointed rock m&sguyrel1.19). For a CF between 3 and 30 (i.e.
discontinuousblocky), the analysis should consider the explicit simulation of discrete
blocks, while if CF is less than 6 (i.e. continuootact) or greater than 15 (i.e.
continuousbulky) then the overall behaviour should be described as a continuous
material. The complex continucdsi sconti nuous overlapping fAgre
imply that good engineering judgment is required in sele@popriate methods of
numerical analysi§Stille and Palmstrom, 2008)
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Shin (2010) considered the nature and extef the Excavation Disturbance
Zones (EDZ) in hard rocks teetine suitable techniques for modelling. Depending on
the anticipated EDZ characteristics, their behaviour is classified as follows:

f  Classl in massive rock underlowig i t u sitéiliggsses (0
1 Classll in fractured rock under low to medium#i t u si>fgsses (U

f Classl 'l in massive rock uwpdigr relativel

Classl EDZ is typically analysed using continuumodels while Clas§ and Class

[l EDZs require to capture the block/wedge movement/rotation alongxiséng
discontinuities (block model) and/or the extensional damage leading to the generation
and development of micro and maacale fractures (darga model) Figure 1.20
illustrates the tree EDZ zones, together with the different geological conditions and
expected rock mass processes and responses (e.g. elastic versus non elastic

deformation, deformation of prexisting or ewly generated cracks, et¢Shin, 2010)

In general, it is wellccepted across the rock engineering community that the
discontinuum approach provides the most appropriate modelling technique for
simulating the anisotropic and discontinuous nature of most rock mass conditions. In
the early years of discontinuum anadyg was not feasible to incorporate all the as
logged/mapped joint data and for computational reasons the modellers were selecting
only a |limited amount of fAcritical o joints
more prominent or more systemafi@ allow for the weakening effect of the joints not
included explicitly in the analysis, equivalent and reduced strength and stiffness
parameters were assigned to the solid mate
by t he @cr i puglcsgnifioantjadvanoces is the nunietical capabilities and
computational power , it has become possib
distribution of blocks sizes and/or to use G8td capture the fragmentation of rock

blocks at the mineral and/aricro-defect leve(Fairhurst, 2017)
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Figure 1.20. Definitions ofthe EDZ with the same shape and dimension in hard rock

under different geological conditioiShin, 2010)
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Of particular importance in the field of discontinuum modelling is the
development of the SRM modelling technigifeerce et al., 2007)n a SRM model,
pre-existing joints in the fom of DFNs are embedded into a psewdatinuum intact
rock matrix as shown ifrigure 1.21. The intact rock material is represented as an
assembly of polygonal or spherical elements which are bonded together at their
contacts. Depading on the imposed loads the bonds can break, thus allowing to
simulate dynamically the fundamentals processes of intact rock fracturing and rock
mass disintegration (i.e. crack initiation, propagation, interaction and coalescence)
(Mas Ivars et al., 2011)

Intact l}oclf B g MY Smooth Joint Model
Bon‘ded Particle SRM applied to elements of
Model [18] fracture network (DFN)

Figurel.21l. (a) 3D DFN, (b) the corresponding thh@ienensional synthetic rockams
sample, and (c) synthetic rock mass basic compofiélas Ivars et al., 2011)
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1.5. Thesis Structure

The focus of this research was iaity to quantify the unconfined and confined
strengths of homogenous and heterogenous rock blocks, and subsequently to assess the
impact of scaled rock block properties and modelling techniques on the behaviour of

underground excavations. This thesis cstssof five chapters, as outlined below.

Chapter 2 presents a numerical study that was performed to develop a
framework for estimating the conyned strengt |
and insitu heterogeneity. Grain boundary models within WDkere used to simulate
a series of progressively larger in size and degrading in quality numerical specimens
under unconfined and confined conditions. Accordingly, relationships thahén&ck
block strength with its volume and-gitu condition wereleveloped for the preliminary

estimation of scaleMohri CoulombandHoek Brown parameters.

Chapter 3 presents a numerical study that was performed to develop a practical
tool for quantifying the unconfined strength of defected rock blocks. Various DFNs
previously generated with FracMamere integrated int?DEC GBMs to assess the
strengthof defected rock blocks. Several UCS tests wsnaeulatedon samples of
varying sizes and defect geometries/strengths and refined approaches were proposed
for estimating he unconfined strength of rock blocks as a function of specimen size,

defect intensity, persistence and strength.

Chapter 4 presents aunnelscale numerical study that was performed to
investigate the impact of block propertie®nstitutive relationshgp andmodelling

techniques on the behaviouradep openingm moderately jointed rock masses.

Chapter 5 presents a discussion of the publications included in Chapters 2, 3 and
4 and describes the original contribution to knowledge in the field of esmggerock

mechanics. This Chapter also identifies directions for future studies.
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Abstract

A numerical study was performed to develgramework for estimating the
conyned strength of r ock bditwheteregeneityfesi der i ng
intensity of structural microdefects and degree of weathering). Grain boundary models
using the Voronoi tessellation scheme within UDBE#&ve been used to simulate the
results of small (lab) and | arge (yeld) scal
indirect tensile (Brazilian) tests on a series of progressively larger in size and degrading
in quality numerical specimens. Accordinglgglationships that link rock block
strength with its volume and -gitu condition were developed for the preliminary
estimation of scale®lohri Coulomband Hoek Brown parameters. The results from
the scaling analysis generally suggest that cohesion desr@@bteboth increasing
scale and degrading sample condition in a manner similar to the scale/condition
dependant reduction of uniaxial compresstrength (UCS), while the friction angle
shows only minor variation with no apparent trend. The measured peak y n e d
strength values wer e HoéekBowngcrteriomdndia oewt he Gener
block-scale Geological Strength Index parameter is introduced named micro GSI
(mGSI) which was also linked to the scale/condition dependatcton of UCS. By
using the proposed linear and ntmear approaches, once the UCS reduction due to
scaling e ects is known, the conyned strengt |
can be used to carry out preliminary rock engineering calculations and to run

discontinuurmumerical models in which rock blocks are simulated explicitly.

Keywords: rock block, scale effect, heterogeneity, confined strength, UDEC Voronoi
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2.1. Introduction

In rock engineering the performance of a jointed rock mass and the interactions
with rock reinbrcement elements are controlled by the strength and structural pattern
of discontinuities and the strength of rock blocks between the fracture networks. There
is a recognised problem associated with upscaling the results ofsaalalltests on
both rockjoints and rock blocks. This challenge in assigning parameters for use in rock
engineering design and numerical modelling is made more difficult by the limited
availability of largescale tests and the practical difficulties in attempting to investigate
the confined strength of larger rock block volumes. Therefore, this has historically been
treated by using empirical relationships between lab scale samples and representative
sizes of blocks or discontinuities, field observations and more recently bytsmgibis
synthetic rock mass modelling technigips lvars et al., 2011)

If we exclude the cases where a rock mass can be representedcasvaient
continuum medium (c. 20% of cases) due to the high density or absence of fractures
relative to the size of the excavation, it is clear that rock blocks and joints must be
treated explicitly and a reasoned attempt to upscale their strengthnfralhsample to

field scale is require(Bandis et al., 2011)

While there are upscaling relationships for rock joints (Bayton and Bandis,
1982) the options available to scale the strength of rock blocks are more limited (see
Bahrani and Kaiser, 2016¥seneric relationships that correlate the confined strength
of rock blocks according to their size amdsitu condition are not comprehensiy
available in the technical literature, due to challenges associated with performing large
scale triaxial compression tests on large scale rock block volumes. For that reason, a
series of small and laregeale micromechanical numerical simulations ahdiard tests

(i.e. uniaxial/triaxial compression and indirect tensile strenigilve been conducted
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within UDEC to establish a methodology for estimating the confined strength of rock
blocks based on their volume aimdsitu condition (i.e. degree of hetegeneity and
alteration). Accordingly, relationships that link rock block strength with its volume and
in-situ condition were developed for the preliminary estimation of sciedhri
CoulombandHoek Brown parameters for use in discontinuum numerical mougll

and rock engineering design calculations.

Given that the block scaling effects and the variable strength of defected and non
defected rock blocks is one of the predominant factors controlling rock mass behaviour
(Kaiser et al., 2015the extenof the disturbed zone around an excavat®inen and
Barton, 1997)and the response of the structural elements used as s{paoou et
al., 2015) the overall aim of this paper is to contribute towards a more precise
prediction of rock mass strength.

