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ABSTRACT

Boring of shafts and tunnels in hard rock mines is more prevalent in
recent years in South Africa. This normally takes place under
substantial stress conditions, where fracturing of rock occurs around
the boundaries and ahead of advancing faces of excavations.
Fracturing can have a significant impact on boring activities, in some
instances causing sidewall spalling which can be extensive, with
machine grippers unable to reach the sidewalls. In brittle rock, these

fractures are commonly extensional in nature.

This research has been undertaken to predict the initiation of
extension fractures and their orientations ahead of machine driven
tunnels. Furthermore, it will help to assess the stability of the
excavations, by evaluating the potential for slab/plate failures. This
was based on the typical in situ stress fields for underground deep level

mines.
The numerical analyses involved the generation of different plots:

e Principal stress contour plots, depicting stress distributions
around and ahead of tunnel excavation, using cutting planes;

e Isosurfaces, showing zones of extension or potential extents of
fracturing, applying the extension strain criterion; and

e Trajectory ribbons, to demonstrate the orientations of fractures.

Based on the results of the stress analyses, potential slab or plate
formation was determined. It was noted that the fracture zone is a
function of a tunnel size. For instance, a four-metre diameter tunnel is
less likely to give boring problems than an eight-metre diameter

tunnel.
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The failure of the tunnels was predicted by employing slab analysis
methods. An eight-metre diameter tunnel had slenderness ratio as low
as 22.3 as compared with a four-metre diameter tunnel with a
slenderness ratio of 27. Looking at buckling stress versus slenderness
ratio, this translates to buckling stress values of above 100 MPa for an
eight-metre tunnel and to values just below 50 MPa for a four-metre

tunnel.

The outcome of the research gives a clear indication that boring
activities could be undertaken under severe conditions. This could be
detrimental to the cutter head, since large slabs and blocks could be
encountered during boring. The results of this research can be
beneficial in the evaluation of boring conditions prior to and during

boring activities.
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CHAPTER 1

INTRODUCTION

1.1 Background

Underground hard rock deep level mining in South Africa (SA) is
undertaken to extract minerals such as gold, copper and platinum. SA
gold and platinum deposits are amongst the world’s richest deposits,
originating from conglomerates of the Witwatersrand Basin and
pyroxenites of the Bushveld Complex, which extend to depths of
several kilometres (Durrheim, 2010). These orebodies are relatively
easy to mine because of their tabular geometry and extraction is
predominantly by means of conventional mining methods such as up-
dip mining, scattered mining, long-wall mining, and sequential grid
mining (Jager and Ryder, 1999). Access to the production sections is by
means of vertical or decline shafts, through footwall haulages and

crosscuts, and until the on-reef raises.

The majority of platinum and gold mining is still labour intensive,
extraction is by means of handheld machines for drilling, and rock
breakage is by means of explosive agents. Scraper winches do cleaning
and transportation is, mainly, by battery-powered locomotives. With
depths of gold mines, in particular, in the range of 2200m to 3900m,
this poses serious challenges in terms of safety, profitability,
infrastructure, and energy and labour costs. At these depths, there are
high rock stresses, which have significant effects on stability of access
tunnels and the ore extraction areas (stopes). These high rock stresses
cause stress-induced failures such as rock bursts, which are sudden

and uncontrolled failures (Aglawe, 1999). According to Durrheim



(2010) when greater depths are reached, with extensive stoping,
mining-induced seismicity, which results in rock bursts, 1s
encountered. Moreover, rock bursts continue to pose substantial risk in
deep level mining operations, claiming the lives of mineworkers.
Regardless of all the technical initiatives, rock bursts are still regarded

as one of the least understood challenges.

South African gold and platinum mining industries generated R49
billion and R58 billion of revenue respectively, with 30% of the world
gold resources and just less than 90% of the world platinum reserves
(van der Merwe, 2011). These sectors (platinum and gold) contributed
22% and 11% to total gross domestic product (GDP), respectively
(Chamber of Mines, 2015). In the 1980’s gold, in particular, was SA’s
most important export commodity, however, presently it is ranking
number four in the export market (Vogt, et al., 2015). Given that there
1s no control over commodity prices, the most profitable solution is to
improve productivity, which can be achieved through employing new
technology (Vogt, 2015). The existing mining methods are repetitive,
non-continuous, and depend on equipment such as scraper winches,
which have inadequate volume capacity and are not efficient.
Therefore, substantial research is required to come up with designs,

planning and mining methods to improve productivity.

In recent years, different technological solutions have been trialled to
solve problems of deep to ultra-deep mining, for instance, rock cutting,
mechanisation and automation (Pickering, 1996). In this research,
circular openings, raises and tunnels produced by raise boring
machines (RBM) and tunnel boring machines (TBM), are considered.
Tunnel boring has proven to be popular in civil engineering, and raise
boring is widely used in the mines in South Africa. There are

advantages and disadvantages in using TBM’s (Maidl, et al., 2008):



1. Advantages

e Higher advance rate;

e Precise excavation outline;

e Automated and continual working process;

e Low labour cost and

e Better working conditions and safety

2. Disadvantages

e Thorough geological data and investigation are important compared
with the requirements of drilling and blasting;

e Longer lead time for design and assembly of the machine;

e Thorough planning required;

e Machine transportation with trailers to the tunnel entrance and

e Utilisation of the machine in adverse conditions, such as changing

rock types and large water accumulations, is limited.

As far as raise boring is concerned, there are initiatives taking place:
AngloGold Ashanti’s Technology Innovation Consortium has confidence
in reef boring, and it is regarded as the future solution to its deep level
underground mining (Vogt, et al., 2015). In this type of boring only gold

reef is mined.

1.2 Definition of the Problem

Some of the challenges pertaining to deep level underground mining
include rock fracturing, spalling, buckling, strain bursting, etc. These
challenges manifest because of, excavations being driven in highly
stressed rock masses. In the process, fracturing of the rock takes place,
adding to existing natural fractures. The coalescence of fractures forms
networks of fracture surfaces, which are formed ahead of and around
faces and walls of the excavations, under high or low stress conditions

(Ortlepp and Stacey, 1994; Aglawe, 1999).



Daehnke et al. (2000) identified the three most prevalent discontinuity

types in intermediate and deep level gold mine stopes, namely:

e Shear fractures, which are fractures related to highly stressed rock
and are initiated six to eight metres ahead of the excavation face.
They are oriented subparallel to the excavation face and are
commonly spaced one to three metres apart and normally dip at 60

to 70 degrees;

e Extension fractures, which are initiated ahead of the excavation
face and are formed after shear fractures have been propagated,
and they terminate on parting planes. They are normally spaced
some ten centimetres apart, dipping between 60 and 90 degrees.
The direction of dip can be dictated by the hanging and footwall
rock types; and

¢ Bedding planes

Moriya, et al. (2015) also identified macroscopic fractures, which occur
as a result of high stress levels around the mining front, called vertical
and secondary extension fractures. These types of fractures are said to
be formed by the tensile failure of the rock near the excavation face
when there is no confinement, and their presence compromises the
stability of the excavations. Shear fractures (Ortlepp Shears) form as
far as tens of metres ahead of the excavation face. These types of
fractures are said to be associated with violent seismic events. Figure
1.2.1 illustrates different types of fractures that can be expected at

great depths in hard rock mine stopes.
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Figure 1.2.1: Stress fracturing around a deep stope mined in

strong, brittle quartzite (Jager and Ryder, 1999)

The impact of such fractures can be detrimental to mining activities,
resulting in unpredicted failures. This is evident in the case study
described by Ortlepp and Stacey (2000), where a sudden failure
occurred in a development of a main haulage at a depth of 2800 m,
excavated in competent quartzite rock. This resulted in a self-mined
tunnel, forming a cavity about 16 m long with the dimensions of the
blasted haulage. The following were believed to have transpired, which

led to the failure:

e An abnormal stress concentration existed in, or surrounding, a zone
where cavity was formed;

e There was a release of high pressure gas;

e Extension fractures developed in the rock directly ahead of the face,

oriented sub-parallel to the plane of the face creating thin slabs;



e The presence of high pressure gas and high stress facilitated the
buckling and ejection of these plates and

e The formation of the cavity was a continuous process, which
started from the newly created tunnel face, progressing to the end

of the cavity.

It is clear that the creation or advancement of the tunnel into the
critical extension zones facilitates free surfaces, surrounded by the

unstable plates, which buckle out, with possibility of strain bursting.

Presently, there is no publication that has been reported, that deals
with the behaviour of the excavations in deep level hard rock mining
being affected by, for instance, extension fractures (their locations,
orientations, etc.) and some of the occurrences discussed above.
Therefore, knowledge, in this regard, can assist engineers to effectively
implement mechanical mining (TBM or RBM) methods. For instance,
spalling and slabbing of rocks from the sidewalls of bored tunnels,
which can lead to rock bursting in some cases, can be predicted in
advance, to formulate mitigating measures to prevent premature

failure due to such occurrences.

1.3 Research Questions

When excavations are created underground, there 1is stress
redistribution. Due to the triaxial compressive nature of the
surroundings, there will always be zones of extension strain. When
these excavations are driven in these conditions, fractures are initiated
and may propagate and coalesce to form plate or slab surfaces.
Depending on the stress conditions in the planes of these plates, if the
critical instability point is reached, failure can occur in the form of
buckling or strain bursting, depending on the amount of the energy

stored in the rock mass. In the case of boring activities, excessive



bursting can have a negative impact on the machine utilization,

resulting in low advance rates and possible machine damage.
This research was undertaken to answer the following questions:

e What effects do the in situ stress field and stress distributions have
on rock fracturing?
e (Can initiated fractures (extension fractures), their orientations and

impact be predicted?

1.4  Objectives
The objectives of this research are to:

e Determine the stress distributions ahead of a tunnel using three
dimensional (3D) stress analyses, (Examine 3D modelling software),
for a range of in situ stress conditions;

e Determine the predicted zones of extension and define the potential
failure volume at risk;

e Determine the induced principal stresses in the tunnel face area
and hence the orientation of the potential extension fractures,
together with the volume at risk;

e Predict the potential for rock bursting due to buckling of “plates” of
rock defined by the geometry of the extension fracturing, and

e Estimate the energy, stored within the volume at risk, which will be

released when a burst occurs.

1.5 Research Methodology
The research was conducted in the following manner:

a. A detailed literature review was conducted focusing on extension

fracture initiation, propagation and prediction, in relation to



different in situ stress fields, and on the processes of strain bursting
(beam/plate failure);

b. Numerical modelling (analysis), using Examine 3D, was conducted
to:

e Analyse the stress distributions ahead of tunnels of different
dimensions, under different in situ stress fields;

e Determine the zones of extension and interpret the critical zones;

e Identify the orientations of the extension fractures in these zones,
and

e Determine the potential thicknesses of the plates/slabs, or the
extent of blockiness and the possible instability (buckling and strain
bursting).

c. Case studies relating to rock fracturing in both raise and tunnel
boring, to contextualise the impact of extension fractures, for
instance, stability of excavations, TBM utilization etc., were

analysed.

1.6 Content of the Report

Chapter 2 presents a background literature review of mechanical
excavations (raise boring and tunnel boring). The effect of stress
distribution as excavations are created and advanced are discussed. In
addition, the stability problems in these excavations and the criteria
used to predict fracture initiations are outlined. In Chapter three
applications of extension strain criterion, as one of the criteria used to
predict extension fractures, are discussed. Whereas in Chapter four the
impacts of extension fractures on stability of excavations, are
discussed, as well as case studies emphasizing the behaviour of
excavations under different stress levels. In Chapter five numerical
modelling concepts, relevant to rock engineering, are discussed.

Results of numerical modelling are presented in Chapter six. The



findings of the research and conclusions are provided in Chapter seven.
Two appendices are included in this research report. Appendix A
provides the stress distribution plots for different size tunnels, and
Appendix B provides the Isosurfaces depicting areas of extension from

Examine 3D.



CHAPTER 2

FACTORS AFFECTING STABILITY OF MECHANICAL
EXCAVATIONS AND PREDICTION OF EXTENSION
FRACTURES

2.1 Introduction

The continuous increase in competition and a high demand for metals,
emphasize the need to improve the present deep level mining
operations (Skawina et al, 2014). According to Pickering (1996), mining
starts with the removal of the “easy” resources and advances to the
more difficult ones. This compels the mining industry to employ
advanced planning and technology, if mining costs are to be contained.
Pickering et al (2006) further stated that mining by blasting is
inherently cyclic, which puts the mining under severe limitations in
terms of rate of face advance that can be attained and subsequently,
the utilization of the invested capital is compromised. In order to
overcome these constraints, narrow reef hard rock mining must follow
the lead of the soft rock mining industry, by employing rock-cutting
technology, known as mechanical mining. This can be defined as
excavation by means of machines, which transfer energy as a force

from cutting tools to the rock (Bilgin et al, 2014).

Rock cutting technology was introduced to serve as a selective mining
method applicable to narrow reef mines, where less rock is removed
from the stope, in order to improve working conditions (Joughin, 1976).

This approach relies on the stress to fracture the rock at the face, with
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a slot being cut into the weakened rock by the machine. Moreover,
more experience has been attained in this regard. Pilot production
trials having been completed, which resulted in production of about 30

000 metre square (m2) without the use of explosives.

Trials have been conducted in both gold and platinum narrow reef
mining industries, in order to evaluate the feasibility of mechanical
mining. It i1s worth evaluating the usage of both tunnel boring
machines (TBM) and raise borers (RBM), in order to appreciate their
popularity and shortcomings under the current narrow reef mining
conditions. Factors related to these mining methods, for instance, rock
and rock mass behaviour in terms of fracturing, stress distributions,

safety and profitability of mining, etc. are discussed in this chapter.

2.2 Mechanical Excavations

As far as this research report is concerned, the type of mechanical
excavations that are discussed are, those driven by raise and tunnel

boring technologies.

2.2.1 Raise boring technology

According to Bilgin et al (2014), the raise boring technology was
established to fulfil the needs of underground mining industry. It also
gained popularity in various applications in tunnelling for ventilation
requirements and in very hard rock environments for development of
deep shafts. It offers a safe way of excavating a shaft between two
levels of a mine without the use of explosives. The boring operation
involves the drilling of a small pilot hole, which is then reamed in one

or more phases to the preferred dimensions. There are four ways of
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excavating shafts by mechanical excavation technology (Bilgin et al

2014):
e Raise Boring

In this method, the pilot hole is drilled to the lower level, where, on
holing, the drill bit is replaced by the reamer head, which is attached
to the drill rod and drawn up, with the drill string in tension. The
broken (bored) rock is collected at the bottom, driven by gravity.

e Down Reaming

In this method, the pilot hole is drilled to hole into the lower access

level, and the reamer head is then pushed downwards.
e Box-holing

This method is an alternative to raise boring and it is used when there

1s not enough space between two levels that are to be connected.
e Drilling blind shaft with V Mole

In this method, a pilot hole is not necessary, and the shaft is bored
using a cone-shaped boring head. These methods are shown in Figure

221
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Figure 2.2.1: a) Raise Boring b) Down Reaming c¢) Blind Boring

(Ferreira, n.d.)

