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Preface

This book can be used as a ’standalone’ textbook or as a comple-
ment to our first book, Engineering Rock Mechanics: An introduction to the
Principles. It contains illustrative worked examples of engineering rock
mechanics in action as the subject applies to civil, mining, petroleum
and environmental engineering. The book covers the necessary under-
standing and the key techniques supporting the rock engineering design
of structural foundations, dams, rock slopes, wellbores, tunnels, caverns,
hydroelectric schemes, mines.

In our first book, we presented the basic principles of engineering rock
mechanics with strong emphasis on understanding the fundamental con-
cepts. Because it is also important to consider the principles in action,
to have practice in applying them, and to be able to link the principles
with specific engineering problems, we prepared this second book con-
taining the illustrative worked examples. We have adopted a question
and worked answer presentation: the question and answer sets have been
collated into twenty chapters which match the subject matter of our first
book — Chapters 1-13 on rock mechanics principles and Chapters 14-20
on applications in rock engineering. Part A of this book can be read as a
narrative consisting of sequences of text, questions and answers, or in Part
B the same questions can be tackled without the answers being visible.

Chapters 1-20 have the same format:

Section 1. Introductory aide-memoire to the chapter subject.

Section 2. Questions with worked answers that illustrate the principles
of the rock mechanics subject and the associated rock engin-
eering design issues.

Section 3. Additional points, often reinforcing the most important as-
pects of the subject.

Not only will the question and answer sets enhance understand-
ing of the rock mechanics principles, but they will also provide the
reader with fluency in dealing with the concepts explained in our first
book. Moreover, the question sets give examples of the procedures often
encountered in practice. In this way, confidence in tackling practical
problems will be developed, together with an improved creative abil-
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ity for approaching all rock engineering problems. It is important to
realize that engineering flair is only possible if the basic principles and
techniques are understood and implementable.

There are three appendices. Appendix A contains a 3-D stress cube
cut-out which can be copied and made into a model as an aide-memoire.
Appendix B contains a hemispherical projection sheet which can be
copied and used especially for the questions in Chapter 7. Appendix C
contains RMR and Q rock mass classification tables.

Thus, the book serves as an illustrated guide and explanation of the
key rock mechanics principles and techniques for students, teachers,
researchers, clients, consulting engineers and contractors. We mentioned
in the Preface to our first book that rock engineering occurs deep in the
earth, high in the mountains and often in the world’s wildest places.
We engineer with rocks as we create structures, extract the primary
raw materials for mankind and harness the forces of nature. It is the
romance and the passion associated with rock engineering that has led
us to try to communicate some of this excitement. ‘Personal experience
is everything’. So, we hope that you will be able to experience some of
the science, art and romance of the subject by understanding and then
implementing the principles and techniques described in this book.

The book contains the tutorial exercises for students who take the
integrated engineering rock mechanics course at Imperial College, Uni-
versity of London, plus many extra examples to ensure that the book is
comprehensive and is suitable for all reader purposes and backgrounds,
whether academic or practical. Because the tutorial exercises have been
incrementally refined, extended and corrected over the years by the rock
mechanics staff and students at Imperial College, it is not possible to
coherently acknowledge the origin of all individual questions. However,
we express our profound appreciation to everyone who has contributed
in different ways to the questions and answers contained herein.

The authors are especially grateful to their wives, Gwen Harrison and
Carol Hudson, for all their support and for helping to improve the style
and accuracy of the text. The final version is, of course, our responsibility.
If there is anything that you do not understand in the following pages, it
is our fault.

J.P. Harrison and J.A. Hudson

T.H. Huxley School of Environment, Earth Sciences and Engineering,
Imperial College of Science, Technology and Medicine,
University of London, SW7 2BP, UK

j-harrison@ic.ac.uk
jah@rockeng.co.uk

Our companion first book “Engineering Rock Mechanics —
An Introduction to the Principles”, also published by Pergamon,
Elsevier Science, will be referred to throughout as “ERM 1”.




Units and symbols

Units

There are two reasons why it is important to understand and use

engineering rock mechanics units correctly:

» engineering rock mechanics calculations used for rock engineering
design should be numerically correct; and

» to use engineering rock mechanics properly, an understanding of units
is necessary.

We have used standard symbols and the SI (International System) of
units. There are seven base units in the SI system: length, mass, time,
electric current, thermodynamic temperature, amount of substance and
luminous intensity. These base units are dimensjonally independent.

Base units

For engineering rock mechanics, we consider just the length, mass and
time base units.

Base Quantity Name of Slunit Dimensions
quantity  symbol SI unit of unit
Length ! metre m L

Mass m kilogram kg M

Time t second s T




xiv  Units and symbols

Derived units

From the three base units, all the other mechanical units are derived.
Some of the main derived units are listed below.

Derived Quantity Name of SI unit Dimensions
quantity symbol  SI unit of unit
Area A m? L2
Volume v m’ L3
Density o kg m™ L-3M
Velocity v ms™! LT
Acceleration a ms™2 LT-?
Weight w newton, N mkgs™ LMT?
Force F newton, N mkg s LMT?
Pressure p pasca,Pa Nm™?, m'kgs? L 'MT?
Energy E joule, J N m, m? kg s72 L*MT2

The name of the SI unit, e.g. newton, is written with an initial lower case
letter, and its abbreviation, e.g. N, is written with an initial upper case
letter.

Note that force is defined through the relation: force = mass x accel-
eration. A newton, N, is the force necessary to accelerate a one kilogram
mass at a rate of one metre per second per second. This is clear for dy-
namic circumstances but the force definition also applies to the concept
and the units used in the static case. When a static force exists, the force
between two stationary objects, the units of force are still m kg s=2 with
dimensions LMT~2 because of the definition of force. Thus, other derived
units, such as Young’s modulus, have units of m~! kg s and dimen-
sions L~'MT 2, despite the fact that there may be no time dependency in
their definition.

The most common prefixes used for decimal multiples of units in
engineering rock mechanics are

1076 107 10 108 10°

micro milli kilo mega giga
n m k M G

Symbols used in this book!

The main symbols used in this book are listed below, together with
the name of the quantity they represent, the SI unit name (where
appropriate), the SI unit and the dimensions? of the unit. Other symbols
and abbreviations introduced for a specific question and answer have
been defined ‘locally” in those questions and answers.