2.2. Rock block scaling effects

It has been proven experimentally that the uniaxial compressive strength (UCS)
of intact rock decreses with increasing sample si@unha, 199Q) This has been
attributed to the increased heterogeneity in rock as a function of volume and the greater
probability of microdefects to ale unstable crack propagatidhloek and Brown,

1997) This argument coincides with the statistical theory of WetWgibull, 1951)

which ascribes failure to the increased population of randomly distributed structural
flaws. In contrast, some other research@mstein et al., 1970have linked the
complex sizedependent strength reduction to the combined effect of increased volume
and the elevated strain energy that is stored in larger safripkeity, Carpnteri(1994)
proposed that strength size effects are related to the geometultddactality of the
fracture surfaces. Regardless of which model is accepted, the fact that larger rock

blocks have observably smaller strengths than a smaller block in the same material has
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been established, although some exceptions have also beeedé@parlington et al.,
2011) The inverse relationship between strength and size is more pronounced in
materials associated with brittle behari@nd appears to disappear in comparatively
ductile materials. Equally in higher confining pressure tests the block size effect
decease or even vanigisurLavie and Denekamp, 1982; Aubertin et al., 200Wjs

is likely to be an effect of closure of defects that control strength at low confining

pressures.

The scaleeffect relationship between strength and specimen sizebéas
validated through laboratory angsitutests for a wide range of lithological formations
and several empirical and theoretical expressions have been proposed in the past in
order to quantify this relationship (inter aldogi, 1962; Bieniawski, 1968a; Pratt et
al., 1972; Medhurst and Brown, 1998)

The majority of experiments investiting scaling effects were performed under
unconfined compression conditions, therefore existing sxfédet relationships are
limited to the prediction of the UCS. The most widely utilised-sitfect relationship
was proposed by Hoek and Broi980b) who compiled and analysed published

laboratory test data and suggestgubwer law function as follows:

= 21

” »n 8 T

,Q 8
L
where, g is the UCS of a 50 mm diameter cylindrical sample ,ands the UCS of

a specimen with a diamet&between 10 and 200 mm.

The dataset @sl by Hoek and Brow(1980b)illustrates that the rock strength
reduction due to scale effects is limited by an asymptotic constant wdlue
approximately 0.8. However, these data represent homogeneous samples and in this

respect, Equatio@.1 is likely to overpredict the strength of samples which contain
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microdefects or influenced by weatherifRjerce et al., 2009; Martin et al., 2011
addition, Equatior2.1 is applicable only for samples with diameter less than 200 mm
and is only representative of medium to very strong rocks (UCS beRBe250 MPa).

In the absence of an universal strepgjte law that has the ability to incorporate
the variability of thein-situ block conditions (e.g. lithology, intensity of structural
microdefects and degree of weathering) over a wide range of udjcipéeimen sizes
and shapes, Yoshinaka et @008) derived an expression that utilises an equivalent

length,Q &7, and an exponenQ o¥da, as follows

L - 2.2

where & is a material constant arld = 62.6 mm is the equivalent length of a

specimen witha diameter of 50 mm and a ralemgth to diameter equal to 2.5.

This expression follows the general form o
is using a variable exponefiand an equivalent length in order to capture the strength
scale effects for a we range of lithologies, conditioasd specimen geometries. Based
on data from both laboratory and-situ experiments, it was suggested that the
exponentQuaries substantially with rock type, strength and material rstmactural
heterogeneity and ke between 0:0.3 for homogeneous strong rocks with UCS
between 2250 MPa; between 0.8.9 for highly weathered and/or severely
microflawed rocks and between @G for weak rocks with a UCS between-2%
MPa Figure2.1).

From the graph shown iRigure2.1, an equivalent length (200-250 mm can
be reached beyond which the scale effects become much less pronounced and the
strength becomes independent of the specimen size and the density of defects. That

critical size, is commonly referred as Representative Elementary Volume @1eV)



Chapter 2Rock Block Confined Strength 45

Is the minimum volume needed to evaluate the scale effects on intact rock strength
(Cunha, 199Q)The strength of a material with dimensions equal to the REV can have

a minimum asyiptotic value as low as about 20% of the strength measured at standard

smallscale laboratory specimens.
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Figure2.1. Scale effect relations for intact rock UCS proposed by Yoshinaka et al.
(2008)for sample dimensions 50 x 125 mm. The relation of HoekBrown(1980b)
is also shown for comparispafter Pierce et al(2009)

2.3. Numerical modelling approach

2.3.1. UDEC micro-mechanical damage model

In order to develop a relationship between block size, iresku conditions and
strength, a numerical scaling approach was followed by using the Universal Distinct

Element Code (UDEC) version 6.0 available from Itasca Consu&nogp, Inc.
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Typically, a rock block in UDEC is represented as a continuous deformable
medium that indirectly mimics damage according to a chosen constitutive law.
However, by using the Voronoi Tessellation Generator, a rock block can be represented
as a pcking of randomhsized rigid or deformable polygonal sblocks which are
bonded together at their conta¢ts et al., 2007; Gaand Stead, 2014Yhe UDEC
Voronoi model is often referred as UDEC Damage Model (DM) or Grain based Model
(GBM) and represents a valuable numerical tool to build the msicrecture of rock
and thus to investigate the fundamentals mecheanf progressive damagshin et
al., 2007; Loriget al., 2009)Based on this capability, the UDHIM is classified as a
direct modelling technique in which the randosslged cemented polygons are linked
to the graininterface or grain cementation properties of crystalline and sedimentary
rocks(Potyondy ad Cundall, 2004; Kazerani and Zhao, 20Ithe major advantage
of the GBM direct logic against the indirect continuum modelling approach is the
explicit generation and propagation of both mifnactures and macrfsactures and
that relatively simple comigutive behaviar can closely resemble naturally occurring
failure processes by avoiding the application of complex constitutive(laavset al.,
2010).

2.3.2. UDEC-DM mechanical behaviour

In a UDEGDM the rock material is treated as an assembly of glued structural
units interacting at their boundarig&azerani and Zhao, 2010)hese polygons can be
assumed to represent mineral grains while their thaties can be considered as flaws.
Preexisting cracks can also be incorporated either by the assignment of specific
properties across the Voronoi grains or by the generation of fjoirts within the
Voronoi skeletor{Lu et al., 2013; Gao and Stead, 201B¢cause it is known that the
size and size distribution of grains and flaws influence strefgédrich et al., 1990)

it is critical that the model resolution is sufficient enough to replicate the material
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behaviour and the anticipated failure mechanigstyondy and Cundall, 2004,
Christianson et al., 2006; Lin et al., 200The mechanical behaviour of a UDEC
Voronoi model is therefore governed by the gia@ment micreproperties and the
packing arrangement dhe grains. The Voronoi micrmechanical properties (see
Table2.1) refer to the deformability properties of the Voronoialicks together with

the strength and stiffness parameters of the contacts that separate them.

Table2.1. UDEC Voronoi micreproperties

Youngbés Modul us
Poi ssonébés Ratio
Normal Stiffness

Shear Stiffness

Cohesion*

Friction Angle*

Tensile Strength*

*both peak and residual properties

Voronoi block elastic properties

Voronoi contact elastic properties

g1 || | O

Voronoi contact strength properties

o-

The Voronoi sukblocks are assumed to represent an equivalent elastic
continuum which is suldivided with triangilar shaped finite difference zones. As a
result, plastic deformation and slip or separations (i.e. damage) are confined only along
the boundaries between the mitrocks, which represent the location of potential
failure paths (i.e. fractures). The Vomrontact behaviour will obey a linearly elastic
perfectly plastic model. The deformability of the contacts in the normal and shear
directions is represented by norm&)and shear’Q) stiffnesses respectively. The
shear strength of the Voronoi joints follows the MC plasticity criterion, by a
combination of contact cohesioe () and friction angle«{ ), and the tensile yield is
evaluated based onienlting tensile strengthd( ). Once a force exceeds either in shear
or in tension the strength of a contact, a displacerseiteéning procedure is followed
and the shear/tensile strengths decrease to a residual(Kalzerani et al., 2011)
Figure 2.2 illustrates the UDEC Voronoi assembly migomoperties and constitutive

contact behaviour.
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Figure 2.2. Structure, micranechanical properties and constitutive behaviour of
UDEC-DM model.
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When a perturbation is induced by the application of a load,riassef
mechanical interactions occur between the Voronottdobks which lead in the
development and transmission of contact forces, the generation of complex
heterogeneous stresses and eventually the motion and disturbance of the system. If the
inducedcontact forces acting on and along between grain boundaries exceed their
tensile or shear strength, the bond between the grains break and a conyjimessiech
tensile or sliding crack is initiatgdLin et al., 2007) Redistribution of forces may then
trigger stress localisations and adjacent joint breakage which, in turn, can induce
microcrack propagation, interaction and the eventual geaaratimacroscopic failure
bands(Potyondy and Cundall, 2004n this way, the GBM model allows the realistic
fracturing of the intact rock by following the widely accepted gradual failure processes
and replicates realistically the fundamental role of mixale tesile or extensional

damage in the development of madractures(Lan et al., 2010)
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2.4. Rock block scaling methodology

2.4.1. General approach

Several numeridanvestigations have been conducted to study the influence of
scaling effects on defected and raefected rock block§Christianson et al., 2006;
Pierce et al., 2009; Lan et al., 2010; Zhang et al., 2011; Martin et al., 2011; Mas lIvars
et al., 2011; Vallejos et al., 2013; Gao et al., 2014; Gao and Raa§, Bahrani and
Kaiser, 2016) A series of progressively larger mieneechanical models were
generated in UDEC and then, a series of simulated uniaxial, triaxial and indirect tensile
(Brazilian) compression tests were conducted to replicate the reksitall (lab) and
large (field) scale testing and subsequently to determine the relationship between size,
guality and strength mechanical properties (both equivalent MC and HB).