In the early 1980’s, diameters of raise bored holes varied from 1.2m to
2.44m, with a maximum of 3.6m, but in recent years, due to
advancement of technology, diameters can be as high as 6m. Increasing
raise bore hole diameters present instability problems to the walls and
advancing face of the raise (McCracken and Stacey, 1989). Therefore,
knowledge of the structural and strength properties of the rock mass
and the in-situ stress conditions are essential prior to excavation of the

raise.

The concept of mechanical mining, of tabular reef has been trialled.
Stacey (1982) discussed the concept of stopecoring as an alternative to
conventional drill and blast method for mining of narrow tabular reef.
Crowley (2014) stated that AngloGold Ashanti Ltd, anticipated to
prolong the life of its SA mines by at least 30 years by means of reef-

13



boring technology that contributes new ore from pillars in previously
mined areas. The boring machines are able to remove the gold-bearing
ore from the reef, backfilling the bored holes with high strength
concrete as means of support. These machines allow ore from mined-
out areas, in dangerous working places, where reserves have been
written off, to be recovered. According to Nemanashi (2014), the
method requires initial boring of parallel holes using a raise boring
machine, and backfilling of these holes. The reef between the holes 1s
subsequently bored out using the same technique, and the holes

backfilled, which provides the required stability.

2.2.2 Tunnel boring

Since the introduction of TBMs in the 1950s, many boring projects
have been completed successfully, such as construction of tunnels for
traffic, hydropower, sewerage and water, underground storage and
mining (Zheng et al, 2016). The advancement of technologies offered
TBMs comparative advantage in achieving tunnels of different
diameters over ground conditions varying from hard rock to soft soil

and mixed grounds.

TBMs must be selected carefully, so that they are able to perform as
per the anticipated ground conditions (Toan, 2006). According to Cigla
et al (2001) it is clear that selecting TBMs over the drill and blast
method has a huge economic impact, hence adequate mine planning
and detailed performance analysis are crucial. In the same light Brox
(2013) stated that there must be thorough mine planning, which takes
place prior to the selection of the excavation method. This involves an

appropriate level of geotechnical analysis, including the following:

e Geological considerations;

e Identification of prominent faults and shear zones;

14



e Drilling of investigation holes at the tunnel entrances, to obtain
core samples for rock testing, to determine the strength and
boreability; and

e Analysis of the rock mass genesis along the tunnel configuration.

Regarding mechanical mining technology, there are some aspects that
have detrimental effects on its success, which must be considered.
Fracturing and failure of strong rock, whether under high (Stacey and
De Jongh,1977) or low stress (Stacey and Yathavan, 2003), present

major challenges in rock boring:

e The instability of the surrounding rock;

e Potential buckling (failure) of the rock and possible rock bursting;

e Kxcessive support requirements, resulting in high cost implications
and major production delays, and

e Reduced TBM or raise boring machine wutilisation (excessive
vibration and wear of the cutter head), which can result from

fractures being induced ahead of the face.

According to Lee et al, (2004) rock masses in their natural form are in
a state of stress equilibrium, until they are disturbed by an artificial
excavation or natural disaster, such as a bore or an earthquake.
Subsequently, there is a redistribution of stress because of the change
in the state of equilibrium. The remaining rock mass would undergo
excessive loading, and its surfaces would be displaced. Under these
severe stress conditions, fracture of the rock would occur around the
excavation and ahead of the face, causing spalling and breakouts or
‘dog ears’. Fracturing can have a substantial effect on the rate of
advance of a boring machine, as illustrated in Figure 2.2.2, which
indicates the impact of stress level on boring rate. It can be noted that
boring rate is plotted against stress levels, and two scenarios are

represented, one for good quality jointed rock mass and the other for
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massive rock mass. The interest in this research report is on the
massive rock, where boring rate seemed to be constant, until high
stress zones are reached and stress induced failures are initiated,

which, have an impact on tunnel and raise boring activities.

Jointed rock (single value of
rock mass quality)

Boring Rate

" Massive rock

d
L
”

Stress level

Figure 2.2.2: The relationship between boring rate and stress

level (Wesseloo and Stacey, 2000)

It 1s now clear that the stress distribution (as a result of an excavation
being driven in a rock mass), and associated fracture genesis, fracture
initiation and propagation, play a pivotal role in stability assessment of

excavations. The following sections outline these concepts in detail.

2.3  Factors Affecting Stability of the Excavations

The stability of underground openings in hard rock depends on the in
situ stress magnitudes and the characteristics of the rock mass. At low
in situ stress magnitudes, the stability is dependent on the continuity
and distribution of the natural joints in the rock mass. With an

increase in in situ stress magnitudes, the rock mass stability is
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dependent on new stress-induced fractures around excavation
boundary (Martin et al, 1998). Therefore, in order to appreciate the
behaviour of excavations under different stress fields, the factors in the

following sub-sections must be explained:

2.3.1 Stress distributions

Rock masses at great depths are subjected to stresses emanating from
the weight of the overlying strata and those originating from the
earth’s crust. According to Jager and Ryder (1999) the magnitude of
the vertical element (ov) of the virgin stress is a function of the density
of the overburden rock (p), gravitational acceleration (g) (9.81 m/s?) and
the depth below surface (H), i.e., ov= pgH. According to Wesseloo and
Stacey (2006), from mine planning perspective, in situ stress is an
important parameter in modelling of excavations: if invalid
assumptions are made, this could compromise the excavation stability
and safety. Hence, a database of in-situ stress measurements across
SA was created and the results of this investigation, applicable to

platinum and gold mines in particular, are shown in Figure 2.3.1.
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Figure 2.3.1: In situ stress data for South African mines

(Wesseloo and Stacey, 2006)

When an excavation is created in a rock mass, there is a significant
redistribution of the stress field, which results into a new set of
stresses adjacent to the excavation (Hoek, 1987). Moreover, zones of
compressive and tensile stress are formed, which could potentially
exceed the host rock strengths. This could lead to fractures forming in
the surrounding rock, resulting in buckling from the excavation

surface. Zheng et al (1989) indicated that boreholes driven into a rock
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mass, which i1s exposed to stresses that are of similar magnitudes to
the strength of the rock, might cause the rock to fail adjacent to the
borehole surface. In his study, Eberhardt (2001) pointed out that, in a
stressed rock mass, the sequencing and advancement of a tunnel face
results in the disturbance and redistribution of the original in situ
stress field. This disturbance encompasses both alterations in
magnitude and direction of the stress-field tensor in the vicinity of the
tunnel boundary, which in turn play a role in the development of
fractures and rock mass instability. Further away from an excavation

surface, the stress tensor ultimately returns to in situ state. Similar

work has been recorded by Abel and Lee (1973) and Martin (1997).

According to Martin et al (1998) the intact rock properties (rock
stiffness, brittleness and its ability to store stain energy) and the
fracture network determine the behaviour mechanism of the excavated
opening, which could result in failure due to low or high stress
magnitudes. Stacey and Yathavan (2003) indicated, as well, that stress
induced fracturing does not only occur in high stress situations, but
can also be observed even at low stress levels. They reported number of
case studies which emphasised the issue of low ratios of major
principal stresses to rock strengths (o1/ oc), in some cases as low as 0.1.
This showed the potential for failure in cases where the in-situ stress

levels are as low as 4% of the rock mass strength.

According to Read et al (1998), when a tunnel is created in a stressed
rock mass there is a concentration of compressive stresses tangential to
the excavation. The stress distribution depends on the magnitude and
orientation of the applied stresses relative to the tunnel configuration
and the shape of the excavation. Figure 2.3.2 was used to demonstrate
the stress distribution after an opening has been created and

advanced.
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Figure 2.3.2: An illustration of the front and rear regions with
respect to the tunnel face location together with critical stress
paths and the representative points, A, B, C and D (Read, et al.,
1998).

Viewing Figure 2.3.2, it can be noticed that the rock mass stress
direction related to the tunnel excavation is distributed in two parts:
the front element taking place ahead of the tunnel face position, and
the rear element taking place behind the tunnel face position. Applied
stress at a point ahead of the tunnel face undergoes an increase, then a
decrease, together with variation in principal stress direction. Behind
the face, on tunnel boundary, the radial stress is zero, and the
tangential stress is directly proportional to the distance from the face,

reaching the highest value as the plane strain environment is attained.
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Points A, B, C and D (both in front and rear regions) indicate critical
stress paths, which are parallel to the excavation boundaries on both
sides. Subject to the position and intensity of the stress variations in
this area of the rock mass, the rock would undergo failure or de-
stressing, eventually resulting in a decrease in cohesive strength (Read

et al., 1998).

Kaiser et al (2000) further explained that, failure of underground
excavations in hard rock mining depends on the in situ stresses and
the rock mass properties (the intact rock strength and the fracture
formation). At relatively low stress conditions, failure is dictated by the
concentration and distribution of natural fractures, whereas, as the
stress magnitudes increase the natural fractures are clamped together
and result in brittle failure associated with newly formed stress-
induced fractures developing parallel to the excavation boundary.
Martin et al (1998) emphasised the importance of the ratio of the field
stresses and the strength of the rock mass relative to tunnel stability
and ultimate failure, as shown by Figure 2.3.3. Zheng et al (1989)
analysed the breakout developments in boreholes, as a result of stress
redistribution. It is believed that the breakout in the borehole is a
result of the enlargement of the cross section of the borehole in the
direction of the minimum principal (compressive) stress normal to the
borehole axis. Moreover, such breakouts are valuable indicators of the
direction of the maximum compressive stress normal to the axis of the
borehole. Their shapes may give an indication of the magnitudes of
both the maximum and minimum stresses relative to the strength of

the rock.
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Figure 2.3.3: Examples of tunnel instability and brittle failure
as a function of Rock Mass Rating (RMR) and the ratio of the

maximum far-field stress o) to the unconfined compressive

strength (Oc) (Martin et al. 1998)

Figure 2.3.3 is by Martin et al. (1998), and was modified from Hoek et
al. (1995). It can be seen that, a rock mass quality is indicated by rock
mass rating (RMR), which extends from zero to one hundred. The

greater value of the RMR denotes a better quality of the rock mass.

Kaiser and McCreath (1994) pointed out that any excavation in rock,

regardless of how it is excavated, changes the pre-existing stress field,
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and causes rock mass deformation, possibly leading to rock mass
failures. This behaviour depends on the magnitude of the induced
stresses in relation to the rock mass strength. In essence, prior to any
excavation, the stability of the openings must be assessed, and if there
is any anticipation of failure, appropriate measures must be taken.
This implies that, in boring projects, rock mechanics considerations
must entail several machine performance aspects such as drillability or
boreability of the rock, to determine the rate of penetration and tool

wear.

Boring of shafts, orepasses and other service openings by mechanical
means, at great depths, where rock mass is extremely stressed, has
become common in recent years (Wesseloo and Stacey, 2000). Under
these adverse conditions, fracturing of the rock takes place around the
excavation and ahead of the face, resulting in surface spalling,
breakouts or ‘dog ears’ and possible violent failure. This has proven to

have significant effects on the rate of advance of the boring machine.

Understanding of the magnitudes and orientations of the in-situ and
induced stresses is vital for underground excavation design. Most
importantly, the behaviour mechanism must be identified, together
with the appropriate criteria, to prevent incorrect predictions, which
may have serious consequences on the behaviour and stability of the

excavations.

2.3.2 Fracture initiation and propagation in the rock

According to Stacey (1981) fracturing is the failure process by which
new surfaces, in the form of cracks, are formed, or the extension of
existing cracks in a material. Ortlepp (1997) explains fracturing as the
inception of a new surface of discontinuity through a previously intact

portion of the rock, which excludes sliding or separation across a pre-
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existing surface such as a joint or bedding plane. In this regard,
extension fracturing is said to be the most likely mechanism of failure
of intact rock under the conditions existing around artificial structures
at all depths in the earth’s crust. Figure 2.3.4 illustrates this failure
mechanism. Where a). shows a borehole breakout, with evidence of
extension fractures being parallel to the notch surface, b). shows the
tunnel wall breakout as a result of fracture initiation by buckling and
spalling of micro-slabs along the maximum stress direction, c). shows
micro-slabbing deterioration of a crown pillar as a result of extension
fractures extending away from the notch, and its tip progressing
upwards, and d). indicates extent of the blanched polished surface
showing how it delineates the progress of the micro-slabbing notch

which initiates the primary extension slabbing.
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Figure 2.3.4: a) Borehole break-out b) Tunnel wall break-out. c)
Micro-slabbing deterioration of crown pillar d) Initiation of

micro-slabbing (Ortlepp, 1997)

According to Bieniawski (1967a), there are four stages of fracture
development in rocks under multiaxial compression, as illustrated in

Figure 2.3.5. They are as follows:
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Figure 2.3.5: Mechanism of brittle fracture under multi-axial

compression, (Bieniawski, 1967a)

The newly formed surfaces (cracks) undergo the following stages

during their formation, (Bieniawski, 1967c):
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e Fracture initiation stage, which i1s the failure process whereby
fractures are initiated by the extension of pre-existing cracks in a
material, and

e Fracture propagation stage, which is the failure process by which
initiated fractures are extended in a material. The propagation

process can either be stable or unstable depending on loading.

Nicksiar and Martin (2012) evaluated several methods for the
determination of crack initiation by considering the stress-strain
response. Similar approach to Bieniawski (1967a) was followed, as
illustrated in Figure 2.3.5 in both confined and unconfined tests for

less-permeable rocks.

These methods, referred to by Nicksiar and Martin (2012), have been
used to establish the load related to the start of crack initiation during
laboratory compression loading. They have been, to a large extent,
dependent on the measured strains, 1.e. the volumetric strain or lateral

strain, which are as follows:
a) Volumetric strain methods

These methods were initially used by Brace et al (1966) in their studies
to determine the start of dilatancy in compression tests of granite,
marble and alpite. The stress-strain responses of these rock samples
were observed, and the start of the dilatancy was established by using
volumetric strain, which would indicate crack initiation. Due to visible
shortcomings, these methods were later modified by Martin and
Chandler (1994) by determining crack initiation from a graph of crack
volumetric strain (AV/V). versus axial strain, as illustrated in Figure
2.3.6(a). The values of crack volumetric strains are determined by
subtracting elastic volumetric strain (AV/V)a from calculated

volumetric strains (AV/V).
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(AVV)el = ZVE_l (01 4 203) coeeiiee e (2)
Where

V= Original volume of a specimen
AV= change in volume of a specimen
(E and v) = Elastic constants

(01 and o3) = Principal stresses

b) Lateral strain methods

Lateral strain methods gained their popularity due to their
responsiveness, relative to axial strain, to the growth of cracks, in
determining the crack initiation stress, as shown in Figure 2.3.6 a).
Moreover, lateral strain explicitly delineates the start of cracking;
hence, its ratio with axial stress is plotted against axial stress, where

the change indicates crack initiation as shown in Figure 2.3.6 b).
¢) Acoustic emission method

Eberhardt, et al. (1998) consider this technique as an abrupt
discharging of stored elastic strain energy as a result of disturbances,
variation of grain boundary, or onset and growth of fractures through
mineral grains, where it is perceived as an acoustic occurrence. This
technique 1s illustrated in Figure 2.3.6 ¢), where a dotted tangent line

represents the crack initiation stage.
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d) Proposed lateral strain response (LSR) method

As already mentioned regarding the sensitivity of the lateral strain to
the start of the crack initiation, it is then recommended to be used to
determine the stress level, at crack initiation. Hence, the LSR method
is used to explain the start of the unstable crack development from
zero load to the beginning of the unstable crack development. The
results are compared with a theoretical reference line drawn from the
start of the unstable crack development to zero loading. Subsequently
the difference is plotted against the axial stress, and the optimal
difference is regarded as the of the crack initiation. This is illustrated

in Figure 2.3.6 d).
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Figure 2.3.6: Stress-strain diagram showing the phases of crack

formation (Nicksiar and Martin, 2012)
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Lau and Gorski (1992), in their study, used strain and acoustic
emission measurements, to determine the crack initiation, onset of
strain localization and peak strengths for each loading pressure in a
variety of triaxial tests (Hoek and Martin, 2014). These tests were
carried out in a servo-controlled stiff testing machine, related to the
procedure summarized in Figure 2.3.5 by Bieniawski, (1967a). The
results of these tests to determine the point at which crack initiation
occurs are shown in Figure 2.3.7. Martin and Chandler (1994)
established that if there are no in situ results, Figure 2.3.5 could be
taken as a guide to define the spalling strength of rocks, which can be
expressed as a fraction of the UCS of the rock. In recent studies,
Nicksiar and Martin (2013) gathered the crack initiation stresses for a
range of different rock types, to illustrate the relationship between

UCS and the crack initiation stress, as shown in Figure 2.3.8.
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Figure 2.3.7: Tensile crack initiation, strain localization and
peak strength for Lac du Bonnet granite from tests from Hoek

and Martin (2014) by Lau and Gorski (1992).
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Figure 2.3.8: Tensile crack initiation in various rocks from
Nicksiar and Martin (2013), modified by Hoek and Martin
(2014).