! We follow the recommendations in Quantities, Units and Symbols prepared by the
Symbols Committee of the Royal Society, 1975, 54pp.

2 The term ‘dimensions’ is used here to mean the complete listing of the dimensions
and exponents, as in L™'MT~2, rather than just the LMT components, or just their
exponents, —1, 1, —2.
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Symbol Quantity Name of SI unit Dimensions
SI unit of unit
a angle, specifically dip radian, rad;
direction of a plane or degree, deg
trend of a line
B angle, specifically dip radian, rad;
angle of a plane or plunge degree, deg
of a line
Bw orientation angle of plane  radian, rad;
of weakness degree, deg
y shear strain 1 L0
y unit weight kg s~2 m~2 L=2MT-2
%, E?y_ ;_z partial differential operator
Al,8x,8y,8z increment of distance, m L
displacement
€ linear strain 1 Lo
7] angle radian, rad; 1
degree, deg
X fracture frequency m~! L-!
v Poisson’s ratio 1 -
v kinematic viscosity m? s~} L27-!
0 density kg m~3 LM
o stress tensor pascal, Pa  Nm=2, m ' kgs™? L-'MT2
o normal stress pascal, Pa  Nm™2, m ' kgs? L7IMT?
01,02, 05 principal stress pascal, Pa  Nm™2, m'kgs? L-'MT?
o uniaxial compressive pasca, Pa  Nm 2, m'kgs? L IMT?
strength
oh, Ont principal horizontal stress pascal, PA N m™%, m™' kgs™? L-'MT?
o uniaxial tensile strength pasca, Pa  Nm™2, m 'kgs? L 'MT?
o? variance
T shear stress pascal, Pa  Nm2, m ' kgs? L-IMT™2
¢ angle of friction radian, rad;
degree, deg
by friction angle of plane of radian, rad;
weakness degree, deg
A area m? L2
¢ cohesion pasca, PA  Nm=2, m ' kgs? L™ 'MT?
c hydraulic conductivity of a ms™! LT!
fracture
E Young’s modulus pasca,Pa  Nm™2 m™' kgs2 L™'MT™2
¢ fracture aperture m L
En elastic modulus of rock pascal, Pa N m2 m~' kgs? L~ !MT?
mass
F force newton, N kgms™2 LMT"?
G shear modulus pasca, Pa  Nm2, m-'kgs? L'MT2
Gm shear modulus of rock pascal, Pa  Nm=2, m~'kgs? L~'MT?
mass
GSI geological strength index
value
i hydraulic gradient
i asperity angle radian, rad;
degree, deg
h, L, 13 stress invariants
k constant of proportionality
k number of events

k coefficient of permeability m? L2
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Symbol  Quantity Name of SI unit Dimensions
SI unit of unit

K hydraulic conductivity ms™! LT-!

K stiffness kgs2 MT-?

ko, ks fracture normal stiffness, m~2 kg s~? L2MT"2
fracture shear stiffness,

L length m L

I,m,n Cartesian axes

m coefficient in Hoek-Brown
strength criterion

N number in sample

p pressure pascal, Pa  Nm™Z2 m!'kgs? L'MT?

Py, Ps breakdown pressure, shut-in pascal, Pa N m™2, m ! kgs™2 L7'MT™?
pressure

PL point load index value pasca, Pa  Nm™2, m'kgs? L-'MT™?

Q flow rate m3 s LiT-!

Q rock mass quality rating

r radius m L

RMR rock mass rating value

RQD rock quality designation, %

RQD, rock quality designation for
threshold value ¢

S elastic compliance lacsap, Pa™! N~'m?, mkg~'s? LM~'T?

S elastic compliance matrix lacsap, Pa=' N~' m?, mkg~'s? LM™'T?

5 coefficient in Hoek-Brown
strength criterion

S sample standard deviation

t threshold value for RQD m L

t thickness m L

u displacement m L

ucs unconfined compressive pasca, Pa  Nm2, m'kgs? L'MT2
strength

v displacement m L

W weight kg ms™2 LMT-?

X, ¥, 2 Cartesian axes

xbar mean fracture spacing m L

Xbar sample mean

z depth m L

standard normal variable

The convention for writing symbols is as follows.

» Symbols for tensor quantities should be in sans serif bold italic form,

€.

g S

o Symbols for vector quantities should be in bold italic form, e.g. F.
» Symbols in Latin or Greek should be in jtalic form, e.g. x.
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Introduction

1.1 The subject of engineering rock mechanics

The term engineering rock mechanics is used to describe the engin-
eering application of rock mechanics to civil, mining, petroleum and
environmental engineering circumstances. The term mechanics, means
the study of the equilibrium and motion of bodies, which includes statics
and dynamics !. Thus, rock mechanics is the study of mechanics applied
to rock and rock masses. ‘Engineering rock mechanics’ is this study
within an engineering context, rather than in the context of natural pro-
cesses that occur in the Earth’s crust, such as folding and faulting. The
term rock engineering refers to the process of engineering with rock,
and especially to creating structures on or in rock masses, such as slopes
alongside roads and railways, dam foundations, shafts, tunnels, caverns,
mines, and petroleum wellbores.

There is an important distinction between ‘rock mechanics’ and ‘rock
engineering’. When ‘rock mechanics’ is studied in isolation, there is
no specific engineering objective. The potential collapse of a rock mass
is neither good nor bad: it is just a mechanical fact. However, if the
collapsing rock mass is in the roof of a civil engineering cavern, there
is an adverse engineering connotation. Conversely, if the collapsing rock
mass is part of a block caving system in mining (where the rock mass
is intended to fail), there is a beneficial engineering connotation. In the
civil engineering case, the integrity of the cavern is maintained if the
rock mass in the roof does not collapse. In the mining engineering case,
the integrity of the mining operation is maintained if the rock mass does
collapse.

Hence, rock engineering applies a subjective element to rock mechan-
ics, because of the engineering objective. The significance of the rock
mass behaviour lies in the eye and brain of the engineer, not in the
mechanics.

't is not always realized that the term ‘mechanics’ includes ‘dynamics’, but a book
title such as ‘River Mechanics’ is correct. Similarly, ‘rock dynamics’, the topic of Chapter
13, is part of ‘rock mechanics’.