The strength scaling analysis followed three steps:

Step 1: Estimation ofypical laboratory scale mactoechanical properties to be

used as target values for the calibration of laboratory scale LID¥E

Step 2: Generation of standard laboratory size samples and simulation of standard
laboratory scale tests. At this stage, theramamechanical properties of the GBM were
calibrated via parametric analysis against the target npogerties determined in the

previous step.

Step 3: Large size UDEDMs were created for the simulation of largeale
testing. The micrgproperties othe large GBM were initially calibrated to match a set
of target uniaxial and tensile strength properties that were obtained by scaling down
the strength properties of the intact rock samples considering the relation proposed by
Yoshinaka et a2008) Then, a series of large triaxial tests were penéa to calculate

the scaled MC and HB failure parameters.
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2.4.2. Intact rock macro-mechanical properties

Two unconfined compressive strength values; 25 and 200 MPa, were selected to
characterise the strength of two laboratory scale samples. These two end members
cover the range of rock materials found by Yoshinaka et al. (2008) and others to be
severely influenced by strong strengitaling effects. Their mactstirength failure
envelopes were determined by fitting the HB failure surface over a limited range of
confining pres@uld@S/ 1(0)..e. Thoe Qgener(ddek s e d
et al., 2002)s described by:

G — i 2.3

where, and, are the major and minor effective principal stresses at faijurés
the UCS of the intact rock artd andi are material costants, wheré = 1 andw=
0.5 for intact rock. The failure envelopes were constructed by using thelues of

25 and 200 MPa and by assuming a HB constargqual to 10 and 30 respectively.

Equivalent MC angles of frictiorr ( and coheige strengthsd) were estimated
by fitting a mean straight line to the ntinear curve defined by Equati@B. A secant

envelope was defined by the peak strengthnd for confinements in the range (0

MPa)to0 (, =UCS/10) via

0 = = 24

while the friction angle «) and cohesiond) were obtained usingPotyondy and
Cundall, 2004)

HB

f a
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The tensile strength was determinetly using a relationship betweelnet tension
cutoff (defined by the ratig /5, 9 and the HB parametér as follows(Hoek and
Martin, 2014)

S &
3 s U ¢ T 2.7

Final ly, a P, edqua o ®.85was assarhed @or, both samples #rel
associated i ntact r o cx, weveaderived dased mw thet | u s

following empirical relationshigHoek and Diederichs, 2006)
o 0, 2.8

where0 'Yis the modulus raticassumed to be equal to 400.

Table2.2 lists the intact rock macrmechanical properties of both samples No.1
and No.2 (hereafter referred to"agak" and "strong" samples) respectively. Although
strength scale edtts for samples with UCS less than 25 MPa have been generally
found to be insignificant, the behaviour of the chosen samples can be extrapolated to
lower strength categories only in the case were significant evidence of scale effects

have been found fohé rocks under consideration.
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Table2.2. Lab scale Intact Rock Maciaroperties.

Property Unit Sample
No.1 "weak" | No.2 "strong"

ucs » MPa 25 200
Modulus Ratio 0'Y - 400 400
Youngdés Modul us (0] GPa 10 80
Poi sson6s ratio V] - 0.25 0.25

a - 10 30
HB Constants i - 1 1

w - 0.5 0.5
Secant Slope 0 - 5.1 11.0
Cohesion o MPa 5.5 30.2
Friction Angle . © 42.4 56.4
Tensile Strength " MPa 1.6 6.8

2.5. UDEC-DM intact rock calibration

2.5.1.  Micro-mechanical model description

A rectangular 50 x 125 mm and a circular 50 mm in diameter sankitpséd
2.3) were generated in UDEC to simulate laboratory scale compression (uniaxial and
triaxial) and tension (Brazilian) experiments. The grain edge length and size
distribution were chosen to ensure that the Voronoi block mosaic does not control the
formation and accumulation of maefi@mctures(Gao and Stead, 2014)he samples
were digretised into a large number of random polygons with an average edge length
equal to 3 mm to avoid geometry and grain size testing constfnotsn, 1981) The
Voronoi tessellation was developed with a relatively -naiform grain size
distribution to mimic the internal micfstructural heterogeneity that is typically

observed in real rockfan et al., 2010)
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All model simulations include two steel platens at the top and bottom of the
samples. A constant velocityas applied in the-gdirection at the upper platen while
the lower platen was fixed in both theand ydirections. An axial loading velocity of
0.01 m¢ (i.e. loading rate) was applied to the top platen in both the compression and
tension tests. The loan) rate was selected to ensure that the samples remain in-a quasi
static statgKazerani and Zhao, 2010n the case of the triaxial tests, stresses were
applied isotropically to the lateral boundaries and static equilibrium was reached prior
to axal loading.

For all the simulated compression tests, the axial stress was continuously
recorded by the sum of the reaction forces along the contact between the sample and
the top loading platen. The axial and lateral strains were monitored at seveiah®ca
across the middle orthird of the specimensF{gure 2.3) and then buitin FISH

functions were used to calculate average strain values.

For the tension tests, the axial stress was defined by consideringfsine
reaction forces that generated along an artificial joint in the middle of the upper platen.

The peak axial stiss was measured indirectly via:

U

” — 2.9
Yo

wherePmaxis the maximum force recorded on the platen, R and t symbolise the radius

and thickness of the disk specimen, where t=1 for a 2D analysis.

In all models,whena force violates the strength of a contact segment (either in
shear or tension), an internal plasticity flag is set to declare the irreversible plastic state
of the contact, the cohesive and tensile strengths are eliminated to zero (instantaneous

softenirg) and the friction angle is softened to a residual value.
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Figure2.3. Layout, boundary conditions and monitoring locations (i.e. UDEC history
points) of the compression and indirect tensile strength.test

2.5.2.Calibration procedure

The micreparameters controlling the elasticity (i®., 0 , 'Q andQ) and
strength (.e® ,* ando ) behaviour of the micrblock assembly were estimated
following a multistage parametricalysis in which the model response was calibrated

against the deformability (i.€0 ,0 ) and strength (i.e) ¢ and, ) macremechanical
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properties shown iTable 2.2. The triatanderror calibation process followed the
procedures outlined by Christianson et(2006) Kazerani and Zha(?010)and by
Gao and Stea(®014) In summary, the following steps were followed:

Calibration-Step 1: Themacrme c hani cal YoQ)agdsPdMbpsgsboags
ratio (0) were calibrated by running a series afcanfined compression test
simul ations. The Young's Modulus and Poi s
defined to be equal to the magooperties of the intact rock (i® 'O ando
U ). The macrePo i s s o n 0 wag then icalibrafed by varying tlmentact
stiffness raticQ¥ Q. Oncethe contact stiffness ratio was dewth the normal stiffness
('Q) andblock deformability © ) were altered to fithemacreYoung's ModulusQ).
In this process, the normal stiffneS@ ) of the contacts was set to a factor times the

deformability of the block zones using the following expressitasca, 2014)

- .0 1fo0 'O .

Q ¢ 7R E pT 2.10

wherevb andO are the bulk and shear stiffnesses of the Voronoi blocks respectively,
and Y& is the smallest width of the zone adjoining the contact in the normal

direction.

Calibration- Step 2: The material tensile strength)(was calibrated by running

a series of Brazilian disk tests with varying contact miemsile strengthd ).

Calibration- Step 3: The material micreohesion @ ) and-friction angle ¢ )
values were calibrated by running a series of triaxial compression tests with increasing
confining pressuy s UC/ tLhe -cdhasbg@nal r ©
calibrated by adjusting the Voronoi contact micahesion and then the madration

angle was () calibrated by rescaling the Voronoi contact miéiotion angle.
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The micreproperties produced by the described calibration process are listed in
Table2.3. By using the calibrated properties showTable2.3, a perfect agreement
was found to the macrstrength andstiffness values shown ifable2.2.