According to Dyskin et al (2003) failure of brittle heterogeneous
materials such as rocks, is dictated by crack development, which can
result in volume increase together with acoustic emission. Moreover, it
is believed that brittle rocks may contain a large number of natural
internal cracks or weak micro-surfaces, which can develop into cracks
when under stress. They explained the concept of opening up failure
type of pre-existing cracks, oriented at an angle to compression axis, by
using a two-dimension (2-D) simulation. They concluded that the
increase in volume was directly proportional to uniaxial compression
stress to the power three. However, in reality, natural cracks are three
dimensional, which project a different mode of failure, i.e. called wing

crack growth. In this instance, the volume increase is directly
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proportional to cube root of the uniaxial stress to the power five. This 1s

1llustrated in Figure 2.3.9.

Mode 111 lateral growth

; of initial crack in its own plane

Yy

Figure 2.3.9: A 3-D representation of a wing growth as an

extension of initial crack (Dyskin and Salganik, 1987)

Diederichs et al. (2004) explained the concept of stress rotation during
tunnel development, which has an impact on the condition of crack
propagation. Figure 2.3.10 a) and b) illustrate this concept, where
minor principal (03) and major principal (0l) stresses are rotated,
forming crack extension and, similarly, intermediate stress (02) and
(03) are rotated, forming “penny” shaped cracks. When these stresses
return to their original orientations, the crack formation process

repeats itself, resulting in cracks growing further.
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(b)

Figure 2.3.10: Crack propagation from stress rotation: (a)
rotation of o1 and 03; (b) rotation of 63 and 02 (Diederichs et al,

2004)

Sahouryeh et al (2002) conducted a study on crack growth under
biaxial compression, where loading is characterised by the presence of
a free surface and a secondary loading perpendicular to the principal
loading direction. This type of loading occurs mainly at the walls of the
tunnels, where failure takes place by splitting parallel to the free face.
Various researchers have investigated failure under biaxial loading.
Kupfer et al (1969) studied the failure of concrete samples in both
uniaxial and biaxial compression using various stress ratios in both
types of loading, and several micro-cracks parallel to the applied load
were observed. Tayler et al (1972) conducted a study on path

dependent biaxial compressive testing of an all-lightweight aggregate
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concrete. There was evidence of specimens splitting into thin slabs
parallel to the loaded direction (01- 02 plane). Brown (1974) conducted a
study on fracture of rock (marble samples) under biaxial compression,
whereby, vertical fracture planes were formed parallel to the direction
of loading. Similarly, there was evidence of the specimens splitting into

slabs parallel to the 01-02 plane as well.

Having explained the relationship between stresses (orientations and
distributions around the excavations), and the fracture genesis, it is
worth exploring the criteria formulated to predict the behaviour of
rocks (taking cognisance of their mechanical properties), when

subjected to loading. The following sections explain these criteria.

2.4  Prediction of Fractures

According to Wesseloo and Stacey (2016), the complex behaviours of
rocks and rock masses have presented a serious challenge to the rock
engineers, for a very long time, one of which is rock fracturing.
Therefore, appreciation of this mechanism of rock fracturing and
failure i1s crucial for prediction of failure around excavations and for
design of rock support to prevent instability. In addition to this, Hoek
and Martin (2014) have highlighted that in order to comprehend the
rock and rock mass genesis, their behaviour, such as the strength and
deformation must be established. From these conditions, criteria for
predicting fracturing and failure were borne, that is: Mohr and

Griffith, extension strain criteria, etc.

2.4.1 Mohr and Griffith criteria

Bieniawski (1967a) explained the concept of fracture initiation from

existing cracks, by making use of an hypothesis called the Griffith
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criterion to predict fracture initiation. This criterion considers the
stress field near the tip of pre-existing cracks and the energy balance
for these cracks. This stress field is believed to cause a large tensile
stress concentration at the tip of these cracks. The relationship
between the applied stress field and the tensile stress at the crack tip
was determined, predicting that a fracture would form when the
tensile stress, near the tip of the crack, reached a particular critical
value. The Griffith analysis presented shortcomings, in terms of
considering only the open crack propagation, but not taking closure of

cracks into account as well, when the stress field is compressive.

The Griffith criterion was modified, (Bieniawski 1967a) which then
considered a compression element. A series of experiments were
conducted in this regard, and another hypothesis called Mohr criterion
was introduced, which was then used to determine the internal crack
coefficient of friction of the material. It was concluded that this

criterion was suitable to predict strength failure.

Hoek and Martin (2014) performed a study on fracture initiation and
propagation in intact rock using the Griffith tensile theory and the

following were their conclusions:

e The Griffith theory provides a prediction of tensile failure in brittle
rocks, which is controlled by the tensile strength of intact rock or its
constituent grains.

e The development of tensile cracks at or close to the tip of a Griffith
crack is dictated by the orientation of the Griffith crack in relation
to the applied stresses. Hence, fracture will start at or near the tip
of the most unfavourably oriented crack.

e The failure process, to a large extent, is sensitive to the extent of
confinement and failure diminishes rapidly as the minor principal

stress increases.
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e Under confinement of rock material, the equations below
encompass the closed Griffith crack model, where the initiation and
propagation of the tensile failure is governed by shear strength of

the grain boundaries.

(A P S =) s N D PP PPN 3)
0, =03 + \/%— 003 4 O ettt ettt et ree e e neeeaaeaas (4)
Where

¢ = the angle of friction

To = the shear strength at zero normal stress
u= the coefficient of friction

k= coefficient for mixed mode fracture.

Stacey (1981) stated that, two rock failure hypotheses were commonly
used, which are Griffith and Mohr criteria, as indicated above. These
criteria gained popularity, and several modifications have been
developed to explain existing inconsistencies. These criteria are
concerned with the concept of stress, but according to Handin et al
(1967), there is no acceptable criterion in terms of stress only for
microscopic fracture in a brittle state, hence they are regarded
mnadequate. As far as the study of fracture in tunnel boring of brittle
rock is concerned, it was found (Stacey and De Jongh, 1977) that both
Mohr and Griffith criteria suggested that the stress levels were too low
to initiate fracturing. In fact, fractures did occur in the sidewall and
ahead of the face, with orientations different from those predicted by

the Mohr criterion (Stacey, 1981).
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2.4.2 Extension strain criterion

An extension strain criterion was introduced to predict the extent of
fracturing, which states that fracture of the rock will take place in
indirect tension when the properties of the rock are such that the
tensile strain exceeds the limiting value (Stacey, 1981). This criterion
has yielded similar results with other theories, such as Brown and
Trollope (1967), and the level of confidence, in terms of its application,
increased as a result of the work of Kirsten and Klokow (1979) and
Waldeck (1979). As far as prediction of fracturing is concerned,
laboratory tests were conducted to validate the outcomes, 1i.e.
unconfined and confined triaxial compressive tests, on a variety of rock
samples to detect the point at which extension fractures would initiate
in the rock. The results of these experiments were concluded as
follows: “Fracture of brittle rock will initiate when the total extension
strain in the rock exceeds a critical value which is characteristic of that

rock type” (Stacey, 1981).

The extension strain criterion 1s very straightforward to use for
prediction of fracture initiation, particularly for brittle rock with linear
deformation behaviour, since theoretical elastic stress analyses can be
employed. The equations 5-7 summarize the application of this

criterion (Stacey, 1981):

Where €. is the critical value of extension strain and
£3 1s a minor principal strain.

€57 {08V (O1F 02)].vvevveeiceeieiece e (6)

Where 01, 02 and o3 are the principal stresses, E is the elastic modulus

and v 1s Poisson’s ratio.
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The critical value of extension strain can be obtained from the tests
signifying the strain at which extension fractures are initiated. Stacey
(1981) determined the critical values of extension strain for various
rock types based on laboratory tests as summarized in Table 2.4.1.
According to Wesseloo (2000), the critical extension strain can be

estimated by making use of the following equation:

L T P RRTPPRTIRPE
Where:

ec = critical extension strain;

UCS = uniaxial compression strength of intact rock sample of the rock;
v = Poisson’s ratio;

E = Young’s modulus

f = factor that varies between 0.25 to 0.3 for crack initiation strain and

0.7 to 0.8 for failure strain or crack damage.

Table 2.4.1: Critical values of extension strain (Stacey, 1981)

Rock Type Specimen lentgh/ Critical extension
diameter strain
Quartzite A 2 0.000120
Quartzite B 2 0.000109
Quartzite C 2 0.000081
Quartzite D 2 0.000107
Quartzite E 2 0.000130
Lava A 2 0.000152
Lava B 2 0.000138
Diabase 2 0.000175
Norite 2.5 0.000173
Conglomerate A 2 0.000086
Conglomerate B 2 0.000073
Conglomerate C 2 0.000083
Sandstone 2 0.000090
Shale A 2 0.000116
Shale B 2 0.000150
Shale C 2 0.000095
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2.5 Conclusion

From the literature reviewed, it i1s clear that, from a planning
perspective, in situ stress is an important parameter in modelling of
excavations. If invalid assumptions are made, this could compromise
the excavation stability and its safety. Creation of excavations causes a
substantial redistribution of the stress field, which could potentially
exceed the host rock strength, leading to fractures forming in the
surrounding rock. The extent of fracturing depends on the ratio and
magnitudes of principal stresses. If these ratios and magnitudes are
sufficient, rock mass failure occurs in the form of spalling, buckling,

and strain bursting.

The extent of fracturing is successfully predicted by using an extension
strain criterion. The following chapter illustrates application of this
criterion, in terms of its successful use in predicting extension

fractures.
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CHAPTER 3

APPLICATION OF EXTENSION STRAIN CRITERION

3.1 Introduction

Stacey (1982) used extension strain criterion to explain the mechanism
of core discing (the breaking up of rock core spontaneously into discs),
which takes place during diamond drilling practice in highly stressed
areas. Various authors have investigated this phenomenon, whereby
numerous field and laboratory tests were done and a conclusion was
that, the failure was initiated on the exterior surface of the core. These
authors proposed that discing was initiated as a result of shear stress.
This disagreed with other previous authors whose observations
suggested clean unsheared surfaces. In contrast, Stacey (1982)
suggested that the end of the borehole in stressed rock is a location of
biaxial or triaxial compressive stress; hence, extension fractures can be
initiated. This mechanism of core discing can be analysed by the simple

criterion of extension strain fracture.

The following sections highlight the validations of the extension strain

criterion, when used to predict fracture initiation.

3.2 Uses of Extension Strain Criterion

There have been criticisms concerning the usage of extension strain
criterion, mainly because of the misconception about its interpretation
and application. However, Wesseloo and Stacey (2016) reported
studies, which were conducted under laboratory, in situ and numerical

analyses, which highlighted the successful usage of the extension
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strain criterion. These studies included, work by, Pang and Goldsmith
(1990), Simmons and Simpson (2007), Ndlovu (2006), Ndlovu and
Stacey (2007) and Li et al. (2013).

3.2.1 Laboratory studies

As far as these studies are concerned, Wesseloo and Stacey (2016)
considered the study of Pang and Goldsmith (1990) on the development
of cracks during loading, of brittle rock specimens by using an indenter
in place of a jackhammer bit tips. It was discovered that the extension
strain criterion predicted the orientation and the degree of fracturing
in the rock samples. Moreover, Li et al. (2011) commented on the
results of Brazilian disc tests, noting that the slabbing fractures
parallel to the loading direction initiated at a critical extension strain.
The lateral strain gauges attached on the surface of the sample
indicated that the critical extension strain and maximum tensile strain
are almost equal, when subjected to the Brazilian test. Further studies
by Li and Wong (2013) indicated that the extension strain criterion has
shown to be able to describe the crack initiation and propagation in the

Brazilian test.

3.2.2 In situ studies

Simmons and Simpson (2007) explained the complexity of the failure of
bedded rock slopes, which encompasses the initiation of a rock mass
failure mechanism through a combination of pre-existing rock
discontinuities together with stress-induced fracturing of rock
material. Predictions of these complex failures were almost impossible
with the existing rock mass strength models, but the extension strain
fracture criterion seemed to be consistent in determining failure

initiation, prior to occurrence.
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The inception of guttering in a coal mine was well predicted by
application of the extension strain criterion in a study conducted by
Ndlovu (2006). It was apparent that other traditional criteria, such as
the Mohr-Coulomb criterion, were unsuccessful in predicting the onset
of guttering. In validation, a numerical study applying extension strain
criterion, anticipated failure primarily in the solid, just ahead of the

contact area between roof and pillar.