4 Introduction

‘Engineering Rock Mechanics’ and
‘Rock Mechanics’ ‘Rock Engineering’ Design

E 3 Boundary
\ & . . conditions

Figure 1.1 The distinction between ‘rock mechanics’ itself (a) and engineering applications
of rock mechanics (b). In (a), F)...F, are the boundary forces caused by rock weight and
current tectonic activity. In (b) a tunnel is being constructed in a rock mass.

The distinction between ‘rock mechanics” and ‘rock engineering’ illus-
trated in Fig. 1.1 is highlighted further in Fig. 1.2 which shows part of
the concrete foundation illustrated in the Frontispiece. ‘Rock mechanics’
involves characterizing the intact rock strength and the geometry and
mechanical properties of the natural fractures of the rock mass. These
studies, together with other aspects of the rock mass properties such as
rock stiffness and permeability, can be studied without reference to a
specific engineering function. When the studies take on a generic engin-
eering direction, such as the structural analysis of foundations, we are in
the realm of ‘engineering rock mechanics’. This is analogous to the term
engineering geology in which geology is studied, not in its entirety but
those aspects which are relevant to engineering.

‘Rock engineering’ is concerned with specific engineering circum-
stances: in this case (Fig. 1.2), the consequences of loading the rock
mass via the concrete support. How much load will the rock foundation
support under these conditions? Will the support load cause the rock to

Pre-existing fracture surfaces

Y

Figure 1.2 Portion of Frontispiece photograph illustrating loading of discontinuous rock
mass by the concrete support of a multi-storey car park, Jersey, UK.
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slip on the pre-existing fractures? Is the stiffness of the concrete support
a significant parameter in these deliberations? If the rock mass is to be
reinforced with rockbolts, where should these be installed? How many
rockbolts should there be? At what orientation should they be installed?
All these issues are highlighted by the photograph in Fig. 1.2.

Above the Frontispiece photograph, there are two acronyms:

CHILE — Continuous, Homogeneous, Isotropic and Linearly Elastic;
DIANE — Discontinuous, Inhomogeneous, Anisotropic and Not-Elastic.

These refer to two ways of thinking about and modelling the rock mass.
In the CHILE case, we assume an ideal type of material which is not
fractured, or if it is fractured the fracturing can be incorporated in the
elastic continuum properties. In the DIANE case, the nature of the real
rock mass is recognized and we model accordingly, still often making
gross approximations. Rock mechanics started with the CHILE approach
and has now developed techniques to enable the DIANE approach to
be implemented. It is evident from Fig. 1.2 that a DIANE approach is
essential for this problem, using information about the orientation and
strength of the rock fractures. However, both approaches have their
advantages and disadvantages, and the wise rock engineer will utilize
each to maximal advantage according to the circumstances.

Modelling for rock mechanics and rock engineering should be based
on ensuring that the relevant mechanisms and the governing parameters
relating to the problem in hand have been identified. Then, the choice of
modelling technique is based on the information required, e.g. ensuring
an adequate foundation as illustrated in Fig. 1.2.

Accordingly, and to enhance an engineer’s skills, the question sets in
Chapters 1-13 are designed to improve familiarity with the main rock
mechanics topics and the techniques associated with the topics, such as
stress analysis and hemispherical projection methods. In Chapter 14,
we emphasize the importance of considering the ‘rock mass—engineering
structure’ as a complete system. Finally, in Chapters 15-20, the question
sets are related to specific engineering activities and design requirements.

You can read the question and answer text directly in each of the
chapters, as in Section 1.2 following, or you can attempt the ques-
tions first without seeing the answers, as in Question Set 1 in Part B.
Whichever method you choose for reading the book, we recommend
that you read the introductory text for each chapter topic before tackling
the questions.

1.2 Questions and answers: introduction

In this introductory chapter, there are five questions concerned with the
nature of engineering rock mechanics. In all subsequent chapters there
are ten questions.

Q1.1 Define the following terms:
e rock mechanics;
+ engineering rock mechanics;
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e rock engineering;

o structural geology;

e engineering geology;

o soil mechanics;

o geotechnical engineering.

Al.1 Rock mechanics is the study of the statics and dynamics of rocks
and rock masses.

Engineering rock mechanics is the study of the statics and dynamics of
rocks and rock masses in anticipation of the results being applied to
engineering.

Rock engineering involves engineering with rocks, especially the con-
struction of structures on or in rock masses, and includes the design
process.

Structural geology deals with the description and analysis of the structure
of rock masses.

Engineering geology is the study of geology in anticipation of the results
being applied to engineering,.

Soil mechanics is the study of the statics and dynamics of soils.
Geotechnical engineering is the process of engineering with rocks and/or
soils2.

Q1.2 Explain the fundamental purposes of excavation in civil engin-
eering, mining engineering, and petroleum engineering.

Al.2 Civil engineering. It is the rock opening, the space resulting from
excavation, that is required in civil engineering — for railways, roads,
water transport, storage and disposal of different materials — often
designed for an engineering life of 120 years.

Mining engineering. It is the excavated rock itself that is required in
mining engineering, plus the ability to transport the rock. Underground
space is created when the rock is removed, e.g. the mine stopes in metal
mines; separate underground space is required to transport the mined
rock/ore to the surface. The design life of mine openings can vary from a
few days (as in longwall coal mining), to some months or years, to many
years, depending on the mine design, methods, and requirements.
Petroleum engineering. Wellbores (deep boreholes) are used to extract
petroleum and so the excavated space is used for transport. The design
life of the wellbores is similar to the mining circumstances: it will depend
on the overall strategy and lifetime of the oil field. Note that, in contrast
to civil and mining engineering, environmental problems such as surface
subsidence and groundwater movement are not caused by the creation
of underground space per se, but by the removal of oil from the reservoir
rock where it is trapped.

2 In the 1990s, the International Society for Soil Mechanics and Foundation Engineering
changed its name to the International Society for Soil Mechanics and Geotechnical
Engineering. The International Society for Rock Mechanics considered a complementary
change to the International Society for Rock Mechanics and Geotechnical Engineering but
did not go ahead with the change.
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Q1.3 The photograph below illustrates construction of the 61 m
span, 25 to 50 m deep, underground Gjovik Olympiske Fjellhall
(Olympic Mountain Hall) in Precambrian gneiss in Norway. This is
the largest?® roofspan public-access civil engineering cavern in the
world. Describe the engineering rock mechanics factors that would
have to be considered in the design and excavation of such a cavern.