Table2.3. Calibraed UDEC Voronoi micreproperties.

. Sample
Property Unit No.1 "weak" [ No.2 "strong"
Voronoi Block Elastic Properties
Youngdés Modul us O GPa 7.0 58.0
Poi ssonds Ratio U - 0.25 0.25
Bulk Modulus 0 GPa 4.7 38.7
Shear Modulus 0O GPa 2.8 23.2
Voronoi Contact Elastic Properties
Normal Stiffness 0 GPa/m 5500 46400
Shear Stiffness 0 GPa/m 4125 32480
Stiffness Ratio QFQ - 0.75 0.70
Voronoi Contact Strength Properties
Cohesion &) MPa 7.2 50.7
Friction Angle . ° 44.0 52.0
Tensile Strength 0 MPa 2.3 7.5
Residual Cohesion &) MPa 0.0 0.0
Residual Friction Angle . ° 15.0 15.0
Residual Tensile Strength 0 MPa 0.0 0.0

Figure 2.4 and Figure 2.5 provide the stresstrain response of the calibrated
models and present the sampgiamage for different confinement pressures. The white
voids within the numerical samples represent md@ctures which were formed as a

result of grain dédbonding and micrarack coalescence.

The UDEC grairbased models clearly capture the fundameehlviours of
rocks in compression tests and prove they are capable of replicating the expected
significant rock strengthening as a function of confinement and the transition from
brittle to ductile behaviour from low to high confining pressures. For bo¢h
unconfined and triaxial compression tests, the ssgain response of the samples
shows an initial linear elastic trend up to a peak stress value. Thegqaisfailure

response of the specimens in uniaxial compression generally exhibits a szpaf lo
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strength while the stresdrain curves of the confined specimens pass progressively
from a straipsoftening to a strathardening behaviour with higher ductility as
confining pressure increases. At low or no confinement, the samples fails mainly due
to axial splitting whereas at higher confining pressures a transition in the failure mode
is observed and the models capture the development of typical macroscopic shear
fractures and/or conjugate damage zones.
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Figure2.4. Sample No.1: simulated compression tests showing the calibrated stress
strain response and sample damage for different confining pressures.
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Figure2.5. Sample No.2: simulatecbmpression tests showing the calibrated stress
strain response and sample damagelifberent confining pressures

To examine the repeatability of the target values by using the calibrated micro
parameters, four different Voronoi tessellations were geedrfor each model and all
tests were repeated following identical procedures and boundary condtigune2.6
show the results in a principal stress space,(i.®s.,, ) and compare the peak stress

values calculated from all the analyses with the empirical HB failure envelopes defined
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by Equation2.3. Considering that the grain size distribution has been kept constant, it
app@ar s that numerical samples of similar
influenced by identical failure mechanisms (i.e. extensional microcracking due to
tensile stress concentrations along the grain boundaries). The relationship between the
GBM results and the HB envelope clearly indicates a very good fit and gives
confidence that the UDEDOM approach is the appropriate tool to simulate realistically
large scale uniaxial/triaxial compression and tensile tests for the needs of the scaling
analysispresented in the following section.
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Figure 2.6. HB failure envelope and UDEDM lab-scale results for samples No.1
(left) and No.2 (right), including the typical failure mechanisms observed during
modelling.

2.6. Scaling analysis

The numerical modelling scaling analysis procedhwtided three distinct steps.
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2.6.1. Scaling Analysis- Step 1

Three progressively larger samples were chosen to be simulated in compression
and indirect tension tests. These samples Ww@fex 250 mm, 200 x 500 mm and 400
X 1000 mm for the compression and 100 x 100 mm, 200 x 200 mm and 400 x 400 mm
for the Brazilian disk tests. The mathematical function proposed by Yoshinaka et al.
(2008) was adopted to predict their reduced UCS values under three different
conditions (i.e. three diffent Qexponents 0.1, 0.3 and 0.9 in Equat®®) based on
increased likelihood of structural microdefect intensity and/or degree of weathering.
Scaled tensile strength values were assumed to obey again on the Yoshinaka et al.
(2008) function whereas the macstiffness valus were assumed to be the same for
all models because deformation modulus is relatively scale indepg(fiatitet al.,
1972; Hudson et al., 1972; Jackson and Lau, 1990; Martin et al.,. Z0%lL¢stimated
scaled uniaxial and tensile strength properties were utilised as target values ¢éhat wer
calibrated for step 2Table 2.4 shows the target reduced uniaxial compressive and
tensile strength values of the three progressively larger samples as a fundtien of

exponenfQand theequivalent sample letig (Q ).

Table2.4. Target uniaxial compressive and tensile strength values used for the scaling
analysis.

Samplle No.1 Samgle No.2
Test width | height | volume| Q No of Q Q

_|_mm mm mm3 mm | blocks 0.1 0.3 ] 0.9 0.1 0.3 0.9
_ -% 50 125 | 2.5E05| 62.6 761 25.0 | 25.0| 25.0 200.0| 200.0| 200.0
% g— 100 250 | 2.0E06| 125.2| 2912 ., 23.3 | 20.3| 134 186.6| 162.5| 107.2
:E) g 200 500 1.6E07 | 250.4| 11373| MPa| 21.8 | 16.5| 7.2 174.1| 132.0| 57.4
O| 400 1000 | 1.3E08| 500.9| 44971 20.3 | 13.4| 3.8 162.5| 107.2| 30.8

- 50 50 4.9E04| 36.6 256 1.6 16 | 1.6 6.8 6.8 6.8
;r—é 100 100 | 3.9E05| 73.2 | 926 ) 1.5 1.3 | 0.9 6.3 5.5 3.6
S [ 200 | 200 | 3.1E06| 146.5) 3578 MPa| 14 | 11| 05 59 | 45 | 2.0
400 400 | 2.5E07| 292.9| 14173 1.3 09| 0.2 55 3.6 1.0
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2.6.2.  Scaling Analysis- Step 2

Three progressively larger UDEC Voronoi samples were generated by keeping
the same grain size distribution characteristics. Subsequently, several uniaxial
compression and Brazilian test simulationsevem for each sample size to calibrate
the models. During the new calibration process, the initial calibrated Voronoi contact
micro-strength properties (i.@able2.3: @ ,* ando of models No.1 and No)2
were systematically downgraded to reach the target rsceagth values shown in
Table2.4 following a strength reduction approach.

The different calibrated deiced properties represent indirectly the progressive
elevated disturbance of the large samples, as inferred by the variabilityexpiheent
"Qin Equation2.2. In general, it is considerefinpractical to attempt modelling
explicitly the effect of preexistingmicro-structural heterogeneities (e.g. pores, flaws,
cavities, fissures, veins, mickracks) in UDEC as long as tleerall mechanical
response of the models is in agreement with the overall material beha¥ithe
distubed samplesFigure 2.7 shows the calibrated stressain curves for the
experimental simulations whileigure 2.8 shows examples of the failure geometries
indicated in ést simulations. Regardless of the size and the quality of the samples, it
was shown that extensional fracturing dominates the failure process under unconfined
conditions with the formation of maciracks parallel to the direction of loading. It
should ato be noted that for the models that were allowed to run for a sufficient large
number of numerical cycles, shear localization was also observed, and a mixed axial

splitting / shear banding type of failure was captured at the final stage of the analysis.

As previously, in order to verify that the reduced mistength properties can
reproduce the target maestrength values, the tests were repeated udifierent
Voronoi tessellations apart from the 400 x 2000 mm compression and 400 x 400 mm

tension tets which proved to be excessively large and computationally demanding. It
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should be noted that the k = 0.9 case of the 400 x 1000 mm size models was not

calibrated as was regarded to give unrealistically low strength values that can be

explained only byhe presence of critical orientated magptanes of weaknegMartin
et al., 2011; Wasantha et al., 2015)
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Figure 2.7. Calibrated stresstrain response of all sample siZes three different
physical conditions (i.e. three diffete@exponents 0.1, 0.3 and 0.9 in Equatid).
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Figure 2.8. Examples of macroscopic axial fractures for different sample sizes and
conditions during the uniaxial compressi@sts.
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2.6.3. Scaling Analysis- Step 3

Once, the micrestrength properties were calibrated to match the reduced target
unconfined macratrength values (sdeable2.4 andFigure2.7), a series of largecale
triaxial tests were performed in thé Step to predict scaled linear (MC) and dmear
(HB) failure envelopes. These steps allowed a methodology for estimating scaled rock
block failure properties based on their volume amditu condition to be established.
The confining pressures used | O tUlCsSdel Oanal ys

and identical with those used for the calibration of theslzdde rock samples.