3.2.3 Numerical studies

Steffanizzi et al (2007) indirectly validated the extension strain
criterion by conducting a numerical study on strain driven fractures
around in layered media. A finite element method (FEM)/discrete
element method (DEM) was applied using the ELFEN code (2006),
which permits the modelling of a rock mass changing from a
continuum to a discontinuum. The three-layered model geometry and
the outcome of the model when fracture saturation transpired are
shown in Figure 3.2.1. In order to define the fracture process a stress-
strain model was simulated, which indicated uniformly distributed
maximum principal stress, which cannot predict the fracture initiation
point (Steffanizzi et al 2007). In contrast, the extension strain, which is
not uniform, could be used to predict the fracture onset, with a critical
value of 150 microstrain (ue). Steffanizzi et al (2007) indicated that, as
the fracture opens up, the value of the extension strain decreases,
whilst increasing in the surrounding area, giving rise to new fracture
formation. When this increase in extension strain is inadequate to
reach to the critical value, no new fracture i1s formed. In conclusion,
Steffanizzi et al (2007) pointed out that, fracture initiation and spacing
are dictated by the extension strain location, which indicates the

coherence with Stacey’s strain criterion.
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Figure 3.2.1: Prediction of fracture in layered media

(Steffanizzi, et al., 2007)

A study was conducted by Barton and Shen (2017) to analyse
fracturing in the Beaumont tunnel with the aid of FRACOD model.
Numerical models were generated, in which two scenarios were
considered. In the first scenario, the horizontal stress (on) was assumed
to be one third of the vertical stress (ov), on/ov equal to 0.33. The results
are shown in Figure 3.2.2, where failure is said to take place in both
extension fracturing (shown in red) and shearing (shown in green).
Similarly, in the second scenario the same failure modes were
expected. In contrast, the results for on/oy equal to 2.0 can be seen in
Figure 3.2.3. It is apparent in both scenarios that fractures are

propagated normal to the direction of the minor stress.
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Figure 3.2.2: FRACOD models of the Beaumont tunnel
fracturing for on/ov=0.33 (Barton and Shen 2017)

Figure 3.2.3: FRACOD models of the Beaumont tunnel
fracturing for on/ov=2 (Barton and Shen 2017)
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3.3 Conclusion

It 1s clear that the extension strain criterion can be used to predict
fracture initiation, and failure in some instances. The laboratory
studies indicated that the crack formation, when specimens are
subjected to Brazilian tests, could be explained by extension strain
criterion. Similarly, in situ studies indicated that extension strain
criterion seemed to be consistent in determining failure initiation,
beforehand. This warrants the use of this extension strain criterion,

when analysing fracturing around deep level tunnel boring.

The following chapter describes the impact of extension fractures on
the advancing excavations, when boring is done in fractured zones.
Three case studies are discussed, to provide a practical perspective of

the 1mpact of extension fractures on excavations.
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CHAPTER 4

THE IMPACT OF THE EXTENSION FRACTURES

4.1 Introduction

As already mentioned, in recent years, boring of excavations by means
of machines, raise or tunnel boring, has become more popular in both
mining and civil engineering. These types of bores are often
undertaken under extreme conditions, e.g. high stress levels, where
fracturing of the rock occurs around and ahead of the faces of
excavations (Wesseloo and Stacey, 2000). The stability of these
fractures depends on the magnitudes of the stresses acting and the
rock mass properties. Advancing excavations in these conditions can
result in major failures and low utilisation of the boring machines. The
challenges presented by fracturing of the rock are dealt within the

sections below.

4.2  Failure of the Excavations by Fracturing

According to Bieniawski (1967a) failure is the manner in which a
material changes from one state of behaviour to another one, which
defines fracture initiation concepts. Underground excavations in high
stress levels or reasonably jointed brittle rock of good quality, where
spalling and slabbing are the most prominent modes of failure, fail by

means of cracking or fracturing (Aglawe, 1999).

Larsson (2004) indicated that when an excavation is created in rock,
there is a change in energy, and the rock responds to the energy

change, 1.e. the following events take place; the remaining rock mass
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and installed support are deformed, new fractures are created, and
seismic waves are generated. According to Dyskin and Germanovich
(1993), an excavated opening contains free surfaces, which present a
high concentration of compressive stresses, where pre-existing cracks
are propagated, parallel to these surfaces. As a result, interaction of
these cracks and free surfaces increases their growth and instability.
Eventually these cracks coalesce, and spall or buckle or even fail

dynamically in the form of strain bursting.

Ortlepp and Stacey (1994) identified the source mechanisms, which
define the nature of failure of the rock, depending on the magnitude of
energy released. The two most prominent mechanisms, for the sake of

this research, are given below.
a) Strain bursting

Strain bursting is a violent expulsion of rock fragments in the form of
slabs with sharp edges. The nature of the surfaces of these fragments
normally shows extensional fracturing. The orientation of the in-situ
stresses and the shape of the excavation determine the location where
this ejection would take place. There are some significant conclusions

that have been drawn concerning strain bursting:

e Strain bursts are more prone to take place in massive rocks than in
jointed and fractured rock masses;

e They occur commonly in machine bored excavations; and

e They are usually associated with high stress levels.

Apart from occurring in massive rocks, machine bored excavations and

in high stress levels, Stacey (2016) indicated that the probability of

occurrence of the strain busting also depends on:

48



e The rock mass strength and deformation properties, for instance
rocks which are stiff, with high deformation modulus, are more
susceptible to violent failure; and

e The geometry and size of the excavation.

According to Jager and Ryder (1999) strain bursts are initiated by
minor deviations in the stress field, which cause the strength of the
highly stressed rock mass to be exceeded, and subsequently, due to the
stored strain energy in the rock mass, rock is ejected. This change in
stress can be brought about by the momentary stress related to a

remote seismic event, an advancing excavation face, or over time.

Larsson (2004) explained strain bursting as one of the most well-
known forms of rock burst in mining and civil engineering excavations,
and as a violent occurrence where slabs of rock are ejected from the
surfaces of an excavation. The potential for its occurrence depends on
the magnitude of the energy to be released, which is based on the law
of conservation of energy. Opening an excavation in a rock causes
change in potential energy (Wy), and the removed rock contains stored
energy (Um), where the sum of the two energies represents the total
energy that must be released. As already mentioned, the process of
removing rock results in stress redistribution, thus subsequently the
stored strain energy (U.) increases. Furthermore, if there are support
units installed, some of the energy (W) would be absorbed. The
resultant energy is called released energy (W;), and from the law of the

conservation of energy, the following formula can be written:
Wt+Um:Uc+Ws+Wr ................................................................... (8)

Larsson (2004) further indicated that if there is prompt removal of the
rock, there would be oscillation in the rock mass, and damping would

take place to restore equilibrium, and in the process, seismic energy or
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kinetic energy (Wx) would be released. This can be represented by the

following formula:

Therefore, the energy which is responsible for bursting is:
Wk = Wi — (UcF W) ottt eee (10)
b) Buckling

Buckling is a failure mode that occurs as a result of the strain energy
stored in the “plates” or slabs, being released. It can also be initiated by
the shear and compressive elements of a seismic wave originating
further away, relative to the buckling position (Ortlepp and Stacey,
1994). According to Kazakidis (2002), buckling failure is initiated as a
result of a highly stressed (compressive) and jointed rock mass, where

plates or slabs are formed as planes parallel to the excavation surfaces.

Having explained what buckling is, the studies below will try to bring
different perspectives from various authors, on analyses of buckling

mechanisms, in terms of required load, slab flexure or deflection etc.

When analysing the buckling mechanism Kazakidis (2002) used
Euler’s formula to determine the critical load (on) that is required to
initiate buckling, and hence the stress under which the plate will

buckle 1.e.

Per_ Bl _ 5 E

T T
A Ar? 12(1/t)?

Where:
Py the critical load,;

E: Young’s Modulus;
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l: the length of the slab;

t: the thickness of the slab;

w: the width of the slab;

A: the cross section under loading (A = wt)

I/t: the slenderness ratio of the slab;
I: the moment of inertia, (I= wt3/12, for rectangular cross sections)

From the relationship between ratio of the length to thickness of the
slab (which is called slenderness ratio) and the required stress, it 1s

apparent that the smaller the ratio the larger the stress is required to

buckle the slabs, as shown in Figure 4.2.1.
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Figure 4.2.1: Buckling stress versus slenderness ratio for

buckling failure using Euler’s formula (Kazakidis, 2002) and
(Iannacchione, et al., 1998)
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Krenzke and Charles (1963) studied a theory of classical small-
deflection for the elastic buckling of a complete sphere, which was
analysed by Timoshenko (1936), where it was assumed that buckling
would occur at the pressure, which allows an equilibrium shape, which
is thoroughly removed from the perfectly spherical deflected shape.
The overall expression for this classical buckling pressure (Pcr) was

given as:

K is a buckling coefficient,

E 1s Elastic modulus,

h is the shell thickness,

R is the radius to the mid-surface of the shell, and
v is Poisson's ratio.

According to the outcome by Krenzke and Charles (1963) on glass
spheres, the K value was almost 0.84, and that the elastic buckling
strength of initial imperfect spherical shells is dependent on the local
curvature and the thickness of a segment of the critical arc length (L.).
The critical length can be calculated by the formula below for v of 0.3
and is illustrated by Figure 4.2.2.

Ly = 242002 oo (13)
Where:

m; 1s the ratio of modified radius and thickness (Ri/h).
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Figure 4.2.2: Notation for defining a local change in wall

thickness (Krenzke and Charles, 1963).

According to Huston and Josephs (2008), a study was carried out in
which the effect of clamped edges on the response of a hemispherical
shell was evaluated. The relevant buckling pressure was found to be
about 20% lower than that for a complete spherical shell having the
same value of the parameter m and the elastic modulus E. These
investigations could be of certain interest to designers dealing with
complete spherical vessels as well as domed-end arrangements. From a
practical point of view, the most acceptable method of predicting the
collapse pressure would be to use a plot of experimental data as a
function of experimental collapse pressure (Pe), Pressure to cause

membrane yield stress (Pm), and Classical linear buckling pressure
(Pcr).
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McGarr (1997) analysed other authors’ experimental results (Brace
and Bombolakis, 1963 and Fairhurst and Cook, 1966), and deduced
that when a rock sample i1s subjected to uniaxial compression and the
axial stress reaches uniaxial compressing strength, axial cracks are
formed. Subsequently, these cracks extend and join up, resulting in
splitting failure. He further made an assumption that maximum stress
(0) in the excavation sidewall is satisfactorily close to the value of
uniaxial compressive strength (S), resulting in generation of various
cracks parallel to the free surface. Figure 4.2.3 was used to illustrate
this concept, where these cracks link up, and forming slabs: an
excavation of dimension L wundergoes loading, forming slabs of

thickness h as illustrated in Figure 4.2.3 and Figure 4.2.4.
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Figure 4.2.3: Development of Slabs around underground
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Figure 4.2.4: The outline of the slab with thickness (h) and
dimension (L) and applied stress (S) (McGarr, 1997).

The slab thickness can be calculated as follows, provided the sidewall
dimension or plate/slab length (L) together with the applied load o,

which 1s similar to S, in this case, McGarr, 1997), are known:

h_ 2Vsvi-v? \/E ..................................................................... (14)
L T E
Where:

v = Poisson’s ratio;
E = Young’s modulus

It is worth noting, from Figure 4.2.4, that it is crucial to determine the
value of the amplitude of flexure (ci), which determines the point
where an extensional strain exceeds the compressive strain associated
with the applied load (o). This serves as a point when the tensile crack

would propagate, breaking the slab into two parts. Therefore:

= () () (2)S oo 15)
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The ejection velocity can also be estimated, which would assist in
predicting the possible violent damage to underground excavations,

with the aid of equation 17.

1—v2]1/2

s
vV = \/T_E [3 + 2
Where: p = rock density.

Wall-rock velocity (peak particle velocity (PPV) or peak ground
velocity, (PGV)), is regarded as one of the most significant parameters
that describe the extent of ground motion due to its link with rock
burst damage (Qiu, et al., 2014). Moreover, PPV has been incorporated
in many support design criteria for the use in ground, which is
subjected to bursting. Qiu et al (2014) devised a methodology to

estimate the wall-rock velocity during rock bursting.

Six true-triaxial tests were conducted to demonstrate the formation of
the extension fractures and slabs. The tests were set up in such a way
that the minimum principal stress (03) was gradually reduced to
simulate the decrease of radial stress during the excavation process.
The maximum principal stress (01) was increased to demonstrate the
intensity of the tangential stress in the excavation area. The
intermediate principal stress (02) was kept unchanged for the period of
the experiment. The results of the tests are shown Figure 4.2.5, where
the extension fractures and rock slabs are indicated and their
orientation is parallel to the direction of 01 and 02 and normal to 03,

together with testing stress path.
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Figure 4.2.5: True triaxial loading-unloading tests showing the

formation of extension fractures and slabs (Qiu, et al., 2014).

Qiu et al (2014) have summarised these mechanisms with the aid of
Figure 4.2.6 to illustrate the process of rock bursting caused by slab
buckling, in three stages. In (a), many extension fractures are formed
in the critical zone of the excavation due to high stress concentration,

reducing further away from the excavation surface. In (b), as the stress
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levels increase, the extension fractures link up, forming long fractures,
eventually forming large slabs or plates adjacent to the excavation
surface. And in (c), a further increase in loading causes bending of the
slabs, in the process storing large amounts energy. Subsequently, the
stored energy is converted into kinetic energy, which results in failure

by buckling and rock bursting.

(a) (b) (c)

Extension-induced Slabbing fractures Buckling and rockbursting

\

) " ' |\ (| i
f\.\p & ) \ }; w & \ y

Figure 4.2.6: The development of slabbing, buckling and rock
bursting (Qiu et al, 2014)

When assessing the buckling mechanism, Qiu et al (2014), used a
method suggested by Bazant et al. (1993), based on the strain energy
release, to investigate the size effects in a borehole breakout, in
assessing the slab thickness. A basic tunnel fracturing model is
proposed, as shown in Figure 4.2.7; which shows a tunnel being
excavated, leading to the formation of several cracks (which are
parallel to the tunnel surface), eventually forming rock slabs, with the

average thickness (t) in the cracking zone of the excavations.
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Figure 4.2.7: An elliptical model showing fracturing zone and
rock slabs that occurred near the deep level tunnels (Qiu, et al.,

2014)

From Figure 4.2.7, in a circular cylindrical tunnel of radius (r), under
loading conditions of compressive stresses ox1 and ox2 in the x1 and x2

planes, the slab thickness can be estimated by equation 19:

n2E'" ¢
Ocr = — 1212 + EG ..................................................................... (18)
Where:
E =K/ (1-v?)

E = Young’s modulus of the rock
v = Poisson’s ratio

t = Slab thickness
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L= effective half length of the slabbing fractures at the moment of

failure

G = elastic shear modulus of the rock mass

A = the material property representing the thickness of an intact rock

layer

o= Limit load therefore is calculated by equation 18:

¢ — (0-1453UTS 2/3
- 5ks

Where:

UTS= Uniaxial tensile strength of the rock

ks = shear stiffness of the tensile fracture and
ks = Tpeak/Opeak

Where:

Tpeak = peak shear strength

Opeak = peak shear displacement

Spear = 0.0077 [LMS (""

On

jcs

On

Tpear = n |JRC logo
Where:

on = the normal stress across the fracture
¢, = the residual friction angle

JRC = the joint roughness coefficient
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JCS = the joint wall compressive strength
L =1is the length of the joint sample (in metres)

Qiu et al (2014) provided the parameters in Table 4.2.1 for tunnels at
depths of 3250 m in a South Africa context, which were used to

calculate the possible slab thicknesses:

Table 4.2.1: Rock material parameters Qiu et al (2014)

Parameter

UTS (MPa) 27

JRC 6

JCS (MPa) 325 (UCS)
L (m) 3

on (MPa) 0.1

¢r (°) 35

Barton and Choubey (1976) conducted a study on the shear strength of
rock joints, and developed an empirical law for predicting their shear
strength. Three index parameters; the joint roughness coefficient
(JRC), the joint wall compressive strength (JCS), and the residual
friction angle ¢r (¢, is equal to the base friction angle ¢, for
unweathered fracture surfaces) were included in the empirical
equation, i.e.