A1.3 The main factors to be considered in excavation of such a cavern
are the geological setting, the natural rock stress, the deformability and
strength of the intact rock, the geometry and nature of the pre-existing
fractures, the groundwater, variations in the rock properties, the use
of a rock mass classification technique to indicate rock mass quality,
time-dependent effects, and the excavation and support methods. The
cavern is to be constructed in hard rock, but it has a large span (of 61 m
compared to the usual 15-25 m) and is located close to the surface. Under
these circumstances, we would need to consider in the first instance any
instability that might arise from rock blocks falling by gravity from the
cavern roof.

In fact, after considerable site investigation, the use of the Q rock
mass classification scheme, associated numerical modelling and design
work ?, the cavern was first excavated to a 36 m span and then, after
installation of 6 m rockbolts and 12 m long cable bolts plus fibre-rein-
forced shotcrete, increased to the 61 m span. The long axis of the cavern

3 This refers to the year 2000. It is likely that in the future this project will be superseded
by even larger projects.
4 Bhasin R. and Leset F. (1992) Norway’s Olympic Cavern. Civ. Eng., December, 60-61.
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axis was orientated perpendicular to the maximum horizontal stress of
3.5-4.0 MPa which helped to stabilize the rock blocks in the roof. After
excavation of 140,000 m? of rock and installation of the internal fittings,
the Gjovik Olympiske Fjellhall can seat 5300 people. The impression one
has inside the cavern is the same as that in a building constructed above
ground.

Q1.4 Why do you think that the techniques used in rock mechanics
for site characterization, analysis and modelling are not the same
as those used in soil mechanics?

A1.4 Although there is a significant overlap between the two subjects,
for example both subjects make extensive use of stress analysis and
elasticity theory, soil particles are several orders of magnitude smaller
than the dimensions of the engineered structure, whereas rock blocks
can be of a similar size to the engineered structure. This means that the
discrete nature of the ground is more important in rock mechanics, and
techniques such as hemispherical projection and dedicated computer
modelling are required to assess the associated rock movements. Also,
some support methods such as the rockbolts and cable bolts mentioned
in A1.3 can only be used in rock masses.

In fact, the two main factors that cause the differences between rock
mechanics and soil mechanics are (a) the importance in rock mechanics
of the pre-existing in situ rock stress, and (b) the presence of the fractures
which govern the rock mass stiffness, strength, failure behaviour and
permeability. Understanding and modelling these two aspects alone
require a dedicated rock mechanics approach.

Q1.5 How can the subject of ‘engineering rock mechanics’ be useful
to organizations outside the civil and mining engineering profes-
sions, e.g. to the petroleum industry, to insurance companies, to
environmental engineers?

A1.5 The subject is potentially useful to any person or organization
concerned with the engineering behaviour of rock masses. In petroleum
engineering, the engineer wishes to be able to predict the stability of
wellbores and the conditions under which borehole breakout will occur
(damage caused by high rock stress at the borehole walls), in addition
to the overall rock mechanics behaviour of oil reservoirs. Similarly,
insurance companies wish to evaluate the hazard to large structures
built on or in rock masses, and this requires a knowledge of engineering
rock mechanics. Environmental engineers need to understand processes
such as coastal cliff degradation, water flow through rock masses, and
the stability of disused mine workings.

1.3 Additional points

In 2000, the largest underground excavation for civil engineering pur-
poses is in the Indian state of Himachal in the Himalayas. It is part
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Figure 1.3 Location of the Chuquicamata and El Teniente copper mines.

of the Nathpa Jhakri hydro-electric power station and consists of four
siltation chambers with dimensions 525 m long, 16 m wide and 27 m
deep, built to exclude sediment particles above 0.2 mm from entering the
headrace tunnel and hence the turbines. The Nathpa Jhakri construction
project has many interesting features, including the Daj Khad shear zone
through which the headrace tunnel was driven®.

The largest surface and underground mines are in Chile (Fig. 1.3): the
Chuquicamata open-pit copper mine and the underground El Teniente
copper and molybdenum mine. The Chuquicamata surface mine is in
the Atacama desert in northern Chile, and is several kilometres long and
750 m deep. The El Teniente mine in the foothills of the Andes is in
a zone of complex geology and high rock stress, and produces 90,000
tonnes of ore per day.

The professional society for rock mechanics is the International So-
ciety for Rock Mechanics (ISRM) which was formed in 1963. The Sec-
retariat is based at the Laboratério Nacional de Engenharia Civil in
Lisbon, Portugal. There are about 5000 members. Each year, the Manuel
Rocha ISRM prize is awarded for the best PhD thesis submitted to the
ISRM Board. The ISRM distributes the ISRM News Journal which is a
magazine containing news and technical articles.

The authors of the first major textbook in rock mechanics, ‘Funda-
mentals of Rock Mechanics’, were John C. Jaeger and Neville G.W.

$ A discussion of some of the rock mechanics analyses for the Nathpa Jhakri project
is contained in the paper of the Glossop Lecture given by Dr. E. Hoek to the Geological
Society of London Engineering Group in 1998: Hoek E. (1999) Putting Numbers to
Geology — An Engineer’s Viewpoint, Q. J. Eng. Geol., 32, 1, 1-19.
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Cook®. Professor Jaeger was a mathematician and engineer, working
in Australia; Professor Cook was a seismologist and mining engineer,
working in South Africa and later in the USA. The first edition of the
textbook was published in 1969. This book has a strong emphasis on
the theory of elasticity applied to rock masses, resulting from Professor
Jaeger’s expertise and the utility of the theory when applied to Professor
Cook’s working environment deep in the South African gold mines. In
these gold mines, high rock stresses close the pre-existing fractures; thus,
the rock mass can be modelled as a continuum and elastic calculations
for stresses, displacements and energies are often good approximations.
‘Fundamentals of Rock Mechanics’ had a significant influence on the
development of rock mechanics. For example, in China it was the only
foreign book available on rock mechanics for many years. We will high-
light in later chapters that elasticity theory is one of the major tools
available to support rock engineering design. However, for near-surface
rock engineering, where there are more fractures, often subjected to rel-
atively low rock stress levels, we use additional techniques to study the
rock mass behaviour.

For research work, there are two main journals in the engineering
rock mechanics subject area.