The increase of sample size and disturbanceale\a strong size/condition effect
to the predicted confined peak strengths values. A review of the data suggests that the
rate of confined strength decrease reduces with increasing confinement and increases
with sample disturbance and size. Similarlghe labscale samples, macfaacturing
tends to be almost parallel with the loading direction (i.e. exbiting) at low
confining pressures, while as confinement increases the failure modes are dominated
by the formation of macroscopic shear and cgaja zones. Hence, it is once again
verified that under different confining pressures, the triggered failure mechanisms are

independent from the scale of the sample.

Figure 2.9 exhibits the predicted scaled retaiship between the predicted
macracohesion and friction angle values in respect to the specimen equivalent length
(Q). The scaling analysis results of both samples generally suggest that material
macracohesion decreases with both increasing scale and degrading sample condition
up to an asymptotic value while the madriction angle appears relatively insensitive
This behaviour is consistent wit(I®69experi ment
Pratt(1974) Tani(2001)and Liu(2009) These findings suggest that all samples have
experienced the weakening of their cohesional component prior to the mobilisation of

the frictional strength and that their behaviour can be captured withima Coulomb
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linear logic only by a cohesiemeakeningfriction-strengthening constitutive model.

A review of the scale/condition dependant reduction of UCS and material cohesion
shown inFigure2.1 andFigure2.9 respectively, reveals a similarity in the nlimear
decrease of these properties and therefore suggests that EgR&ti@an be
transformed as follows:

Q

il 2.11
Q

e

whereyg is the cohesion of a standard laboratory size sampleaisdthe cohesion

of specimens with equivalent lendgh.
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Figure 2.9. Predicted dimensionless relationships between material roabesion
and friction angle values with the specimen equivalent length.
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Based on this observation, it means that once the UCS reduction due to scaling
effects has been determined and the swoimeand friction angle of the ledrale sample
have been estimated, the blestale cohesion can be predicted using Equétibh
while the friction is suggested to remain unchanged or altered up to +20% of the

original value sine exhibits no clear increasing or decreasing trends.

To fit nonlinear failure envelopes, all scaling analysis results were plotted in a
principal stress space according to the numerical sample $impsg2.10). The
recorded peak strength values for both the "weak" and "strong" samples display a clear
pattern at each confining pressure and a consistekistrengthening with increasing
confinement, regardless of t he sgaeci menos
indicate that the friction angle of large samples remains relatively unchanged while the
cohesion is influenced by marked scaling and quality effects.
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Figure 2.10. Measured peak strengths for samples1 "weak" and No.2 "strong"
together with HB envelope fits for different physical conditions and sample sizes.
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To derive scaled strength failure envelopes, alm@ar curve fitting process was
followed using the Generalizedoek Brown criterion and he Geological Strength
Index (GSI)(Hoek, 1994; Hoek et al., 2002 this process, the HB constant im
systematically reduced with respect to theanent'Qof the Yoshinaka et al(2008)
relatonship following the percentages shown kigure 2.11. In essence, the GSI
system is utilised as a rock block (instead of rock mass) scaling parameter to reduce
the strength of the intact rock and establish a-fiett the dataset. However, the
derived GSI values could easily be linked with the internal condition (e.g. -micro
heterogeneity, weathering, etc.) of the lasgale block volumes and therefore the
backcalculated GSI values can be regarded to havd phgsical meaning to the rock
block strength reduction. For this reason, to avoid confusion with terminology, a new
block-scale GSI parameter is introduced, named micro Geological Strength Index
(mGSiI), which can be used to predict thesitu peak confiad strength of fiekbcale
rock blocks. The mGSieplaces the traditional GSI parameter in the HB expressions
and reflects the elevated rock block disturbance with increasing scale, intensity of

structural microdefects and degree of weathering.

Figure2.11 shows the calibrated mGSI values against the reduced UCS of the
largescale samples, as were defined by using the function proposed by Yoshinaka et
al. (2008) normalised by their unconfined intact rock strength. The characteristic lab
scale UCS is advisable be estimated from a sufficiently large number of experiments
to capture strength variability as a result of localised features, damage during coring
and to overcome sampling bias. The corresponding relationship to adoouhé
strength loss as a futmen of block volume and/or quality can be described pgwer

law expressionand is given by:

6 "O"Y'A00 (—)°% 212
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FromFigure 2.11 (or Equation2.12), once the reduced UGS the fieldscale
blocks is knowna mGSlvalue between 100 and 65 could be found andrtfetu
confined strength of the blocks could be then estimated usinGé¢heralized HB
strength criterion. In the absence of laggale unconfined strength tests, the user needs
to decide based ogeological descriptions and engineering judgment how much to
reduce the UCS8alue of the largescale blocks or to use the Yoshinaka e{(2008)

scaling approach.
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Hence, by using the proposed linear and-lwear approaches given with

Equation2.11 (or Figure2.9) and Equatior2.12 (or Figure2.11) respectively, a unique
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set of strength parameters that describeirkgtu strength of rock blocks could be
defined, that can be used to carry owlipninary rock engineering calculations and
especially to run discontinuum numerical models where rock block strength is an

essential parameter of the analysis.
2.7. Discussion

This study examined the effect of size and heterogeneity on the confined strength
of rock specimens. A series of compression and Brazilian tests were run in UDEC at
progressively larger in size and degrading in quality gbaised models in order to
develop a framework for estimating the confined strength of rock blocks considering
scde effects andn-situ heterogeneityi.e. intensity of micre and mesedefects.

The results reveal that maecohesion is strongly influenced by both size and
condition effects while the macifoiction angle shows only minor variation with no
apparent rend. A comparison between the predicted cohesion and the scaled UCS
values clearly demonstrates a similarity between their betravand appears safe to
conclude that there is an irtdependency between them. To our view, this is linked
with the concepbf cohesion loss and the delayed friction mobilization. Similarly to
the UCS, above a critical volume the cohesion of the rock blocks becomes size
invariant and approaches a constant value. Consequently, knowledge of the
scale/condition related UCS rediact can be used as a guide to define the variability
of the material cohesion in larger block volumes while the friction angles in suggested

to remain relatively unchanged.

Analysis of the largescale triaxial tests data shows that there is a systematic
block strength reduction with increasing specimen volume and decreasing rock quality.
The HB approach was adopted to estimate the reduced peak confined strength and a

new mGSI parameter is proposed to be used in the HB expressions to-lfitaarn
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failure envelopes with a reasonable success. The predicted range of the mGSl {i.e. 100
65) describes then-situ block-scale condition of individual rock pieces but further
research is required to rationalise the mGSI in terms of geological characterisations or
other approaches. A simple ndinear curve was fitted to approximate the relationship
between mGSandthe normalised UCS strength reduction. By using this relationship,
the confined strength of blocks can be estimated provided that the UCS strength ratio
Uc/ cols known. Although appears tempting to reverse this expression (EgqR4tibn

or Figure2.11) and backestimate the strength reduction of the rock blocks based on
known mGSlivalues, he development of a qualitative or quantitative approach similar
to the known published GSI chaitsnot feasible at this stage and further research is
required to establish a correlation between strength, ng&ehand the internah-situ
condition of the rock blocks. Despite of these difficulties, it is to be expected that the
increase in the intesity of structural microdefects and/or the degree of weathering (i.e.
increase of expone®in Equation2.2) will cause a reduction in the mG84lues

which in turn will reduce the confined strength of the blocks under consaterat

When applying the mGSl, a rock block is assumed as an equivalent isotropic
medium and is not affected by preferential anisotropy or planes of weakness. In the
case of critically orientated structural features, a modified HB criterion such the one
proposed by Saroglou and Tsiambd#8aroglou and Tsiambap2008)should be used
and then a scaling analysis could be performed to examine the effect of rock anisotropy

in larger rock blocks.
2.8. Conclusions

Rock block strength is a significant factor controlling rock mass behaviour (i.e.
deformations, failure naes, etc.) and roekupport/reinforcement interactions. Hence,

a high degree of accuracy and experience is required in the estimation of rock block
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properties, especially when running discontinuum numerical models where rock
masses are simulated as a systd rock blocks which are separated by persistent or

non-persistent fracture networks.

It is well known that the lalscale unconfined compressive strength reduces with
increasing sample size and that is influenced by material quality and the presence of
flaws, cavities, fissures, veins, healed joints and ricexks.However, because of
many uncertainties and the practical difficulties in performing lsagde triaxial
compression tests, generic relationships that correlate the confined strength of rock
blocks with their size and condition, even in a qualitative sense, are very difficult to be
established and only few studies have investigated this subjectMediurst and
Brown, 1998)

Sophisticated numerical modelling has allowed to overcome some of the
practical limitations and is seen as the most effective tool for assessiing ditie
confined strength of rock blocks. Accordingly, a scaling analysis was performed in
UDEC and based on our findings, relationships that link rock block strength with its
volume and condition are proposed for the preliminary estimation of shdéed

CoulombandHoek Brown parameters.