T = 0, tan (]RClog 10 (]CS) + qbb) ................................................ (22)

on
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According to Gumede (2006), for a fresh unweathered joint, the JCS
value 1s equal to the unconfined compression strength (oc) of the rock.
Furthermore, the value of JCS decreases with increase in state of
weathering and values for the friction angle were determined from the
Tilt Test, which are: JRC = 20; JCS = (oc); for a fresh unweathered
joint surface (¢pb) = (¢pr) for a fresh unweathered joint surface with

basic angle between 28.5° and 31.5°.

e Wall-rock velocity analysis

Wall-rock velocity is calculated by assuming that immediately after the
slab has buckled, forming a fracture at the middle of the slab, then the
two halves of the slab can move freely, and in the process, the stored

elastic energy is converted into kinetic energy (Qiu et al 2014).

Therefore: v = \/pEEaCT ............................................................ (23)

Where:

p= Rock density
v = Peak velocity
o= Limit load

E = Young’s modulus of the rock

4.3 Effects of Fracturing on Boring Machines

TBM tunnelling is a distinct excavation method, which is dependent on
the interaction between machine and the rock mass (Gong et al., 2012).
The mechanism of boring involves little disturbance of the surrounding
rock mass. As a result, there may be a higher probability of rock

bursting due to lower release of strain energy during TBM tunnelling.
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It is clear that, in high stress conditions, TBM tunnelling is prone to
rock slabbing and bursting, which warrants a comprehensive study, in
order to avoid unnecessary delays or additional boring costs. This is
apparent in the studies done by Gong et al (2012), which involved the
influences of slabbing and rock bursts on TBM’s, based on the rock
behaviour in the Jinping-II headrace tunnel. It was discovered that
rock bursts influence the TBM penetration and advance rates, and

have effects on:

e The Rock fracturing process by TBM cutters;

e The tunnel support;

e The cutter wear and cutter head failure;

e Broken rock removal; and

e Grippers

Stacey (1989) conducted a study on boring of tunnels and shafts in
massive rock to investigate the frequent rock fracture problems. It was
apparent that, regardless of several tunnels being bored successfully in
the past, there were still challenges in boring operations. A number of
failures in both tunnel and shaft boring operations, as a result of
fracturing of the rock induced by the high stress level, were recorded.
Similar issues of fracturing, which resulted in failure, were discussed
by Graham (1976), Sperry and Heuer (1972), Stacey and De Jongh
(1977), Taylor et al., (1978), Burgess and Taylor (1980) and Grimstad
(1986). These issues include:

a) Spalling/slabbing of the rock from the sidewalls leading to machine
grippers not reaching the sidewall, resulting in an unusual cutter
wear;,

b) Rock fracturing on the tunnel face, releasing relatively large chunks
of rock which result in TBM head jamming, damaging the front

transfer chute and the conveyor belt;
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¢) Dog earing in deep level raise boring, causing high machine
vibration and irregular high torque demand. This has resulted in
failures that have caused the cutter head to fall to the bottom of the
bore; and
d) Rock bursting from the surface of the tunnel, resulting in boring
operations being suspended, which translated into high tunnelling
costs.
Stacey and Thompson (1991) examined a case of a “large stress induced
borehole breakout” in a diamond mine tunnel driven by a road-header.
It was done to indicate the breakout formation, close to the excavation
face, which was promoted by the presence of extension fractures. It was
discovered that, in spite of relatively low field stresses and rock
strength, and the non-brittle nature of the kimberlite rock, there was
still evidence of strain bursting due to machine utilisation in
excavating the tunnels. Furthermore, the surfaces delineating the
breakout fragments appeared to be extensional surfaces, that is, the
surfaces were clean and did not indicate any crushed material that
would indicate shear failure. The effect of these failures has a negative
impact on the cutting or boring process, which means that it has to be
undertaken on a stop-start basis, to allow support installation to take

place to contain the rock failure.

Diederichs (2007) pointed out that spalling and strain bursting have,
for a long time, been regarded as mechanisms of failure in deep
underground mines in hard rock and infrastructure tunnels, driven
mostly by TBM’s. He is of the opinion that slabbing and spalling of
tunnel walls are tension failure processes under high stress. The
sequence of events, which ultimately leads to failure by means of strain
bursting, involves spalling (the development of noticeable extension
fractures), under compression loading. This leads to instability as

parallel and thin slabs/plates (formed as a result of coalescing of
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extension fractures) buckle. Subsequently, the buckling mechanism
provides a sudden release of energy, causing strain bursting. The
utilisation of TBMs is affected, due to substantial wall spalling in front

of the grippers, causing delays to the boring operation. Figure 4.3.1

demonstrates these spalling mechanisms.

Figure 4.3.1: Examples of spalling resulting from crack growth

(Diederichs, 2007).
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4.4 Case Studies

4.4.1. Introduction

The case studies were chosen, based on the relevance of the topics
related to this research, such as impact of the in situ stress field and
stress redistribution on boring operations, and the rock fracture
network that leads to failure of tunnels (spalling, buckling, strain

bursting):

e In situ monitoring of rock-burst nucleation and evolution in the
deeply buried tunnels of Jinping II hydropower station (Li et al,
2012);

e Rock burst and slabbing failure and its influence on TBM
excavation at headrace tunnels in Jinping II hydropower station
(Gong et al, 2012); and

e Engineering Geology of Alpine Tunnels: Past, Present and Future

(Loew et al, 2010)

4.4.2. In situ monitoring of rock-burst nucleation and evolution in the
deeply buried tunnels of Jinping II hydropower station (Li et al,
2012)

This section contains a brief description of the case study described by

Li et al (2012).

The Jinping II hydropower station is located at the eastern hills of the
Qinghai—Tibet Plateau in an area influenced by the collision of the
Eurasian plate and the Indian Ocean plate. The principal strata
cropping out at the construction site are carbonate rocks. Small
amounts of green sandstone, chlorite and sandy slate are found near

the entrance of each tunnel. The uniaxial compressive strength (UCS)
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of this marble ranges from 80 to 120 MPa and its Young's modulus (E)
1s about 25-40 GPa. There are seven parallel high pressure tunnels
with maximum overburden up to 2525 m, mostly excavated in marble
(Wu et al, 2010, Zhang et al, 2011a). The two auxiliary tunnels were
completed, while one water drainage tunnel and the other four
headrace tunnels with diameters of 12.4 to 13.0 m were still being
excavated. Rock-bursts have occurred frequently during tunnel
excavation under high geostress conditions. There has been a lot of
research into initiation and development of rock-bursts, including
laboratory tests, micro seismic monitoring and numerical analysis. In
this study complete monitoring facilities were implemented to study
the initiation and development of rock-burst during tunnel excavation,

such as digital borehole camera, cross-hole acoustic apparatus etc.

Monitoring apparatus was installed prior to tunnelling, to obtain
effective preliminary data, and numerical simulations were carried out
to determine the potential rock-burst zones, locating fractured zones
and the changes in stress and energy in the surrounding rock mass, as
shown in Figure 4.4.1. The results of numerical modelling showed that
the northern sidewalls of the test tunnels, as indicated in Figure 4.4.2,
demonstrated a greater rock-burst risk potential. Therefore, more
attention was focused on the northern sidewall and most of the
boreholes were drilled from auxiliary tunnel A (M1 and MZ2) to test
tunnels B and F, as shown in Figure 4.4.3 (Li et al, 2012).
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Pre-excavated auxiliary tunnel A, axis direction 302°

Test tunnel F Test tunnel B

Connection tunnel

Branch tunnel E

Figure 4.4.1: Three-dimensional numerical model of tunnels in

the rock-burst test zone (Li et al, 2012).
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Auxili

Auxiliary tunnel A

Test tunnel B

Figure 4.4.2: Numerical simulation of tunnel excavation at the
horizontal a) Distribution of failure approach index (FAI—
Failure Approach Index), b) Distribution of the maximum

principal stress (o1) (Li et al, 2012).
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Figure 4.4.3: Layout of monitoring facilities around test tunnels

B and F in Jinping II hydropower station (Li et al, 2012).

As the working face passes the monitoring section, the rock- burst was
captured. Prior to this, cracks propagated and new cracks continued to
appear as the tunnel advanced, as a result of high stress level and
redistribution of stress, i.e. pre-existing crack width was 5.0 mm and
subsequently, changing to 7.0 mm after excavation took place, as
shown in Figure 4.4.4. The red lines indicate expansion of cracks and
changes in their widths due to the stress readjustment and
concentration (shown as a brightened colour on a digital borehole

camera).
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Figure 4.4.4: Sketch plan of crack development measured at

different times: a) before excavation; b) excavation of top

heading of test tunnel F complete; ¢) 10.0 m of bench excavated,

before rock-burst; (d) 21.0 m of bench excavated, before rock-

burst (Li et al, 2012).

The following observations were drawn up, in terms of the stages that

took place prior to rock-burst occurrences:
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a) Stress redistribution

Before tunnel excavation, the immediate rock mass was subjected to
the in situ stress and at equilibrium. As the tunnel excavation took
place, the in situ stress was disturbed in such a way that there was a
decrease in radial stress and an increase in tangential stress.
Subsequently, the fracturing process in the rock mass took place. There

are similar observations by Zhang et al (2011b) and Martin (1997).

b) Energy accumulation.

As the stress redistribution took place after or during tunnelling, the
increase of tangential principal stress caused high elastic energy to be
generated further in the rock mass. As a result, stress concentration
occurred due to the stressed surrounding rock mass, resulting in a

growth in cracks.

¢) Crack initiation, propagation and coalescence.

This is shown in Figure 4.4.4, where stress path (increase, decrease
and rotation) caused new cracks to be formed, increase in width, and
subsequently, interconnect, forming critical zones. Haimson and Chang

(2000), Cai et al (2004) and Li et al (2011) recorded similar studies.

d) Spalling and buckling of fractured rocks.

The process of crack initiation, propagation and coalescence took place
prior to rock bursting, resulting in accumulation of energy in the
unloading zone, as the number of cracks increases. As the energy
accumulates above a critical level, rock-burst took place, part of the
energy being consumed by rock fracturing, while the remaining elastic
strain energy was converted into kinetic energy, causing the fractured

rock around tunnel to spall, buckle and eject from original rock mass.
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4.4.3. Rock burst and slabbing failure and its influence on TBM
excavation at headrace tunnels in Jinping II hydropower station

(Gong et al, 2012)

This section contains a brief description of the case study described by

Gong et al (2012).

According to Gong et al (2012), driving tunnels in brittle rock at great
depth often involves problems caused by stress-driven failure process,
such as slabbing and rock burst. As far as Jinping II Hydropower
Station Project is concerned, the overburden depth along the headrace
tunnels 1s very high, approximately 70% greater than 1500 m, with a
maximum of 2525 m. The maximum principal stress is believed to be
above 60 MPa in the rock mass along the headrace tunnel; hence,
stress driven rock failures occur as a result of the overburden.
Furthermore, rock bursts were experienced during excavation of the
access tunnels and an adit, and therefore, minor to extreme rock bursts
were expected to occur during construction of the headrace tunnels.
This presented the main engineering problem during the excavation of
the headrace tunnels. Figure 4.4.5 shows the mechanisms of the rock
burst and spalling that were experienced during the excavation of

these tunnels.
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A) Phenomenon of rock burst in drainage wunnel B) Tensile cracks at drainage tunnel face

Figure 4.4.5: Phenomena of rock burst and spalling in the field
(Gong, et al., 2012).

In order to contextualise the process of slabbing and rock burst
formation in the surrounding rock along the tunnel arrangement, four
rock samples were tested. The magnitudes of stresses applied in these
experiments were determined with the assistance of numerical
methods. Largely, this was to attain the stress distribution in the

surrounding rock after tunnel excavation, considering the initial

74



geostress along the tunnel and through back analysis. Loading and
unloading of the samples were based on the determined initial
geostresses, in order to simulate the stress concentration process
taking place at the excavation boundaries. The sequence of events,
prior to rock bursting, involved: unloading of horizontal stresses from
the test samples, while increasing the vertical stresses, which resulted
in vertical cracks being initiated. The failure mode of the samples,
exhibited that of slabbing failure, i.e. vertical spalling cracks were the
prominent fracture type. Figure 4.4.6 indicates the failed rock
samples, where the slabbing delineation and fracture faces are
virtually parallel to the direction of the maximum principal stress.

This failure mode was a clear representation of the failure mechanism

of the rock mass at the excavation site.

Figure 4.4.6: Slabbing characteristics of rock samples (Gong et
al., 2012).
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4.4.4. Engineering geology of Alpine tunnels: past, present and future

(Loew et al, 2010)

This case study concerns an evaluation of engineering geological
contributions to the design and construction of deep Alpine tunnels by
Loew et al (2010). As far as this research is concerned, the rock
mechanics lessons learnt from completed Lotschberg and Gotthard
Base tunnels are emphasized. These include occurrences such as

spalling and rock bursting.
a) The Lotschberg Base Tunnel (Loew et al, 2010)

Lotschberg base tunnel is a 34.6 kilometre long, single-track single-
tube railway tunnel crossing the northern part of the Swiss Alps at an
elevation between 655 and 828 metres above sea level. The tunnel was
constructed with three intermediate adits. The maximum overburden
was about 2000 m. The tunnel excavations were completed in April
2005 and the tunnel went into viable operation mid-2007. The method
of excavation was by means of TBM, during which spalling and
bursting were experienced, mainly in front of the machine. In some
instances the ejection of blocks was so violent that the TBM cutter

head vibrated for a period of several minutes.

b) Gotthard Base Tunnel

The Gotthard base tunnel is the longest tunnel of the AlpTransit
corridor in central Switzerland, which is 57 kilometres in length, and
connects Erstfeld in northern Switzerland to Bodio in southern
Switzerland (Loew et al, 2010). The highest overburden is 2500 m and
the tunnel was constructed using three intermediate adits. The
construction work of the adits started in 1996 and of the primary

tunnel sections in 2000. The method of excavation was by means of

TBM.
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¢) Spalling and Rock Bursting (Loew et al, 2010)

The concepts of spalling and rock bursts were adopted from South
African mines, documented by Stacey and De dJongh (1977) and
Fairhurst, and Cook (1966). These failure modes, which became
common as mines around the world developed deeper in search of
minerals, were also challenges in the deep Alpine tunnels, as shown in
Figure 4.4.7. These failure modes presented a substantial safety
hazard for workers directly behind the shield of the TBM. In some
cases, as the tunnel advanced, it would interact with subtle structures
in the rock mass. This led to delayed release of spall damaged ground,
which was associated with substantial energy release in the form of a
strain burst (Kaiser et al. 1996) as shown in Figure 4.4.7.d. Substantial
spalling and bulking within the TBM shield presented challenges, in

terms of safety and jamming of the shield.
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Figure 4.4.7: Increasing levels of brittle spalling and

operational challenges: a) spalling initiation (small scales on
the wall); b) spalling pieces of grain thickness penetrating into
wall; c) parallel wall slabs; d) strain bursting of spall damaged

ground due to high stresses (Loew et al, 2010).
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Figure 4.4.8: Spalling and energetic slab generation behind
TBM shield (Loew, et al. 2010).

In some areas, as shown in Figure 4.4.8, not all spalling was violent or
led to rock bursting, i.e. there was relatively minimal energy involved
in the extension cracking process that led to spalling, which involved
the creation of boundary parallel extension fractures. Depending on the
stress level, these fractures may subsequently buckle violently or non-

violently.