(i) 'International Journal of Rock Mechanics and Mining Sciences’
edited by J. A. Hudson and published by Pergamon Press, Elsevier
Science. This Journal was started in 1964 and concentrates on original
research, new developments and case studies in rock mechanics and
rock engineering for mining and civil applications. Suggested Methods
generated by the ISRM Commission on Testing Methods are published
in the Journal; for example there are several new ones in Volume 36
for 1999. Also, the Journal publishes Special Issues on important topics
(e.g. the one described in Footnote 6) and has published the proceedings
of conferences in compact disk form. The web site of the Journal is
http://www.elsevier.nl/locate /ijrmms.

(ii) 'Rock Mechanics and Rock Engineering’ edited by K. Kovari and
H. H. Einstein and published by Springer-Verlag. This Journal was star-
ted in 1968 and concentrates on experimental and theoretical aspects
of rock mechanics, including laboratory and field testing, methods of
computation and field observation of structural behaviour, with ap-
plications in tunnelling, rock slopes, large dam foundations, mining,
engineering and engineering geology. The web site of the Journal is
http://link.springer.de/link/service /journals /00603 /about.htm.

We encourage you to consider rock mechanics as a unique discipline.
Of course, there are many common factors with other subjects: Newton’s

6Jaeger J. C. and Cook N. G. W. (1979, 3rd edn.) Fundamentals of Rock Mechanics.
Chapman and Hall, London, 593pp. In 1998, a commemorative conference was held at
the Ernest Orlando Lawrence Berkeley National Laboratory in California, USA, to honour
Neville Cook’s contributions to rock mechanics. The Neville Cook Special Issue of the
International Journal of Rock Mechanics and Mining Sciences was published in 2000.
This Special Issue contains reminiscing contributions and 30 papers presented at the
conference on subjects pioneered by him.
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laws will apply, the theory of elasticity remains the same, etc. Although
much of the science will be common with other disciplines, rock is a
natural material and so engineering rock mechanics is also an art. Thus,
when working through the question and answer sets in this book, we
recommend that you concentrate on developing a deeper understanding
of the principles and hence to be capable of a more creative approach to
this fascinating subject.






2 Geological setting

2.1 Rock masses

Rock masses are the natural structures that will host rock engineering
projects. A road may pass through a rock cutting with rock slopes on
each side; the foundations of a dam may rest on a rock mass; a tunnel or
cavern can be completely contained within a rock mass; a borehole can
be drilled several kilometres into the earth’s crust; an underground mine
can involve the excavation of large volumes of ore; a repository might
be excavated underground for disposing of large volumes of radioactive
waste.

In Figs. 1-6, we give examples of engineering projects where the
geological features play a significant role in the overall stability and
success of the project. In Fig. 2.1, there is an example of one of the cave
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Figure 2.1 9th century monolithic Buddhist temples excavated in the Deccan basalts in
India.
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temples at the World Heritage site at Ellora in SW India. This temple
has been created in the Deccan Traps by simple hand excavation of the
volcanic basalt. The pillars that can be seen at the entrance are part
of the in situ rock mass. Above the temple, natural rock fractures! are
visible; such fractures are encountered in almost all rock masses and can
lead to instability of engineered structures. Most of these temples have,
however, remained stable well beyond a civil engineering design life of
120 years, the figure that we often use today for design purposes.

In Fig. 2.2, a road has been severely damaged by the sliding of a large
block of rock on which the road had been built (to the right of the upper
picture). The rock block was able to slide because there was a large-scale
natural weakness, a shear zone, in the limestone formation as shown in
the lower picture. The coefficient of friction on the limestone bedding
planes was low because they were clay-filled, and this enabled the
limestone block to slide and damage the road. For all rock engineering
projects, it is crucial to be able to locate such significant geological
features.

Fig. 2.3 shows two slopes. In Fig. 2.3a, a pre-split rock slope at the
side of the A82 road in Scotland is shown. The pre-splitting technique
is a rock-blasting process whereby the final rock slope is created as a
fracture plane first by blasting in a row of parallel blastholes, with the
rock subsequently being excavated up to this fracture plane. The fact
that the blasting has been successful is evidenced by the visible traces of
the half boreholes left on the rock surface as the whitish parallel lines.

However, the rock already contained fractures formed long ago when
the rock was subjected to high stresses caused by tectonic activity. Because
the fractures were formed as a result of the applied stresses, they tend to
occur in sets of sub-parallel fractures with specific orientations. The sets
of fractures can occur at several orientations because there were different
phases of tectonic activity during the history of the rock mass. In Fig. 2.3a,
two fractures from different sets have formed a rock wedge which has
slid out of the excavation (and was removed during slope construction).
The engineer standing on the top of the slope indicates the scale.

These natural fractures are an inherent feature of rock masses. En-
gineers cannot specify that the rock mass should be unfractured: the
properties of the rock mass have to be established by site investigation
and the design adjusted accordingly.

In the case of this road, the location of the road and hence the slope
were determined by the overall topographic features, and there was little

! During the development of rock mechanics, the word ‘discontinuity’ was used to
denote natural faults, joints, fissures, etc., because they are discontinuities in the rock
continuum. The word ‘fracture’ was previously used mainly to denote man-made discon-
tinuities. Nowadays, and especially in the USA, the word ‘fracture’ is used in place of
‘discontinuity’. We have adopted this usage in this book.

Figure 2.2 Road instability in Spain. The displacement of the road, shown in the top
photograph (a), was caused by movement of a large limestone block released by the
shear zone, in the lower photograph (b), with sliding on clay-filled bedding planes. Note
the engineer standing on the lip of the shear zone, in the black square.
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Figure 2.3 Rock slopes: (a) at the A82 roadside near Loch Lomond in Scotland; (b)
forming one side of the New Celebration open-pit gold mine in Western Australia.

opportunity to alter the location of the road to suit the rock engineering.
Similarly, in mining engineering, the purpose of the mine is to extract
the ore, which is in a specific location. The slopes in the gold mine in
Fig. 2.3b are determined by the orebody geometry and economics. The
large scale of this operation can be seen by the vehicles on the lowest
level.

The type of failure on the roadside rock face shown in Fig. 2.3a, where
instability was caused by pre-existing fractures forming a rock wedge,
can also occur on a large scale, as illustrated in Fig. 2.4. In this case,
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Figure 2.4 Initiation and propagation of a large wedge failure in an open-pit mine,
Western Australia.

two major shear zones and the open-pit mine wall have formed a rock
block which has slid downwards. The traces of dust in Fig. 2.4a and the
clouds of dust in Fig. 2.4b were not caused by blasting: the unstable rock
block slid down under its own weight, and the dust was generated by
the rock surfaces sliding over one another and escaping through rock
fractures.