The proposed predictive approaches are by no means intemdeplace large
scale laboratory anth-situ testing programs but aims to provide the engineer and
numerical analyst with a practical design tool for the preliminary estimation of
size/condition related rock block strength parameters that can be usedtkin
mechanics numerical modelling and design. The proposed strength relationships
overcome important practical difficulties and considered as very friendly tools to
describe the inverse confined strength relationship as a function of scale and material
guality. While limitations exist, the methodology outlined, and the results obtained are

considered as a significant step towards the development of a rigorous approach for
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estimating the confined strength of blocks and a basis for overcoming the chaflenge o
assigning realistic parameters for blocks in discontinuum models which so far is a

matter of speculation.
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Abstract

Micro-di screte fracture networks -spasddFNs) have
models (GBMs) within the numerical software UDEC to assess rock block strength
through a series dfnconfinedCompressiveStrength (UCS) tests of progressively
larger in size nmerical specimens. GBMs were generated by utilizing a Voronoi
tessellation scheme to capture the crack evolution processes within the intact rock
mat erial, and e€eDFNs were separately created
the effect of preexistngdef ect s. Various e DFNs realisat
stochastically within the software FracMan to assess the combined impact of defect
intensity, persistence, strength and specimen size. The resulting synthetic rock block
(SRB) models were usedto assessthii f | awed o material strength a
a rigorous sensitivity numerical analysis. The acquired results predict a progressive
strength reduction with decreasing intact rock quality and certain trends are captured
when rock block strengthisexessed as a function of a newl
Intensity I Persistenceo ( ediuPth standaiseahe dataTalongs al | ow
specific strength reduction envelopes and to propose generic relationships that cover a
wide range of defect geometricabrabinations, defect strengths and sample sizes.
Accordingly, an attempt is undertaken to refine two existing empirical approaches that
consider the effect of scale and miatefects explicitly for predicting the UCS of rock

blocks.

Keywords:Rock block sength, scale effectrg-existing defectssynthetic rock block,
UDEC, FracMan
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3.1. Introduction

Understanding the strength and deformability of rock blocks and their
contribution to the overall rock mass behaviour is key for the rock engineering design
of underground and surface excavations in civil and mining engineering projects
(Stavrou and Murphy, 2018Rock blocks are volumes of macroscopically unjointed
intact rock material that are delineated by persistent ofpeosistent discontinuities.

Their various shapes and sizes are determined by the spatial geometrical arrangement
of the fracture network .@. intensity, persistence, spacing, termination, sequence of
fracturing), which in turn depends on the rock type, the evolution of the stress regime,
and the conditions under which these discontinuities were develfadohstrom,

2005)

Depending on the geological history, chemical processes and conditions (i.e.
temperatures, pressures, stresses, tectonism) to which the rock material has been
subjected, some rock blocks may have develdpmdrogeneities and/or preferential
anisotropy while some other may be relatively homogeneous and isotropic.
Heterogeneity is typically expressed by the presence of micro andstescstructural
features (hereafter r efdegraexeofiweattering. Oethee ct s 0)

other hand, defects in homogeneous rocks are very sparse or even absent.

Rock block defects govern the physical, mechanical, dynamic, thermal and
hydraulic properties of rock blocks and thus influence the overall behayithe wck
mass. Depending on their geometrical (i.e. persistence, orientation and frequency) and
mechanical characteristics (i.e. open, cement filled), such defects could significantly
accelerate the rock failure processes and reduce the strength afckhélocks
(Laubscher and Jakubec, 200Hpwever, due to the practical challenges in evaluating

the impact of these defects on the rock block and rock mass strength, the role of micro
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and mesescale defects (e.@rain boundses, cavities, fissures, veins angen or
healedmicro-cracks.etc) is not typically considered in design, with the principal focus
mainly being on the assessment of large scale structures (e.g. joints, bedding, faults,
etc.).

It is widely recognised #t the Unconfined Compressive Strength (UCS) of
intact rock decreases with increasing scale due to an increased inherent heterogeneity
as a function of volume and the greater probability of randomly and/or critically
orientated defects to create failurehmawithin larger rock volume§'sur-Lavie and
Denekamp, 1982; Hoek and Brown, 199T) confined conditions, it is again
recognised that some form of strength remuncwith specimen size exists. Previous
work by Stavrou and Murphy2018) examined the combined effeof size and
heterogeneity on the confined strength of rock blocks. According to this work, provided
that the UCS reduction due to scaling e
blocks could be determined by using the linear andlim@ar scaling elationships
proposed by the authors. This is particularly important in discontinuum numerical
modelling where rock blocks are simulated explicitly and represent an essential
element of the analysis. Hence, it appears that knowledge of the scale/caethtiecd
UCS reduction of rock blocks is key to characterise accurately the behaviour of the

rock mass and the roekupport interactions during excavation.

In this study, a series of simulated laboratory tests are performed on samples of
varying sizes andefect intensities to examine the combined influence of sample scale
and preexisting defects on the UCS of rock blocks. As part of the modelling process,
Discrete Fracture Networks (DFNs) have been embedded into-Baagd Models
(GBMs) within the Univesal Distinct Element Code (UDE@jasca, 2014%0 captue
both the fracturing of the intact material and the effect ofexsting defects.
Following the initial calibration of a labcale intact (nowlefected) rock sample,

randomly distributed defects of increased frequency, persistence and strength are

ect s
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integrated in a series of progressively larger in size samples to generate synthetic rock
specimens. The results from these experiments are compared with previous studies and
the predicted UCS values are analysed in terms of sample size, defect density,

persisence and strength.
3.2. Effect of Scale and Defects on UCS

The inverse relationship between the UCS and specimen size has been validated
through laboratory anih-situ test campaigns for a wide range of lithologies and rock
conditions (Mogi, 1962; Bieniawski, 1968b; Pratt et al., 1972; Hoek and Brown,
1980b)although some exceptions have also been reported itettaure(Pells, 2004)

The scale beyond which strength becomes independent of the specimen size and/or the
density of defects is known as the Representative Elementary Volume (REV) and is
considered to be the minimum volume of rock needed to &eakcale effects and to

achieve repeatability of tests resyfunha, 199Q)

To capture the variability of thm-situ rock block conditions (e.g. lithology,
intensity of micredefects and degree of weating) for a wide range of rock block
volumes, Yoshinaka et d008)a d o pt ed We i bul |(Webuls193t i st i c a
Weibull, 1951)and proposed a power law relationship that predicts the reduction of

UCS with specimen size as follows:

L - 31

where,, and, g are the UCS of large and lsibale specimens respectively, and
Q are theirequivalent lengths expressed as a function of their voluméXi.e.co ¥
andQ ® 7 )andthe expone® o whered is a material constant called the

coefficient of uniformity.
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The exponenKyvaries substantially with rock type, strength and material micro
structural heterogeneity and lies betweeni0013 for homogeneous strong rocks with
UCS between 25 250 MPa; between 0i30.9 for highly weathered and/or severely
defected rocks and between D.0.5 for weak rocks with a UCS between 026 MPa
(Figure3.1). Ideally, to define the exponef® a series of large UCS tests are required
to capture the variability of strength with size. Apart from the case studies summarised
by Yoshinaka et a(2008)to fit the exponentQ other examples include the works by
Pierce et al(2009) Smith and Habté2011)and Vallejos et ak2016)
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Figure3.1. a) Scale effect relations for intact rock UCS proposed by Yoshinaka et al.
(2008} b) The maximum and minimum Rock Block Strength (RBS) reductions from
the relation of Laubscher and Jakuk2@01)are also shown for comparison; c) Target
reducedJCS values for three progressively larger in size numerical samples are shown
as green, orange and red symbols respectively; d) The sample height to width ratio is
2.5; modified after Pierce et §2009)
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Although several empiridastatistical and theoretical models have been proposed
to describe the scale effects on strength (inter\l&bull, 1951; Einstein et gl1970;
Hoek am Brown 1980; Carpinteril994), relatively little research has been carried out
to develop a practical tool from which practitioners would be able to predict the
size/qualitydependent Rock Block Strength (RBS) based on qualitative descriptions
or quanttative measurements. The only noticeable exception that explicitly account for
rock block defects was proposed by Laubscher and JaKabégt) via the Mining
Rock Mass Rating (MRMR) classification system which essentiallpdoiced the
rock block strength concegtigure3.2).