4.5 Conclusion

It is apparent that rock fracturing is critical for prediction of failure
around excavations. Hence the rock mass behaviour, such as the
strength and deformation, must be established. The extension strain
criterion for predicting fracturing and failure appears to be beneficial
in this regard. The criterion predicts failure, even in areas of low stress
magnitudes, which occurs when total extension strain in the rock

exceeds a critical value characterising the rock type.
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Knowledge of the extent of fracturing is beneficial to the boring
projects, in particular, when using TBM methods, which are more

susceptible to rock bursting.

These case studies give a clear indication of the impact of extension
fractures on the boring operations, ranging from spalling to buckling
and even strain busting, depending on the amount of energy ejected.
Prediction of these fractures can be beneficial to a boring project. This
1s apparent in the case studies presented, where numerical analyses
were done and appropriate monitoring devices were installed. The
following chapter presents the numerical methods and methodologies
applicable to rock engineering concepts. Steps that have been followed

in modelling are given.
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CHAPTER 5

NUMERICAL MODELLING AND MODELLING
METHODOLOGY

5.1 Introduction

Numerical methods provide solutions for problems that contain
multifaceted scenarios and behaviours (Thamer, 1998). Numerical
modelling can help the geotechnical engineer in designing underground
openings and support structures. In some instances, if substantial
geological and geotechnical data are obtainable, then extensive
predictions of deformations, stability and support loads can be
determined by numerical stress analyses. In cases where there are not
enough data, the numerical model can still be adopted to perform
sensitivity analyses, giving an indication of the probability of the
possible responses of a system, under various scenarios. This can help
in formulating mechanisms for further acquisition of relevant data.

(Coulthard, 1999)

According to Hudson (2003), the main aim of modelling is to enable
predictions of the future from the past. For instance, in rock mechanics
problems, a prediction of the behaviour of a specific tunnel excavated
In a rock mass at different orientations can be made, and the solutions
are incorporated in the designs. In this research report, a numerical
model is used to predict the extension fractures ahead of and around
faces and walls of mechanically driven excavations, and their effect on

stability.
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5.2 Numerical Modelling Methods

Numerical methods in rock engineering can be divided into either
differential (domain) or boundary element (integral) methods and the
detailed information and associated mathematics are well documented

in Jager and Ryder (1999) and Brady and Brown (2004):
1. Differential methods

These methods involve modelling a specific volume (three dimensional)
or area (two dimensional) of the rock mass, that is, the problem domain
is divided into a set of discrete elements. The rock mass is infinite in
lateral extent, but the model must be restricted at some simulated
boundaries, which are sufficiently far away, so that they do not affect
the area of interest. There are three types of differential methods;
these are the Finite Difference Method (FDM), the Distinct Element
Method (DEM) and Finite Element Method (FEM).

2. Boundary element (BE) or Integral methods

These methods only consider the boundary of the excavations, i.e.
boundaries are divided into distinct elements, and the stresses and
displacements in the area outside the boundary are continuous. There
is no need for artificial boundary conditions since the discrete elements
are positioned and solved at the boundaries, hence the dimension of the
problem to be solved i1s reduced. This results in an increase in
computation efficiency. There are three types of boundary element
methods, which are the Fictitious Stress (FS) method, the
Displacement Discontinuity (DD) method and the Direct Boundary
Integral method.
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5.3 Modelling Methodology

The application of modelling in rock engineering involves a thought
process, that describes the methodology of modelling rock engineering
problems. The following are the suggested steps that outline the
methodology that can be applied to problem-solving in rock engineering

(Jager and Ryder, 1999):
1. Determine the problem area and the extent of the problem;

In the case of this research, the problem area is based on the prediction
of the possible initiation and orientations of extension fractures ahead
of and around faces and walls of mechanically driven excavations. The
extent of the problem is the stability issue, which could potentially

result in possible failure.

2. Design a number of potential mining strategies to alleviate the
problems.

3. Define relevant design criteria.

Based on the above descriptions the most relevant criterion is the

extension strain criterion.

4. Develop a model that encompasses the detail to assess the mining

strategies in terms of the design criteria;

This describes the constitutive models and parameter selection, which
describe the stress strain relations of the rock mass that defines the
precision of the results. Furthermore, there is no constitutive model
available that encompasses all the features of rock behaviour outlined
by parameters that can be acquired from laboratory results. There is a
variety of commercially offered models but, in the case of this research,

it was only necessary to make use of a linear elastic model.
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5. Choose the relevant numerical software;

This research involves an analysis of the stress distribution around the
face of a bore, where different depths were considered, and stresses
corresponding to these depths were determined. A boundary element
program was chosen since this simplified the analysis of the three

dimensional problem. The analyses provided the following results:

¢ Principal strains and stresses at different points ahead of the face,
indicating zones of tensile stress, were calculated,;

e The average thicknesses of potential rock slabs were predicted,
which were related to the critical extension strain magnitude (this
signifies the macrostrain level at which major fracturing will take

place).

In the case of this research, the Examine 3D boundary element

package was selected.

6. Perform simulations on each strategy using the model and the
specified design criteria. In the case of this research, the following
steps were followed in Examine3D:

e Polylines were built to define three dimensional geometries
representing tunnels of different sizes.

e Boundary element meshes were generated from the built
polylines.

e Subsequently, data files, with specified field points and
analysis parameters, were written as EX3 files in order to be

computed in the boundary element stress analysis program

(COMPUTE3D-BEM),

7. Analyse the results of the simulations in terms of the specified
design criteria.

8. Select a mining strategy based on the analyses.
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5.4 Conclusion

This chapter emphasises the significance of numerical modelling as
applicable to rock engineering. Factors such as its application,
limitation due to availability of data, and available numerical methods,
are discussed. Numerical methods, and steps involved in generating
the numerical model for this research, are outlined. The next chapter
discusses the numerical modelling results obtained using Examine3D,
including stress distributions, predicted fractured zones (as function of
tunnel diameter), using an extension strain criterion, and orientations

of the potential fractures.
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CHAPTER 6

RESULTS OF NUMERICAL MODELLING AND DISCUSSION

6.1 Introduction

This chapter discusses the results obtained from Examine 3D
modelling program. Principal stress distributions around bored
excavations in quartzite rock, relative to the in situ stresses, are
analysed. Furthermore, extension strain distributions ahead of the
excavations, indicating possible fractured zones, are assessed assuming
the critical strain ranging from 180 to 270 microstrain for crack
initiation and from 504 to 864 microstrain for the crack damage
(failure), for the quartzite. In order to evaluate the stability of
predicted fractures, their orientations are determined. Lastly, potential
slabs or plates created are evaluated for possible buckling, assuming

the critical extension strain of 200 microstrain.

6.2 Stress Distributions around Excavations

Stress distributions around tunnels of various diameters, for different
in situ stresses, have been analysed using Examine 3D. The generated
plots indicated similar principal stress distributions, under the same in
situ stress conditions, around tunnels of different diameters. However,
it 1s worth noting that the extent of failure varies for different tunnel
sizes; this is discussed in subsections 6.3 and 6.5. Only eight-metre

diameter tunnel results are presented in this subsection.
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The input parameters used for the analyses are summarised in

Table 6.2.1 and Table 6.2.2. Three dimensional geometrical structures
were generated using these parameters, which have modelling features
as indicated in Table 6.2.3. The plots are taken from cross sections at
two places in the geometry, as shown in Figure 6.2.1 ad Figure 6.2.2.
Each description of the plots is analysed based on 01 and 03, as shown

in Figure 6.2.3 to Figure 6.2.22.

Table 6.2.1: Input parameters of material properties obtained

from literature

Parameters
Elastic modulus 50 GPa
Poisson’s Ratio 0.2 and 0.3

Uniaxial Compressive | 180MPa
strength
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Table 6.2.2: Alternative in-situ stress fields obtained from
Wesseloo and Stacey (2006).

35 35 70
52.5 25 70
35 17.5 52.5
52.5 70 25

Table 6.2.3: Modelling parameters used in Examine3D.

2 488 246
4 1136 570
6 1384 694
8 8118 4061
8 10754 5394
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Figure 6.2.1: The perspective view depicting the cutting planes

of 01 distribution plots on an eight-metre diameter tunnel.

Figure 6.2.2: The perspective view depicting the cutting planes

of 03 distribution plots on an eight-metre diameter tunnel.
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6.2.1 Analyses results for an eight-metre diameter tunnel (ox=

70 MPa, oy= 35 MPa, oz= 70 MPa)

Figure 6.2.3 and Figure 6.2.4 show major principal stress (ol)
distribution contour plots. It can be noted in Figure 6.2.3 that the high
stress levels exist ahead of the tunnel face, ranging from 75 to 150
MPa, which are higher than the in situ stresses. The further away
from the tunnel, the stress levels tend to the virgin stress state. Figure
6.2.4 shows the cross section across the length (x-axis) of the tunnel,
where high stress concentrations are visible at the hangingwall and
footwall, with sidewalls showing a sign of de-stressing. Figure 6.2.5
and Figure 6.2.6 show the minor principal stress (03) distribution
contour plots. It can be seen in Figure 6.2.5 that 03 values show a
slight tension on the sidewalls, with the maximum value of 15 MPa.
Figure 6.2.6 shows 03 values ranging from 15 MPa to 30 MPa ahead of

the tunnel face, which are below in situ stress levels.

Figure 6.2.3: Top view of cutting plane depicting ol
distribution through the roof of an eight-metre diameter

tunnel (ox= 70 MPa, oy= 35 MPa, oz= 70 MPa).
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Figure 6.2.4: Front view of the cutting plane depicting ol
distribution through a section of an eight-metre tunnel (ox= 70

MPa, oy= 35 MPa, oz= 70 MPa)
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Figure 6.2.5: Front view of cutting plane depicting o3
distribution through a section of an eight-metre tunnel (ox= 70

MPa, oy= 35 MPa, oz= 70 MPa).
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Figure 6.2.6: Top view of cutting plane depicting o3

distribution through the roof of an eight-metre diameter

tunnel (ox= 70 MPa, oy= 35 MPa, oz= 70 MPa).

6.2.2 Analyses results for an eight-metre diameter tunnel (ox=

35 MPa, oy= 35 MPa, oz= 70 MPa)

Figure 6.2.7 and Figure 6.2.8 show major principal stress (ol)
distribution contour plots. It can be noted in Figure 6.2.7 that the high
stress concentrations are exhibited at tunnel hangingwall and footwall,
ranging from 110 MPa to 165 MPa, with sidewalls showing a sign of

de-stressing. Figure 6.2.9 and Figure 6.2.10 show the minor principal
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stress (03) distribution contour plots. It can be seen in Figure 6.2.9 that
03 values show a slight tension on the sidewalls, with the maximum
value of 9 MPa. Figure 6.2.10 shows 03 values ranging from 18 MPa to

27 MPa ahead of the tunnel face, which are below in situ stress levels.
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Figure 6.2.7: Front view of cutting plane depicting ol
distribution through a section of an eight-metre diameter

tunnel (ox= 35MPa, oy= 35 MPa, oz= 70 MPa).
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Ahead of the face

Tunnel Boundaries

Figure 6.2.8: Top view of cutting plane depicting ol
distribution through the roof of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 35 MPa, oz= 70 MPa).
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Figure 6.2.9: Front view of cutting plane depicting o3
distribution through a section of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 35 MPa, oz= 70 MPa).
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Figure 6.2.10: Top view of cutting plane depicting o3
distribution through the roof of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 35 MPa, oz= 70 MPa).

6.2.3 Analyses results for an eight-metre diameter tunnel (ox=

52.5 MPa, oy= 25 MPa, oz= 70 MPa)

Figure 6.2.11 and Figure 6.2.12 show major principal stress (ol)
distribution contour plots. It can be seen in Figure 6.2.11 and Figure
6.2.12 that the high stress concentrations are exhibited at tunnel
hangingwall and footwall, ranging from 130 MPa to 195 MPa, with
sidewalls showing a sign of de-stressing. Figure 6.2.13 and Figure
6.2.14 show the minor principal stress (03) distribution contour plots. It

can be noted in Figure 6.2.13 that 03 values show a slight tension on
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the sidewalls, with the maximum value of 9 MPa. Figure 6.2.10 shows

03 values ranging from 9 MPa to 18 MPa ahead of the tunnel face,

which are below in situ stress levels.

Figure 6.2.11: Front view of cutting plane depicting ol
distribution through a section of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 25 MPa, oz= 70 MPa).
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Ahead of the face
Tunnel Boundaries

Figure 6.2.12: Top view of cutting plane depicting ol
distribution through the roof of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 25 MPa, oz= 70 MPa).
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Figure 6.2.13: Front view of cutting plane depicting o3

distribution through a section of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 25 MPa, oz= 70 MPa).
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Figure 6.2.14: Top view of cutting plane depicting o3
distribution through the roof of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 25 MPa, oz= 70 MPa).

6.2.4 Analyses results for an eight-metre diameter tunnel (ox=

35 MPa, oy= 17.5 MPa, oz= 52.5 MPa)

Figure 6.2.15 and Figure 6.2.16 show major principal stress (ol)
distribution contour plots. It can be seen in Figure 6.2.15 that the high
stress concentrations are exhibited at tunnel hangingwall and footwall,
ranging from 100 MPa to 150 MPa, with sidewalls showing a sign of
de-stressing. Figure 6.2.17 and Figure 6.2.18 show the minor principal
stress (03) distribution contour plots. It can be noted in Figure 6.2.18
that 03 values show a slight tension on the sidewalls, with the

maximum value of 6 MPa.
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Figure 6.2.15: Front view of cutting plane depicting ol

distribution through a section of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 17.5 MPa, oz= 52.5 MPa).
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Ahead of the face

Tunnel Boundaries

Figure 6.2.16: Top view of cutting plane depicting ol
distribution through the roof of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 17.5 MPa, oz= 52.5 MPa).
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Figure 6.2.17: Top view of cutting plane depicting o3
distribution through the roof of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 17.5 MPa, oz= 52.5 MPa).
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Figure 6.2.18: Front view of cutting plane depicting o3
distribution through a section of an eight-metre diameter

tunnel (ox= 35 MPa, oy= 17.5 MPa, oz= 52.5 MPa).

6.2.5 Analyses results for an eight-meter diameter tunnel (ox=

52.5 MPa, oy= 70 MPa, oz= 25 MPa)

Figure 6.2.19 and Figure 6.2.20 show major principal stress (ol)
distribution contour plots. It can be noted in Figure 6.2.20 that the
high stress concentrations are exhibited at tunnel sidewalls, ranging
from 100 MPa to 150 MPa, with hangingwall and footwall showing a
sign of de-stressing. Figure 6.2.21 and Figure 6.2.22 show the minor

principal stress (03) distribution contour plots. It can be seen in Figure
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6.2.22 that 03 values turn to tension on the hangingwall and footwall

due to high values of the vertical stresses.

Figure 6.2.19: Top view of cutting plane depicting ol

distribution through a section of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 70 MPa, oz= 25 MPa).
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Figure 6.2.20: Front view of cutting plane depicting ol
distribution through a section of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 70 MPa, oz= 25 MPa).
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Figure 6.2.21: Top view of cutting plane depicting o3

distribution through a section of an eight-metre diameter

tunnel (ox=52.5, MPa, oy= 70 MPa, oz= 25 MPa).
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Figure 6.2.22: Front view of cutting plane depicting o3
distribution through a section of an eight-metre diameter

tunnel (ox= 52.5 MPa, oy= 70 MPa, oz= 25 MPa).