Natural fractures in the rock mass, especially joints and faults, can
also cause instabilities underground. Some large unsupported caverns
may be stable, as in the cavern shown in Fig. 2.5, but often the rock
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Figure 2.5 Construction of the underground facilities at the Alto Lindoso hydro-electric
project in Portugal.

structure needs to be stabilized by engineered reinforcement or sup-
port.

In Fig. 2.6, the desert location of a potential repository for high-level
radioactive waste is shown. Here, the purpose is waste isolation for
long periods and there are many aspects of geology, hydrogeology,
engineering and biospherics to consider. Again, it is the features of the
rock mass resulting from its geological history that dominate the design,
e.g. the presence of rock fractures, the permeability of the fracture array,
and the age of the water currently in the rock mass.

The rock engineering projects that have been described are widely
different in their locations and purposes but, whatever the purpose of
the project, the rock mass is the host structure. Unlike other materials

Figure 2.6 View southwest towards Death Valley from the top of Yucca Mountain in
Nevada, USA, the site of a potential radioactive waste repository in a dry region. Note
Amargosa Desert to the left of the picture, and the volcanic craters in Crater Flats at the
middle right.
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used in engineering, such as steel, concrete and polymers, we cannot
specify the material properties beforehand: the rock is already there
and we have to find out what its properties are. We are interested in
the stiffness and strength of the intact rock and mechanical weaknesses
in the rock mass, such as bedding planes, faults, joints, and fissures,
generically termed ‘fractures’ or ‘discontinuities’. For rock mechanics
analysis, we also need to know the natural stress state that is in the rock
before engineering begins. This stress state is determined by gravity,
tectonic forces operating and several other factors. So, for all these
reasons and depending on the project, it is helpful, if not essential, to
have a good understanding of the geological history of a site, especially
the structural geology.

The subject of this chapter is explained further in Chapter 2 of ERM 12.
The introduction here in this section is intended as an aide-memoire to the
subject before the questions and answers in the next section. This applies
similarly to all subsequent chapters.

2.2 Questions and answers: geological setting

Q2.1 The picture below shows a limestone slope above a highway in
Spain. Comment briefly on the geological factors that could influence
rock slope stability at this location.

A2.1 The rock strata are folded and there is evidence of opening of
the bedding planes. Generally, in limestones there will be two sets of
joints perpendicular to each other and to the bedding planes. Thus, it is

2 Throughout the text, we will refer to our earlier companion book ‘Engineering Rock
Mechanics: An Introduction to the Principles’ as ERM 1.
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possible that rock blocks could be formed and these might be unstable
because of the steepness of the slope. Also, the folding is variable along
the slope, meaning that some regions of the slope will be potentially
more unstable than other regions. Such limestone masses are likely to
contain shear zones, so the rock should be studied in order to anticipate
problems of major instabilities such as that illustrated in Fig. 2.4.

Q2.2 The picture below shows the surface of a fault in a hard rock
aggregate quarry on which a rock slide has occurred. Explain (a)
why the existence of this fauvlt could indicate that other similar
features will be encountered as quarrying continues, and (b) why
encountering an adverse geological feature such as this is likely to
be less significant in a quarry than in a road cutting.

A2.2 (a) Faults and shear zones are caused by rock stresses: the presence
of one fault is an indicator that others may be present in the same region
where the mechanical conditions have been similar. (b) Unlike the rock
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slopes in a road cutting, the working rock slopes in a quarry are not
permanent. So long as the fault does not affect excavation too much, the
associated instability is acceptable.

Q2.3 The picture below shows tooth marks from the bucket of a
mechanical excavator in the Carboniferous rocks of a near-surface
slope in an opencast coal mine. What evidence is there here of
geological disruption to the rock strata?

A2.3 The excavator tooth marks show that the rock is soft, but a much
more important aspect is the evidence of glacial deformation. Note
the irregular marker bands passing across the slope and below the
hammer head. Such irregular near-surface strata are evidence of glacial
perturbations and the possibility of slope instability problems.

Q2.4 A site investigation was conducted in a granitic rock mass
(see picture on next page). One side of fracture #300 in the core is
shown. What does this fracture indicate about the rock mass history
and what significance does this have for rock mechanics design of
slopes and tunnels in the rock mass?

A2.4 The alteration ring around the fracture (the thin and lighter zone at
the base of the fracture in the photograph) indicates that some alteration
has occurred because of circulating water or other fluids. The texture
on the fracture, running from top left to bottom right, represents a
‘slickensided’ surface which occurs when the rock surfaces have moved
over one another. Thus, fluid has travelled through this fracture and
there has been shear movement on the fracture. These features indicate
a connected rock fracture system in which the rock blocks have been
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moved about. Thus, the rock blocks could be well developed and hence
more likely to be unstable.

Q2.5 In the first Glossop Lecture ® on geology for engineers, Fookes
(1997) quotes from Glossop’s 1968 Rankine Lecture: “What you
look for should be suggested by the natural environment and by
the nature of the construction problem to be solved.” Explain why
this quotation is critically important for rock mechanics and rock
engineering.

A2.5 We have explained that engineering rock mechanics can be studied
generically but, when there is a specific engineering project to consider,
we need to establish the engineering objective. Then, the engineering
structure located on or in the rock mass is tailored directly to the
engineering objective. So the quotation refers to the fact that different

3Fookes P. G. (1997) Geology for Engineers: the geological model, prediction and
performance. Q. J. Eng. Geol., 30, 293-424.
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geological environments will have different characteristics and we can

anticipate many of the features present. Also, certain factors will be

critical for certain engineering projects. For example, for studies of
storing pressurized gas in an unlined cavern, we are critically concerned
with potential gas leakage via natural fractures in the rock mass.

There are two immediate corollaries:

(a) there can be no standardized geological information for different
engineering projects, because there will be different emphases on
different rock properties depending on the engineering objectives, a
subject we cover in Chapters 11 and 12;

(b) itis important to consider the interaction between the rock mass and
the engineering structure, a subject we cover in Chapter 14.