If Homogeneous — Apply 0.8 size factor to
(non-defected) account for scale effects
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Figure3.2. Rock block strength concept used in the MRMR classification system and
strength adjustment famt modified after Read and Stac009)
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The MRMR system expresses the RBS of homogenous rock blocks as a function
of a sizecorrected Intact Rock Strength (IRS) that is 89Pa corrected UCS obtained
from laboratory scale sampleBigure 3.2). This RBS reduction was adopted from
earlier work conducted by Hoek and Brog#®80b)who demonstrated that the UCS
reduction due to scale effects in homogenous hard rocks is limited by an asymptotic
constant value of approximately 0.8. For heterogeneous rock blocks, the MRMR
sysem reduces the RBS up to 60% by applying a second adjustment that considers the
frequency of defects and their frictional properties (i.e. infill hardnésgie 3.2).
The maximum combined RBS reduction consigrboth the 80% sizeffect factor
and the 60% defect frequency/hardness adjustment is therefore 48% of the laboratory
derived UCS.

Both the relations of Yoshinaka et é008)and Laubscher and Jakub@©01)
are plotted inFigure 3.1 for comparison. As can be observed, the RBS reductions
derived from the Laubscher and Jakuk&@01)approach lie approximately between
the asymptotes fof2= 0.1 and 0.3 of the Yoshinaka et @008)scaling relationship.
For weathered and/or extensively defectedks, Yoshinaka et a{2008) proposed
RBS raluctions that can drop the lab UCS up to 80% and as such their relation offers
more aggressive strength reductions than the approach proposed by Laubscher and
Jakubeq2001) Although the comparison suggests that the LaubsamherJakubec
(2001)relation is likely to overpredict the strength of heavily defected rock blocks,
Yoshinaka et al(2008)do not provide any guidelines for selecting the expofint
their expression. For that reason the Laubscher and Jakabet) methodology
remains the only attractive way to estimate the rock block strength based on field

measurements (i.e. micfoacture frequency and mineral infill strength).

An alternative approach to quantify the effect of scale and defedts&C&nwas
proposed byierce et al(2009)who demonstrated how Synthetic Rock Mass (SRM)

modelling techniques could be used to supplement existing empirical relationships,
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such as those describedllaubscher and Jakubé2001)and Yoshinaka et a]2008).

Their work employed a SRM scaling study to assess the impact of defect strength on
RBS and related thexponenfQof the Yoshinaka et al2008)relationto the strength

of persistent veins. Their results were very promising and essentially, Pierce et al.
(2009)opened the Pandora'’s box for further SRM studies so that the influence of defect
strength, frequency and persistence could kengjied to assess RBS over a wide
range of scales and conditions. Following Pierce ¢2@09)recommendationsn this
study various eDFN geometries have been
better understand the strength reduction of rock blocks as a function of scale, defect
geometry (i.e. intensity, persistence) and defect strength. Based on our numerical
findings, guidelines for estimating the strength of defected rock blocks are proposed in
an attempt to refine the existing empirical relationships.

3.3. Simulation of Synthetic Rock Block Samples
(SRB)

A hybrid modelling approach was employed to creatett®fit Rock Block
(SRB) samples to investigate the combined effect of size anéxmstng micre
defects on the strength and deformability prtips of rock blocks. A SRB model is
created by coupling previously generated
and as such it allows the simulation of4gpasting defects within the intact rock matrix.
The major advantage of a SRB model is theabdjpy of modelling the fundamental
fracturing processes of intact rock (i.e. crack initiation, propagation and coalescence)
without resortingo complicatel constitutive behaviour. The logic is identical with the
Synthetic Rock Mass (SRM) modelling appct(Pierce et al., 2007; Mas lvars et al.,

2007)with the only difference being the scale of interest.

€
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Figure 3.3.The different components @& Synthetic Rock Block (SRB) model in
UDEC: intact GrairBased Model (GBM) and micro Discrete Fracture Network
(e DFN) .

Previous numerical investigations on simulated unconfined compression tests
have demonstrated the importance of scale anéxpstingdefects on the strength, and

the resulting failure modes.

Pierce et al(2009)used the SRM modelling technique within the Particle Flow
Code (PFC) to examine the effect of scale on the RBS of extensively defected quartzite
from the Bingham Canyon Mine. With progressively increasing sample sizes and
decreasing relative vein strengths, it was observed that RBS falls up to 40% of the mean
laboratory UCS following a powdaw trend similar in form to the relation proposed
by Yoshinaka tal. (2008)

Zhang et al(2011)undertook a numerical study in PFC3D to istigate the
dependence of specimen size on the UCS of the Yamaguchi marble. In this PFC
modelling, it was shown that to capture realistic scale effects on the UCS, the size and
number of random prexisting microfractures needs to increase faster than the

specimen size considering an exponential expression derived using the fractal theory.
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Jakubec et al2012)used the SRM approach within PFC to better understand
the influence of defects on rock mass strength at the ChuquicMimagan Chile. A
series of simulated micrdefected samples were tested in unconfined compression and
it was revealed that UCS reduces asymptotically as the defect shear strength decreases
and the sample size increases. From the acquired results itnchsdaal that RBS lies
approximately between 40% and 45% of the laboratory UCS values and corresponds
well with the RBS estimates given by the Laubscher and Jakubec apfiraabkcher
and Jakubec, 2001)

Bahrani and Kaisef2016)coupled GBMs with DFNs using PFC to investigate
the inpuence of speci refectedsandzdefecedrockshTée st r en
UCS of the defected samples showed that it may decrease or increase with increasing

specimen size depending on the om@ioin of defects.

Although some other numerical studaid not include the scale effect in terms
of specimen size, the influence of size was considered indirectly by simulating pre
existing defects of different intensities within single laboratory ok fiolock scale

samples.

Damjanac et al(2007) tested in UDEC and PFC largize GBMs of the
Lithophysal Tuff to supplement existing laboratory data and to investigate the
variability of mechanical properties as a function of lithophysal porosity. Material
heterogeneity was represented explicitly within the models in the form of lithophysal
cavities and a stngth-deformability decreasing effect was captured with increased

porosity due to an increasing tendency for axial splitting.

Lu (2014)developed GBMs in UDEC to investigate the effect of scale and defect
intensity distribution on the UCS of flawed rocks. The obtained results denaizaist
that for a constant microrack density and different flaw lengths the UCS decreases

with increasing specimen size up to constant value. Furthermore, GBMs of randomly
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distributed defects showed a strong correlation between UCS and defect intethsity wi
the reduction of strength also depending on the defect persistence relative to the sample

size.

Hamdi et al.(2015)examined the effect of stres®luced micrecracks on the
strength of the Lac du Bonngtanite by using the combined finitiscrete element
method (FDEM) within the ELFEN software package. Standard laboratory size
samples of varying microrack intensities were tested under unconfined and confined
compression, and indirect tension (Bramilitest). Their numerical results revealed the
strength degradation due to the increase in mucagk intensity, with its impact

becoming less severe as confining stresses increase.

Gao and Kang2016) used the UDEC Trigon approach to investigate under
confined and unconfined conditions the impact ofgxisting discontinuities on large
scale coal samples. A siticant reduction in the peak strength was observed as DFN
intensity was increased. Their results also demonstrated that DFN intensity has little
impact on the residual strength and that with increasing confinement, both the peak and
residual strengths e to increase but with the latter at a significantly higher increasing

rate.

From all the aforementioned numerical studies, it has been generally shown that
UCS decreases as sample size and/or defect intensity increase, with other factors such

as defect nentation, persistence and strength being equally important.

3.4. UDEC Grain-Based Models (GBM)

3.4.1. GBM Mechanical Behaviour

In a UDEC GBM, a rock specimen is treated as a packing of ranekinelgt
deformable grains which are bonded together along their bous@@igerre3.4). The
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mechanical behaviour of a GBM is controlled by the gtaigrain interface micro
properties and the geometrical arrangement of the Voronoi blocks (i.e. size and size
distribution). The micremechanical properties refer to the deformability properties of

the grains together with the strength and stiffness parameters of the contact interfaces
that separate them. Once the contact strength is exceeded either in shear or in tension,
the bond betweethe grains breaks and a compressimuced, tensile or sliding crack

Is initiated Figure 3.4). During this process, the cohesive and tensile strengths are
reduced to zero (instantaneous softening) and the friefigle decreases to a residual
value. As a technique, the miensechanical modelling represents a valuable numerical
tool to build the micrestructure of rocks and hence to study the mechanisms of crack
generation, progressive fracture propagation aratimbck disaggregatidiGao et al.,

2014)
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Figure 3.4. Structure, ncro-mechanical properties and constitutive behaviour of
UDEC GBM mode(Stavrou and Murphy, 2018)
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3.4.2. Small-scale GBM Intact Rock Calibration

A rectangular 50x 125 mm sample and a circular 50 mm in diameter sample
were initially generated to simulate laboratory scale compression (unconfined and
confined) and indirect tension (Brazilian) experiments. Theaaweedge length of the
Voronoi blocks was specified equal to 5 mm and a relativelyumsiorm grain size
distribution was built to mimic the internal miestructural heterogeneity of real rocks.
Visual inspection of the samples suggests that the @g@dt grain size specimen
diameter is at least 10:1. This grain size was chosen to ensure the numerical efficiency
of the larger numerical samples that would be used later in the scaling analysis. For all
the simulated compression tests, a constantitglof 0.005 m/s (i.e. loading rate) was
applied in the ydirection at both the upper and lower platens of the sample, and a servo
control function was used to control the progressive response of the samples during
failure. Figure 3.5 illustrates the boundary conditions and the stress/strain monitoring

locations (i.e. history points) used at the unconfined compression tests.