6.2.6 Summary of the results

For ratio of the average horizontal stress to the vertical stress (k ratio)
greater than or equal to one, the stress concentration tends to be high
at the tunnel hangingwalls and footwalls, with the sidewalls
undergoing tensile stress. Whereas, k ratios less than one, stress is
concentrated mainly on the sidewalls of the tunnels. The principal
stress distribution depends on the in situ stress ratios, which
determine the extent of fracturing that develops ahead and on the

walls of the tunnels. This can be seen in Figure 6.4.6 to Figure 6.4.11.
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The similar results can be observed for two metre, four-metre and six-

metre diameter-tunnels.
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6.3 Predicted Zone of Extension

The results of the potential zone of fracture were generated by using
extension strain criterion. The critical extension strains ranging from
180 to 270 microstrain for crack initiation and from 504 to 864
microstrain for the crack damage (failure), for the quartzite, were
assumed (Wesseloo, 2000). A summary of results are shown in Table
6.3.1, depicting the failure depths of various tunnel sizes in relation to

critical extension strains, Poisson’s ratios and in situ stress ratios.

In an attempt to evaluate the relationship between the failure depths
and the critical extension strains Figure 6.3.1 to Figure 6.3.4 were
drawn. These are graphs depicting the sensitivity of the in situ stress
ratios and the critical extension strains. It is worth noting that, for
tunnels presented in these figures, fracture initiation does take place,
whereas, the extent of failure is dependent on the tunnel size. Both
crack initiation and crack failure points are indicated on the graphs. It
can be noted that, the fractured zone is directly proportional to the
tunnel diameter. For instance, in Figure 6.3.1, a fractured zone of 1.4
m is predicted for a six-metre tunnel at critical extension strain of 180
microstrain, under a stress condition ox/oz = 0.7, oy/oz = 0.3. Whereas,
a fractured zone of about 1.6 m is predicted for an eight-metre
diameter tunnel, as shown in Figure 6.3.2. It is worth noting that, at a
critical extension strain of 504 microstrain, the fractured zones that
will have an impact on boring are 150 mm and 400 mm for a six-metre
diameter and eight-metre diameter tunnels, respectively. This implies
that a six-metre diameter tunnel is less likely to cause boring problems

than an eight-metre diameter tunnel.

Various isosurfaces, indicating potential extent of fracture locations
ahead of the faces of the tunnels, are shown in Figure 6.3.5 to Figure

6.3.10. The isosurfaces were generated in such a way that, the surfaces
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with similar values of critical strains were chosen, to define the

extension surface. This was done for two different Poisson’s ratios.

Although the analyses were based on the material properties for

quartzite, for other rock types the results will be regarded as a guide to

the potential fracturing behaviour. From the results presented in

Table 6.3.1, Figure 6.3.1 to Figure 6.3.10, it is apparent that:

There are substantial zones of extension ahead of the tunnel
faces and in the tunnel walls. These are zones of likely
fracturing which could lead to boring or tunnelling problems.
For instance, these fractured zones will cause tunnel faces to be
advanced into fractured rocks, causing problems with boring
head or cutters, and fractures in walls leading to potential
instability of the walls.

The distance of predicted fracture development ahead of the face
of the tunnel is dependent on the relative magnitude of the
principal stresses, as can be seen in Figure 6.3.6 and the
Appendix in Figure 8.1.3 and Figure 8.1.4.

The extent of the extension fracture zone ahead of the face, 1s
dependent on the values of the Poisson’s ratio. It is smaller for

smaller values of Poisson’s ratio, as can be seen in Figure 6.3.6

and Figure 6.3.9.

More plots concerning the results from the modelling software can be

seen in the Appendix.
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Table 6.3.1: Summary of in situ stresses, Poisson’s ratio and predicted Failure Depth
Poisson’s ratio (v) = 0.2 | = 0.2
o= oy oz (AMPa) '.?9| 3_5' 70| ox oy oz (AfPa) as| 17_,5' 52.5|
Tunnel Diameter(m) Tunnel Diameter(m)
2 4 &) 8 2| 4| 6] 8
Critical Strain(ec) (microstrain) Failure depth (m) Critical Strain(sc) (microstrain) Failure depth (m)
180 o 0,5 1,6 2 180 o 0,9 1.4 1,6
260 5] 0,3 1,2 1,5 260 [0 0,5 1 1,3
340 o 0,2 0,9 1,1 340 o 0,1 0,7 0,9
%20 o 0,1 0,5 0,7 <20 o o 0.4 0.5
500 o 0,05 0,2 0.4 500 o o 0,05 0.2
580 o 0,01 0,05 0.05 580 o o 0,01 0.05
Poisson’s ratio (v)= 0.3 v= 0,3
o= oy oz (AMPa) 70] 35 70| o= oy oz (MPa) 35| 17.5] 525
Tunnel Diameter(m) Tunnel Diameter(m)
2 < 6 8 2 4 6 8
Critical Strain(ec)(microstrain) (m)| Critical Strain(sc)(microstrain) (m)|
270 1 1,7 3,2 4.2 270 0.9 1,2 2,2 3,2
370 0,5 1,2 2,4 3,2 270 0,3 1 1.6 2,4
470 0,1 0,9 1.8 2,2 470 o 0,8 1,2 1,8
570 o 0,5 1,1 1,8 570 o 0,4 0,7 1
670 o 0,2 0,7 1,1 670 o o 0,4 0,8
770 o 0,08 0,3 0.9 770 o o 0,2 0.4
870 o 0,01 0,08 0.5 B70 o o 0,05 0.1
Poi ‘s rato (v )= 0.2 v= 0,2
ox oy oz (AMPa) | 35 35 70 ox oy oz (MPa) 52.5 25 70
Tunnel Diameter{m) Tunnel Diameter(m)
4 1= 8 4 6 8
Crirtical Strainf(sc) (microstrain) [Failure depth (m)j Crirtical Strain(=sc) (microstrain) [Failure depth (m)
180 5] 1 1.8 2.3 180 0.5 1.3 1.7 Y
260 o 0.6 1.4 1.9 260 o 1.1 1.3 2
340 o 0,3 1,1 1,2 340 o 0.8 1 1,6
420 o 0,1 0,8 0,9 420 o 0,4 0,6 1,2
500 o o 0,5 0,5 500 o 0,1 0,3 0,7
580 o o 0,2 0,2 580 o o 0,1 0.4
_ Poisson's ratio (v)= g._BI | _ ¥= 0.3 D 1
ox oy oz (MPa) | 35 35 70 ox oy oz (MPa) 52.5 25 70|
Tu 1 Diameter{m) Tunnel Diams (m)
2 4 6 8 2 4 6 B8
Critical Strain(=c)(mi rain) depth Critical Strain(=c) (microstrain) huxedepth(m)
27 0.5 1.2 2.6 3.5 270 1.5 3 4.3 6
T o 0.8 2 2.9 370 1 1.9 3.1 5,1
470 0 0,5 1.6 2 470 0,4 1 2.5 4.2
570 o 0.2 1,1 1.6 570 o 0.6 1,9 3,1
670 o 0,05 0,7 0,9 670 o 0,3 1,2 2
770 0 o 0,2 0,4 T70 0 0,06 0,5 1,3
870 7] [0 0,05 0,1 870 [0 0,1 0,8
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Critical Extension Strain Vs Failure Depth for 6m Tunnel
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Figure 6.3.1: The predicted failure depth for different stress

ratios for Poisson’s ratio of 0.2.

Critical Extension Strain Vs Failure Depth for 8m Tunnel
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Figure 6.3.2: The predicted failure depth for different stress

ratios for Poisson’s ratio of 0.2.
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Critical Extension Strain Vs Failure Depth for 6m Tunnel
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Figure 6.3.3 The predicted failure depth for different stress

ratios for Poisson’s ratio of 0.3.
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Figure 6.3.4: The predicted failure depth for different stress

ratios for Poisson’s ratio of 0.3.
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Figure 6.3.5: Isosurfaces of fracture/crack initiation for a six-
metre diameter tunnel according to extension strain criterion
for Poisson’s ratio of 0.2 a) top view of the tunnel b) side view
of the tunnel and c) frond view of the tunnel (ox= 70 oy= 35 oz=

70).
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Figure 6.3.6: Isosurfaces of fracture/crack initiation for an
eight-metre diameter tunnel according to extension strain
criterion for Poisson’s ratio of 0.2, a) top view of the tunnel b)
side view of the tunnel ¢) front view of the tunnel (ox= 70 oy=

35 oz= 70).
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Figure 6.3.7: Isosurfaces of fracture/crack failure on an eight-
metre diameter tunnel according to extension strain criterion
for Poisson’s ratio of 0.2, a) top view of the tunnel b) side view

of the tunnel c) front view of the tunnel (ox= 70 oy= 35 oz= 70).
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Figure 6.3.8: Isosurfaces of fracture/crack initiation for a six-
metre diameter tunnel according to extension strain criterion
for Poisson’s ratio of 0.3, a) top view of the tunnel b) side view

of the tunnel c) front view of the tunnel (ox= 70 oy= 35 oz= 70).

119



Figure 6.3.9: Isosurfaces of fracture/crack initiation for an
eight-metre diameter tunnel according to extension strain
criterion for Poisson’s ratio of 0.3, a) top view of the tunnel b)
side view of the tunnel ¢) front view of the tunnel (ox= 70 oy=

35 oz= 70).
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Figure 6.3.10: Isosurfaces of fracture/crack failure an eight-
metre diameter tunnel according to extension strain criterion
for Poisson’s ratio of 0.3, a) top view of the tunnel b) side view

of the tunnel c) front view of the tunnel (ox= 70 oy= 35 oz= 70).

121



6.4 Orientation of Extension Fractures

It has been learned from literature (chapter four, section 4.2) that the
orientation of the extension fractures is normal to the direction of the
minor principal stress. Using trajectory ribbons in Examine 3D, the
three-dimensional variation of the orientation of three stresses (01, 02,
and 03), can be displayed concurrently. They consist of “ribbons"
passing through selected points, such that their orientations represent
the principal stress directions. This 1s as follows: in the plane of the
ribbon, the length dimension of the ribbon matches with the direction
of the maximum principal stress (ol); the width dimension matches
with the direction of the intermediate principal stress (02); and the
normal to the ribbon matches with the direction of the minimum
compressive stress (03). Moreover, the trajectory ribbons are coloured
to represent the magnitudes of the present stress component, according
to the contour legend. Following the logic of the stress orientations, the
ribbons depict the orientations of extension fractures across the
predicted fractured zones. These are shown from Figure 6.4.1 to Figure
6.4.11 . These ribbons show the potential for slab, curved plate and
shell geometries. Buckling of such geometries will result in the release
of the energy stored in the “plate” due to the high stress levels. This

release of energy will probably manifest as rockbursts.

It is worth noting that the orientations of fractures are dependent on
the principal stress ratios. The behaviour of these fractures, relative to
the advance of these tunnels, will depend on the orientation of the
tunnel relative to that of the fractures, the tunnel size, and the stress

magnitudes.
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Figure 6.4.1: Orientations of fractures around an eight-metre
diameter tunnel depicting o1 values (ox= 70 MPa, oy= 35 MPa

and oz= 70 MPa). Stress units above are MPa.
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Figure 6.4.2: Orientations of fractures around an eight-metre
diameter tunnel depicting ol values (ox= 35 MPa, oy= 35 MPa

and oz= 70 MPa). Stress units above are MPa.
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Figure 6.4.3: Orientations of fractures around an eight-metre
diameter tunnel depicting o1 values (ox= 52.5 MPa, oy= 25 MPa

and oz= 70 MPa). Stress units above are MPa.
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Figure 6.4.4: Orientations of fractures around an eight-metre
diameter tunnel depicting o1 values (ox= 35 MPa, oy= 17.5 MPa

and oz= 52.5 MPa). Stress units above are MPa.
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Figure 6.4.5: Orientations of fractures around an eight-metre
diameter tunnel depicting ol values (ox= 35 MPa, oy= 70 MPa

and oz= 35 MPa). Stress units above are MPa
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Figure 6.4.6: A vertical section across an eight-metre diameter
tunnel depicting orientations of fractures on the footwall and

hangingwall (ox= 70, oy= 35, oz= 70).

Figure 6.4.7: A vertical section across an eight-metre tunnel
depicting orientations of fractures on the footwall and

hangingwall ( ox= 35 oy= 35, 0z= 70)
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Figure 6.4.8: A vertical section across an eight-metre diameter
tunnel depicting orientations of fractures on the footwall and

hangingwall (ox= 52.5 oy= 25, oz= 70).

Figure 6.4.9: A vertical section across an eight-metre diameter

+tunnel depicting orientations of fractures on the footwall and

hangingwall (ox= 35 oy= 17.5, oz= 52.5).
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Figure 6.4.10: A vertical section across an eight-metre diameter
tunnel depicting orientations of fractures on the sidewall (ox=

52.5 MPa oy= 70 MPa, oz= 25 MPa).
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Figure 6.4.11: A vertical section across an eight-metre diameter
tunnel depicting orientations of fractures on the sidewall (ox=

35 MPa oy= 70 MPa, oz= 35 MPa).
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6.5 Potential Slab for Buckling

According to Wesseloo and Stacey (2000), a value of 200 microstrain
can be considered as a reasonable critical extension strain magnitude
for fracture initiation. This value allows the determination of potential
thickness of ‘slabs’ or extent of blockiness that might be induced during
boring operation. Therefore, isosurfaces were generated, similar to
subsection 6.3, assuming a critical extension strain of 200 microstrain.
McGarr (1997) analysed slab buckling in excavation sidewalls, with
dimension L, taking the maximum stress in the excavation sidewall (o)
to be close enough to the magnitude of the UCS, which would generate
several cracks parallel to the free surface. The equation below was
used to analyse the generated slabs, with thickness of h. A similar
approach was followed in the case of the present research, in which a

UCS of 180 MPa was used. The following results were obtained:

h_ 2¥3vi-v? \/5 ....................................................................... (24)
L T E
B 0 80 e, (25)
L T 50000

= 0.0648

Therefore %= 15.43, (slenderness ratio) which is similar to 1/t, in

Kazakidis (2002) using Euler’s formula to calculate buckling stress (ob),

that is,
—2_E

O T e (26)
=172.8 MPa
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These values are indications of the critical stress at which slabbing
would take place, and the slenderness ratio of 15.43, below which

buckling failure will occur. The amplitude of flexure is given by:

e =(2/,) (%)2 ()8 e 27)

= 0.000664L2/h

Where:

L: Diameter

ol (S): Applied stress

h or t: Slab thickness

1/t or L/h: Slenderness ratio
ob: Buckling stress

C1: Amplitude of flexure

It is known from literature that the amplitude (chapter 4 subsection
4.2 b) of flexure determines the point where an extensional strain
exceeds the compressive strain associated with the applied load. This
serves as a point when the tensile crack would propagate, breaking the
slab into two parts. It is apparent from the results obtained, that for
the specified mechanical properties of rock masses, the amplitude of
flexure will be dependent on the ratio of the square of the ‘slab’ length

to ‘slab’ thickness.