Emphasis is placed on these points in the definition of engineering
geology (based on the Association of Engineering Geologists 1969 defin-
ition) given in the Glossary of Geology*: “The application of geologic
data, techniques, and principles to the study of naturally occurring rock
and soil materials or groundwater for the purpose of assuring that
geologic factors affecting the location, planning, design, construction,
operation, and maintenance of engineering structures, and the develop-
ment of groundwater resources are properly recognized and adequately
interpreted, utilized, and presented for use in engineering practice.”

Q2.6 The quotation at the beginning of the Glossary of Geology* is
that: ”It is not really a mark of distinction for a geologist’s writing
to be so obscure that a glossary is required for its comprehension.”
Discuss this in the context of engineering rock mechanics.

A2.6 The authors agree with the general sentiment in this quotation,
especially when the geological information is being supplied for en-
gineering purposes. It is important that the reader with an engineering
background can understand the content and will interpret the text with
the same meaning as the writer having the geological background. At
the same time, it is necessary to have a glossary so that all the technical
words are defined.

Q2.7 When considering the geological setting for a rock engineer-
ing project, would an engineer expect information relating to all
potential geological hazards to be available?

A2.7 Yes, nowadays the engineer should ensure that such information
is made available. In the same paper?® as referenced in Q2.5, Fookes
explains that:

“Sometimes you hear something said like, ‘rocks and soils
were not made to a BS [British Standard]’. I interpret this as
meaning that every rock and soil is different and cannot be

4Bates R. L. and Jackson J. A. (eds) (1980) Glossary of Geology. American Geological
Institute, USA, 749pp.
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relied upon. I also believed this to be the case and subscribed
strongly to this view for many years. However, I have come
to believe that by and large they are made, not to a man-
made British Standard, but to Nature’s equivalent to a BS
which follows rules of physics, chemistry, biology, mathem-
atics, engineering and so on. Further, I believe that in the
context of site investigation and in the understanding of
the site, application of geological education and experience
should be able to make a moderately close approximation
of the actual geological conditions from the desk study and
that when this is supplemented by ground and laboratory
investigation, there should be, ideally, nothing that has not
been discovered ... it should be a realistic goal to be able
to make a very close approximation to the actual site condi-
tions, particularly if you know what you are looking for and
what questions to ask”.

Thus, from a knowledge of the geological and engineering rock mech-
anics principles, we ought to be able to predict what we will find
underground and what will happen when the rock engineering takes
place. The authors agree with this: there should be no ‘unexpected’ fail-
ures. Against such engineering rationality are examples like the saying
in the tunnelling industry that ‘the history of tunnelling is the history of
the unexpected’. Indeed, all sorts of problems are experienced in tunnels,
as Whittaker and Frith (1990) ° have illustrated.

We can say for sure, however, that taking the advice of good en-
gineering and structural geologists and implementing the principles
of engineering rock mechanics will certainly reduce the likelihood of
‘unexpected events’ occurring during rock engineering.

Q2.8 In an article on geological and geotechnical investigations for
tunnelling, Parker (1996)¢ estimates that “even comprehensive ex-
ploration programs recover a relatively miniscule drill core volume,
less than 0.0005% of the excavated volume of the tunnel”. Do you
think that sampling only this proportion of the rock mass is enough?

A2.8 The 0.0005% sampling level is equivalent to one vertical 100 mm
diameter borehole for every 100 m length along a 5 m diameter tunnel
and, if we did not have other information to guide us, such a sampling
proportion would certainly not be enough.

However, the reason for highlighting the sampling percentage is
that (given we have supplementary information from regional geology,
outcrops, previous engineering, etc., and hence some form of geological
model already established) such spot sampling can often be enough,
but only because the core provides the method for refining an existing

> Whittaker B. N. and Frith R. C. (1990) Tunnelling: Design, Stability and Construction.
Institution of Mining and Metallurgy, London, 460pp.

6 Parker H. W. (1996) Geotechnical Investigations, in Tunnel Engineering Handbook (J. O.
Bickel, T. R. Kuesel and E. H. King, eds). Chapman and Hall, New York, 544pp.
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model which is based on the geological and engineering rock mechanics
principles.

Q2.9 A cavern (165 m long, 22 m wide and 15 m high) is 1o be ex-
cavated in chalk strata beneath the sea. The crown of the cavern will
be 35 m below the seabed. What is the main geological information
you would like to have before proceeding with the excavation?

A2.9 The main danger is that water from the sea will enter the cav-
ern. Hence, much of the geological information should be directed to
establishing whether water inflow will be a problem. In a chalk rock
mass, the water will mainly travel through weathered chalk and the
pre-existing fractures, so information on the degree of weathering and
on the fractures and their characteristics is crucial.

This question was stimulated by the construction of the sub-sea cross-
over cavern on the UK side of the England-France Channel Tunnel. To
paraphrase Warren and Varley (1995)7: “In this area there is a normal
geological succession dipping gently northwards and affected by minor
faulting. The cavern is located within carbonate clayey mudstones form-
ing the lowermost part of the Cenomanian succession, namely lower
and basal chalk, the more sandy glauconitic marl and a clay-dominant
material 7 m thick of carbonate mudstone at the top of the Gault clay.
Weathering at the seabed penetrates down through the overlying grey
chalk and into the upper chalk marl strata to within 20 m of the roof.
Formation mass permeabilities are generally low, i.e. 1077 to 10719 m/s,
although higher permeabilities do exist in the glauconitic marl (owing
to the presence of open joints) and in the upper chalk marl immedi-
ately above the cavern crown. The rock mass quality was fair to good
with sub-horizontal and sub-vertical joints spaced at 1/m and greater
than 2/m, respectively (average persistence 2 m). A number of minor
faults were present, usually of an arcuate nature with downthrows less
than 0.5 m and striking 40° to 220° parallel to one of the major joint
directions.”

Given this geological information, we might expect the engineering of
the cavern to be difficult. In fact, few problems were encountered during
construction. Water entering the cavern through fractures was limited to
minor seepage with a maximum local inflow of 5 1/min at the crown,
and a cavern inflow of 50 l/min.

Q2.10 The pre-existing stress state in a rock mass is caused by geo-
logical processes and is often a critical factor for rock engineering.
Why do you think that quantifying the rock stress is important?