A set of typical labscale macranechanical parameters were defined to be used
as target &lues for the calibration of the kdzale GBMs. The calibration process
followed the procedures outlined by Kazerani and Z28d40)and by Gao and Stead
(2014) For this study a baseline UCS of 50 MPa was selected to describe-tioalab
intact rock strengthTable 3.1 lists the target intact rock maemechanical and the
calibrated micremechanical propertieespectively, whileFigure 3.6 illustrates the
calibrated stresstrain response for the unconfined compression test and the associated
sample damage. Initially the specimen behaves elastically and then, afieakhead
has been reached, the specimen experiences a rapid loss of strength and fails due to

axial splitting and accumulation / interaction of mitemsile fracturing.
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Figure3.5. Layout, boundary coritibns and monitoring locations (i.e. UDEC history
points) of the unconfined compression tests.
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Table 3.1. Target labscale macranechanical and calibrated miengechanical
properties.

Property Unit Value
Target macremechanical properties
UCS » MPa 50
Modulus Ratio 'Y - 400
Youngds Modul us O GPa 20
Poissonds ratio 0 - 0.25
a - 15
HB Constants i - 1
W - 0.5
Secant Slope 0 - 6.8
Cohesion © MPa 9.6
Friction Angle . ° 48.1
Tensile Strength " MPa 3.3
Calibrated SRB micranechanical properties
Grain Youngo6s Mod O GPa 26.0
Grain Poissonds R 0 - 0.25
Contact Normal Stiffness ko) GPa/m 15600
Contact Shear Stiffness ko] GPa/m 14040
Contact Stiffness Ratio QrQ - 0.9
Contact Cohesion &) MPa 11.5
Contact Friction Angle . ° 48.1
Contact Tensile Strength 0 MPa 3.3
Residual Cohesion &) MPa 0.0
Residual Friction Angle . ° 25
Residual Tenge Strength 0 MPa 0.0




Chapter 3Rock BlockUnconfined Strength 95

50

45 A
40 A N//
35 4

30 A

25 A }

20 A

Axial Stress [MPa]

15 A

10 4
—Axial Strain

—Lateral Strain

—\Volumetric Strain

-4.E-03 -3.E-03 -2.E-03 -1.E-03 O0.E+00 1.E-03 2.E-03 3.E-03 4.E-03

Strain [-]

Figure3.6. Simulated unconfined compression test showing the calibrated stiraiss
response and sample damage.

3.4.3.Large-scale GBM Intact Rock Calibration

To investigate theffect of size, three progressively larger in size samples with
diameters of 100, 200 and 400 mm and a hetigutidth ratio of 2.5 were generated
in UDEC. All models have a similar mean grain size (i.e. 5 mm) and size distribution
as the lab scale specinge Initially, the previously calibrated intact rock micro
mechanical properties were adopted and a strength degradation approach was followed
to recalibrate the samples and to capture the expectedisgendant RBS reduction
for homogenous and natefeded rocks suggested by Laubscher and Jak(21x1)
and Yoshinaka et a(2008) The micrestrength properties of the 400 x 1000 mm

sample were adjusted considering the Laubscher and Jakubec 80% size factor to derive
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a target UCS value equal to 40 MPa (i.e. 80% of thelibasdCS of 50 MPa). Since

this strength reduction coincides well with the least strength decrease proposed by the
Yoshinaka et al(2008)relation for large samples, the 200 x 500 mm and 100 x 250
mm samples were calibrated to follow the asymptote for an expdeit.1. Table

3.2 presents the calibrated miensechanical properties for the ndefected large

samples.

Figure 3.7 shows the target reduced UCS values together witlgémerated
stressstrain responses and associated failure modes. Regardless of the size it is
observed that all specimens fail under similar failure patterns, which is the initiation,
propagation and coalescence of axial mieesion cracks parallel to tHeading

direction followed by macroscopic fracture zones.
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Figure 3.7. Calibrated stresstrain curves and sample damage for the-aefiected
numerical samples (the damaged samples shown are not in scale).
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Table 3.2. Calibrated micremechanical properties for the largeale nordefected

samples.
Sample size (mm)
Property Unit 50x125 100x250 200x500 | 400x1000
Target UCS MPa 50.0 46.4 43.1 40.0
strength
Contact Cohesior] MPa 11.5 11.3 10.7 94
Contact Friction o
Angle 48.1 47.5 46.2 42 .4
Contact Tensile
Strength MPa 33 33 33 33
35, Micro Discrete Fracture

Once the UCS of the homogenous samples was calibrated, a series of unconfined

compression

tests

wer e

run

by

i ntegrating

become a powerful tool over the years to realisticaliptare the influence of

discontinuity geometry within fractured rocks for a wide variety of projects. Treated as

discrete features, fractures and the overall joint geometry are simulated by using

random variables of the joint geometrical features sudrcasibn, size and orientation.

These random variables are usually assigned a probability distribution in order to

determine their numerical value and generate the geo(airgnd Dowd, 2010) The

stochastic modelling of fracture network geometries and its implementation into

geologicaland rock engineering projects has been studied by various researchers
(Baecher1983; Dershowitz and Einsteit988; Davy et b, 2013; Vazaios et al2017,

2018) mostly focusing on mesoand largescale discontinuity features and their

influence at a rock mass scale. In such cases, DFN models are generated based on

discontinuity data collected in the field by either employaonventional mapping

N
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techniques (e.g. scanlines, convex or circular mapping windows etc.) or remote sensing
approaches (e.g. photogrammetry, laser scanning etc.) by using 3D geometrical models
of the exposed rock mass.

Although meso and large scale DFN geries have been adopted in various
studies to assess the jointed material mechanical properties at a rock mass scale, at a
rock block scale those meso and lasgale rock mass structures are not valid to be
used. Therefore, there is the requirement ifteréntiate the stochastic nature of
micro/mesescale defects from larger scale discontinui(iéamdi et al., 2015)

The micro Discrete Fracture N@amdor Kk geomet
et al., D15)introduced in this study refer to the rock heterogeneity at very small scales
which can include geometrical features lkain boundaries, fissures, veins and micro
cracks Micro.cr acks present within a macroscopical |
Akl edo and Acementedo with a material weaker
be open defects due to the geological history of the medium. This-stiaaiure can
be identified during mapping or core logging if macroscopically visible, or in the
laboratory by employing imaging techniques including the image analysis of thin
sections (Lim et al.,, 2012) processing with CAD softwaréTurichshev and
Hadjigeorgiou, 2017)X-Ray CT imaging(Nasseri et al., 2009tc. Figure 3.8). In
this way, the micrecrack orientation and intensity (persistence and density) can be
evabat ed quantitively and serve as input para
geometrical models. This approach can assist in considering site specific conditions
and tie the numerical results to a specific rock mass, which is however, out of the scope

of this study.
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Figure 3.8. Defects at different sampling scales: SEM images of nucamok
distributions in thin sections of (a) Lac du Bonnet graliien et al., 2012) and (b)
Wombeyan marbléRosengren and Jaeget9@). Traces of the microracks were
obtained from the image processing package provided in MATLAB for (c) Lac du
Bonnet granite, and (d) Wombeyan maifMazaios et al., 2018je) veins infilled with
guartz within sandstone core; (f) defects cemented by gypsum in the roclsbidek
(Jakubec, 2013)

Reaarding the determination of size and location of the simulated joints, it is
common practice to use one of the intensity measures proposed by Dershowitz and
Herda(1992)either in one dimension (linedrP10), two dimensions (@ali P.1) or
three dimensions (volumetricPsy), since these measures allow for the quantification
of fracture frequency and size. Based on the dimension of the sampling region and the
dimension of the joint feature, these measures have been proviealadyt useful in
providing quantifiable means of joint geometry assessment, and in this study both the
P10 (measured as the numbers of fractures per unit length of scan line or borehole core)
andP.1 (measured as the ratio of the sum of the fracture tergths to the sampling

area) are used to determine the crack system geometry within the rock specimens.











































































































































































































































































































































