Similar models to McGarr (1997), were generated from the results
obtained in Examine 3D, as indicated in Figure 6.5.1 and Figure 6.5.2.
It can be seen that, at the point where possible buckling is expected,

the 01/03 ratios range from 3.5 to 3.8 for a six-metre diameter tunnel
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and 3 to 5 for an eight-metre diameter tunnel. The above equations
were used to calculate some of the important parameters for the
analysis of slab buckling. The results are summarised in Table 6.5.1
and Table 6.5.2 and other results can be seen in Appendix B. For these
values, graphs of generated stress versus slenderness ratio were
plotted, shown in Figure 6.5.3 and Figure 6.5.4, where an average
slenderness ratio of 13 is predicted for 180 MPa, as indicated by red
arrows on the graphs. It is apparent that the buckling stress 1is

dependent on the slenderness ratio and elastic modulus.

Figure 6.5.1: The potential slab geometry and the magnitudes of
acting stresses depicted by contours for a six-metre diameter

tunnel.
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ol contours

Potential buckling

Figure 6.5.2: The potential slab geometry and the magnitudes of

acting stresses

diameter tunnel.

depicted by contours for an eight-metre

Table 6.5.1: Summary of slab thickness, slenderness ratios and

buckling stresses.

In Situ Stresses

ox= 70 MPa, oy= 35 MPa, oz= 70 Mpa

Diameter, L{(m) |03 (MPa) 01 (MPa) |h/Lor I/t | hor t (m) | (1/t) ob (MPa) |01/03
2 33 70 0,038 0,075| 26,635 57,967 2,12
4 33 70 0,038 0,150 26,635 57,967 2,12
6 28,5 90 0,043 0,255| 23,490| 74,529 3,16
8 15 100 0,045 0,359| 22284| 82810 6,67

135




Table 6.5.2: Summary of slab thickness, slenderness ratios,

buckling stresses.

In Situ Stresses
ox=35 MPa, oy= 35 MPa, oz= 70 Mpa
Diameter, L(m) |03 (MPa)|o1 (MPa) |h/L or I/t | hor t (m) | (I/t) ob (MPa) [01/03
30 65 0,036 0,072] 27,641 53,827 217
31,5 70 0,038 0,150] 26,635] 57967| 222
28 80 0,040 0,241] 24,915] 66248] 2,86
30 90 0,043 0,341 23,490 74,529 3,00
3uckling Stress Vs Slenderness Ratio (ox= 35, oy= 35, 0z= 70)
100.00
A_-_'. 350.00
=
- S00.00
: 250.00
i 200.00
'E 150.00
;_[
E 100.00
< 50,00
= 0.00 —
10.00 20,00 30,0 ( ).00 i
Slenderness Ratio
Figure 6.5.3: Buckling stress versus slenderness ratio for

buckling failure.
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Buckling Stress Vs Slenderness Ratio (ox= 70, oy= 35, 0z=70)

ob (MPa)

Buckling Stres

Slenderness Ratio

Figure 6.5.4: Buckling stress versus slenderness ratio for

buckling failure

It is evident that the smaller the slenderness ratio, the larger the
buckling stress needed for buckling. When comparing the applied
stress (01) and the buckling stress (ob) it can be seen that buckling is
predicted. It is worth noting that the slab thicknesses determine the
extent of stability problem, in the case of this research, the boring
difficulty. For instance, comparing a four-metre diameter tunnel with
an eight-metre diameter tunnel, the slab thicknesses predicted are 150
mm and 340 mm, respectively. This implies that, owing to the much
greater volume of rock involved, an eight-metre diameter tunnel would
cause more boring problems than a four-metre tunnel at the same

depth.

Contrary to this, when considering the buckling stress, taking into
account the UCS of the rock, buckling is not predicted. According to
Kazakidis (2002), the disadvantage of using Euler’s approach is the

fact that as the slenderness ratio increases, the presence of
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imperfections is likely to increase. Therefore, buckling of material can
still occur, even under low critical loads (P.). In order to overcome this,
the eccentricity of the applied load is considered, where the strength of
the material is not taken into consideration. Therefore, the criterion of

failure is based on the magnitude of the compressive (o/Gmpr) and

tensile(o/pny) stresses in the material. The following equations are

used to calculate these parameters:

[

ag,‘?,fpr=a+6%|;l| .......................................................... (28)
=)

and
]

onax = 6§i el | .......................................................... (29)
Al

Application of these formulae yields the results in Table 6.5.3, Table
6.5.4, Figure 6.5.5 and Figure 6.5.6, assuming eccentricity (e) of t/4. It
can be seen that potential buckling can be predicted when slenderness
ratio is 26.2 or less, indicating that compressive strength has been
exceeded. This area is indicated as an unstable zone. The zone within
the limits of UCS and UTS denotes stability, as can be seen in both
Figure 6.5.5 and Figure 6.5.6.

Kazakidis (2002) conducted a further analysis, considering
confinement, to determine the confining pressure beyond which failure
would be initiated. The equations below were used to determine

maximum compressive and tensile stresses:
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| 1
_ g e _5ql* | 3ql®
Omax =0+ 6 - | l 32Et3| TLE teeeeeeeeeeseeseeeesii (30)
cos
l t]3% J
and
e 5ql* 3ql? (31)

Table 6.5.3: Results for eccentric load approach for the
determining maximum compressive and tensile stresses for

ox=35 MPa, oy = 35 MPa, oz= 70 MPa.

D(@m) |[t(m) |o(MPa) |/t Oiompr MPa) | ofgns (MPa)
2 0.075 | 65 2764 |163 -33
4 0.150 | 70 26.64 | 175 -35
6 0.255 | 80 2491 | 200 -40
8 0.359 |90 23.49 | 225 -45
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Applied Stress (MPa)

2300

Slenderness Ratio Versus Applied Stress

2 I“{UCS Unstable Zone

Stable Zone

24,50

_\\_

Critical Slenderness

26,00

Extension

Slenderness Ratio (I/t)

Compression

Figure 6.5.5: Determination of critical slenderness ratio for

buckling analysis under eccentric load.

Table 6.5.4: Results for eccentric load approach for the

determining maximum compressive and tensile stresses for ox

=70 MPa, oy = 35 MPa, oz = 70 MPa.

D t (m) o (Mpa) | 1/t e (t/4) ocom(MPa) otens(MPa)
2,00 0,08 70,00 26,64 0,02 175,58 -35,58
4,00 0,15 70,00 26,64 0,04 175,66 -35,66
6,00 0,26 90,00 23,49 0,07 226,06 -46,06
8,00 0,36 | 100,00 22,28 0,09 251,34 -51,34
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Slenderness ratio Versus Applied Stress

2400
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Figure 6.5.6: Determination for critical slenderness ratio of

buckling analysis under eccentric load.

When using the Qiu et al. (2014) approach to analyse slab buckling,
equations 19 to 21 were used. As far as this research is concerned,
additional parameters used in these equations were obtained from
literature, as shown in Table 6.5.5, as well as in those Table 4.2.1. A
similar approach to Kazakidis (2002), was followed in order to
determining maximum compressive and tensile stresses for the

analysis of buckling.

Table 6.5.5: Input parameters for analysis for buckling.

Parameters

UTS (MPa) 27

JRC 20

JCS (MPa) 180 (UCS)
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L (m) 3

on (MPa) 0.1

ér (°) 31.5

The slab thickness is calculated as follows:

\0:34 cs
Spear = 0.0077 [L0'45 (]%) ] cos []RC log 1o ](T_n .............................. (32)
=0.000930388m
cs
Tpear = On |JRC logi, (fo—n) B |-, (33)
=5.453 MPa
ks Tpeak/apeak ........................................................................ (34)
= 5.86 GPa/m
0.1453UTS)2/3
t = ( = ) ..................................................................... (35)
=0.00448 m
=4.48mm
Therefore, the limit load can be determined from:
B 2 B (1oV2) e, (36)
G
A= s (37)
= 8.89
ZEI 2
O = = %G .................................................................... (38)

= 25.87 MPa
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6.6 Conclusion

A series of stress analysis, using numerical modelling program, has
been conducted to determine the stress and strain distribution around
and ahead of the faces of circular tunnels of various dimensions.
Moreover, using an extension strain fracture criterion, the potential
extents of fracturing ahead of the faces were analysed, as well as the
orientations of the extension fractures, relative to the direction of
principal stresses. From these results, slab thicknesses and their
potential for failure were assessed. Furthermore, the stability was
assessed by applying Kazakidis (2002), Qiu et al. (2014) and McGarr
(1997) approaches, to assess the buckling loads, minimum and
maximum compressive and tensile stresses. It was apparent that
tunnels with larger diameters are more prone to significant failures

than smaller diameter tunnels.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

Research has been carried out into the potential occurrence of fracture
zones in the rock mass around and ahead of bored excavations. A
review of literature has indicated the importance of the behaviour of
rock in such zones under high stress conditions. Rock bursting has
been reported in bored tunnels in China and Switzerland, in some
cases with serious consequences. The investigations carried out for this
research report have involved a substantial review of relevant
literature, and a series of three dimensional numerical stress analyses
to determine the stress magnitudes and orientations around and ahead
of a bored tunnel. The analyses were carried out for several different
sets of in situ stresses using the Examine3D package. Extension
strains were calculated from the resulting stress distributions, and
these were used to define potential fracture zones, assuming an
extension strain criterion for initiation of fractures. Although the scope
of the research and analyses carried out for this research report was
necessarily limited, the results of the analyses have shown clearly that
substantial fracture zones can develop around a bored excavation. The
geometries of the predicted fracture zones depend on the in situ stress
magnitudes and the ratios between the three principal stresses. The
orientations of fractures predicted from the analyses are very
conducive for the potential occurrence of slabs of rock in the form of
curved plates and shells. The buckling of such plates and shells is
likely to be the source of the rock bursts that have been observed. The
buckling stability of these slabs was evaluated at a preliminary level,

which has shown the influence of slab thickness and tunnel size.
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The following conclusions have been drawn from the research carried

out:

e When excavations are created, the stress concentration and
zones of extension, and resulting fracture zones, are formed
around and ahead of the excavations. The fractured zone is a
function of tunnel size. This implies that if the size of the tunnel
increases the fractured zone increases as well. For instance, a
fractured zone of 1.3 m was predicted for a four-metre tunnel,
whereas, a fractured zone of about 2.4 m was predicted for an
eight-metre tunnel.

e The orientation of extension fractures is normal to the direction
of minor principal stress (03).

e When tunnels advance into these fractured zones, slabs or
incipient plates are formed.

e The extent of fracturing ahead of the tunnels is dependent on
the ratio of the three principal stresses. Isosurfaces determined
from the 3D stress analyses, indicating zones of extension, show
unusual geometries. It was discovered that, under the same
stress fields, an eight-metre tunnel is more prone to boring
problems compared with a four-metre and six-metre tunnels. For
istance, slabs of 150 mm thick, in the case of a four-metre
tunnel, 255 mm thick in case of six-metre tunnel and 360 mm
thick, in case of an eight-metre tunnel, are likely to be formed.

e The stability of these slabs depends on the principal stress ratio
and the mechanical properties of the rock mass. Owing to
probable imperfections in the rock, slab failure could occur even

under low critical loads or stresses, which are below the UCS.
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Finally, therefore, the research questions posed have been answered:
stresses induced around a bored excavation have been determined for
several in situ stress fields, and the potential for fracturing predicted
using an extension strain criterion for fracture initiation. The
orientations of the fractures have been determined from the stress
analyses, and the impact of the fracturing, resulting from the
formation of “slabs” of rock, determined by consideration of the
potential for buckling of the slabs. However, further research 1is
necessary to define the likely thicknesses of individual plates and

shells, and hence their proneness to buckling.
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APPENDIX

8.1 Isosurfaces Depicting Areas of Extension and Summary

of Results from Examine3D

o]{1] Interpret Data
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EXAMINE 3D - A 3D STRESS ANALYSIS PROGRAM

Figure 8.1.1: Isosurfaces of fracture/crack initiation for an

eight-metre tunnel for Poisson’s ratio of 0.2.
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Figure 8.1.2: Isosurfaces of fracture/crack initiation for an

eight-metre tunnel for Poisson’s ratio of 0.2.
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Figure 8.1.3: Isosurfaces of fracture/crack initiation for an

eight-metre tunnel for Poisson’s ratio of 0.2.
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Figure 8.1.4: Isosurfaces of fracture/crack initiation for an

eight-metre tunnel for Poisson’s ratio of 0.3.
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Table 8.1.1: Summary of slab thickness, slenderness ratios,

buckling stresses

In Situ Stresses

ox= 35 MPa, oy= 17,5 MPa, oz= 52,5 MPa

Slenderness Ratio

Diameter, L(m) |03 (MPa)|o1 (MPa) |h/L or Uit |hort (m) | (U/t) ob (MPa) [01/03

2 15,8 50 0,032 0,063| 31,515 41405 3,16

4 15 60 0,035 0,139 28/769| 49,686 4,00

6 28,5 70 0,038 0,225 26,635 57967 2,46

8 15 75 0,039 0,311 25,732] 62,108] 5,00

Buckling Stress Vs Slenderness Ratio (ox= 35 MPa, oy= 17,5 MPa 0z= 52,5)

_ 300,000
::, 250,000
oo

. “l:l'.:.l.l 5,000 10,000 15,000 20,000 25,000 13,000 10,000 15,00

Figure 8.1.5: Buckling stress versus slenderness ratio for

buckling failure using

1
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Table 8.1.2: Summary of the results from Examine3D

ol(MPa) |o3({MPa)

ol{MPa) |a3{MPa) ol/a3
2 0| 65 30 2,17
4 0 70 31,5 2,22
] 0,2 80| 28 2,86
3 0,25 90| 30 3,00
Diameter (m) ox=35 MPa oy=17,5 MPa oz=52 5 MPa (v=0,2)
£c=200 pstraif Extent of Fracturng Principal Stresses around a fractured Zone
ol{MPa) |o3(MPa)
2z 0| 50 15,8 3,16
4 0| 60| 15 4,00
G 0,138 70| 28,5 2,45
3 0,75 75 15 5,00
Diameter (m) ox=35 MPa oy= 35 MPa gz=70 MPa (v=0,2)
£c=200 ustrai|Extent of Fracturing Principal Stresses around a fracture Zone
ol(MPa) |o3(MPa)
2 0| 70| 33 2,12
4 0| 70| 33 2,12
G 0,3 S0 28,5 3,16
3 0,29 100 15 6,67
Diameter (m} ox=70 MPa oy= 35 MPa oz=70 MPa |v=0,3)
£c=200 pstraif Extent of Fracturng Principal Stresses around a fractured Zone
gliMPa) |o3iMPa) ol/a3
2 0,5 65 30 2,17
4 0,55 70| 31,5 2,22
G 0,63 80| 28 2,86
8 0,63 90| 30 3,00

oliMPa) |o3(MPa)

z 0,45 50| 15,3 3,16]
4 0,75 60| 15 4,00)
6 0,67 70| 28,5 2,46]
8 0,75 75 15 5,00

2 0 70| 33 2,12
4 0,4 70) 33 2,12
6 0,5 50) 28,5 3,16
8 0,5 100 15 6,67
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Figure 8.1.6: Isosurfaces for critical strain of 200 microstain on

a four-metre tunnel depicting fractured zone
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Figure 8.1.7: Isosurfaces for critical strain of 200 microstain on

a six-metre tunnel depicting fractured zone
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Figure 8.1.8: Isosurfaces for critical strain of 200 microstain on

a six-metre tunnel depicting fractured zone.
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