A2.10 Quantifying the rock stress is important because the pre-existing
stress, concentrated around an excavation, can reach the rock strength
and hence cause rock failure. We will be explaining in the next chapter

7Warren C. and Varley P. (1995) Geology, in Engineering the Channel Tunnel (C. J.
Kirkland, ed). E and F N Spon, Chapman and Hall, London, p. 334.
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that stress is a tensor quantity and six independent components are
required to characterize the stress state. As an example, if the maximum
stress component is horizontal, a simple and early design step in weak
rock is to orientate tunnels so that they are parallel to this maximum
stress component. This reduces the stress concentrations, a concept
which has been used to great advantage in coal mining in the USA® and
China®.

2.3 Additional points

It is useful to read through engineering geology and structural geology
textbooks and to become aware of the techniques used in these sub-
jects. A good book in this context is Price and Cosgrove (1990) ' which
presents a “unified approach to the mechanistic analysis of geological
structures”. In the Preface to their book, the authors state that “... em-
phasis is placed on mechanical principles and the way in which they
can be used to interpret and understand how and why a wide variety of
geological structures develop.”

Thus, rock mechanics and structural geology are inextricably linked.
Whether the rock mass is disturbed by nature or by man, the rock
mechanics mechanisms are similar in geology and engineering; they just
differ in their emphases because of the different volume and time scales.
Our emphasis in the engineering context is on the advantages of under-
standing the geometrical and mechanical features of rock masses which
is further emphasized if one imagines slopes and tunnels constructed in
the many rock masses illustrated in the Price and Cosgrove book.

8Su D. W. H. and Hasenfus G. J. (1995) Regional Horizontal Stress and Its Effect
on Longwall Mining in the Northern Appalachian Coal Field. Proceedings of the 14th
International Conference on Ground Control in Mining (S. S. Peng, ed.) West Virginia
University, Morgantown, pp. 39-43.

® Wang Tongliang and Fan Qiuyan (1999) Optimization of Soft Rock Engineering with
Particular Reference to Coal Mining. Int. J. Rock Mech., Min. Sci., Rock Mechanics in China
Special Issue.

Wprice N. J. and Cosgrove J. W. (1990) Analysis of Geological Structures. Cambridge
University Press, Cambridge, 502pp.
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3.1 Understanding stress

To become at all proficient in engineering rock mechanics, it is essential
to understand the concept of stress. Stress is not the same type of
quantity as pressure or force because stress is not a scalar or vector:
it is a tensor quantity. Since a tensor is a mathematical entity that
obeys a certain set of rules, it is not difficult to develop a superficial
understanding of stress. However, it is also important to have a deeper
understanding of why these rules apply, and we have prepared this
chapter to provide that understanding.

Pressure in a fluid is a scalar quantity: this means that it has a certain
magnitude, which is independent of direction, e.g. the pressure in a car
tyre! is 25 Ibf/in? in all directions. Force is a vector quantity: it has
magnitude and direction and must be specified by three components
in the three-dimensional case, usually the three components in three
mutually orthogonal (perpendicular) directions. However, the stress at
a point inside a rock has three components acting perpendicular to the
faces of a cube, and six stress components acting along the faces. The way
in which these components vary as the cube is rotated means that stress
is a tensor quantity and it must be specified in the three-dimensional case
by six independent components. The normal and shear stresses acting on
planes at different orientations inside the rock mass are required for rock
engineering design studies and can be calculated using transformation
equations, as we will illustrate.

The problem with perceiving stress is that humans deal with scalar
and vector quantities during daily life, but not tensors. For example,
temperature is a scalar quantity and wind velocity is a vector quantity,
and so we have no difficulty relating to these concepts. However, stress,
strain, permeability and moments of inertia, which are tensor quantities,

! We emphasize that it is the engineering rock mechanics principles that are important.
Once you understand the principles, you can work with any units (such as the Imperial,
or ‘British’, units used here) and with any symbols. Most of the time we will use SI
(System International) units.
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Figure 3.1 Resolution of a force.

are not consciously encountered in daily life. This means that we do not
have intuitive feelings about quantities such as stress and strain, except
in reduced one-dimensional forms (where the stress or strain is acting
in only one direction) or when the values of the normal components
are equal (so that stress becomes pressure and strain becomes a uniform
contraction or expansion). An extra effort is required to develop an un-
derstanding of a tensor quantity and hence the nature of stress in a solid.

Readers who have already been exposed to some stress analysis
and who may be somewhat sceptical about the lack of their intuitive
understanding of stress might like to try Q3.10 in Part B of the book. In
Part B, the questions can be tackled without the answers being visible. If
you can solve problem Q3.10 without recourse to mathematics, you do
have a feeling for stress!

Force is a vector quantity: it has magnitude and direction. For ex-
ample, we might say that ‘a force of 5 MN is acting horizontally in a
northeasterly direction’. To specify a vector in two dimensions requires
two pieces of information: either the magnitude and direction or the x
and y components of the vector. In three dimensions, three pieces of
information are required: either the magnitude and two directions or the
x, y and z components of the vector. When a force, F, is resolved through
an angle 6, the resultant is F cos 8, as the diagram in Fig. 3.1 illustrates.

The units of force are the newton (N) or the pound force (Ibf) with
dimensions LMT 2.

Stress is a tensor quantity developed from the idea of normal forces
and shear forces acting within the rock. Pushing your hand down on a
table generates a normal force. Pushing your hand along the surface of
the table generates a shear force. It is the fact that a solid can sustain
a shear force which causes the stress field: otherwise, there would just
be a scalar pressure, with the same value in all directions, and rock
tunnels would float to the surface. The first key to understanding stress
is understanding the existence of the shear force. The normal and shear
forces are scaled by the areas on which they act, giving normal stresses
and shear stresses?. The units of stress are newtons per metre squared,
N m~2, known as pascals, Pa, or pounds force per inch squared, Ibf/in?,
with dimensions L~"MT~2.

When a plane is specified on which the stresses are acting, the normal
and shear stress components have magnitude and direction. The normal
stress acts normal to the plane; the shear stress acts along the plane.

2In fact the stress components are defined as the limiting values at a point when the
area on which the forces act is reduced to zero.
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Op, acts over this area, A

/ 8
k‘ normal stress = Fcos /(4 40s6) =(F/A) c0s’6 =0y cos’6
O

!/ Resultant acts over this area

normal stress = force/area, Op = F/A

Figure 3.2 Resolution of a stress component, from the heavier arrow to the lighter arrow
(for a prism of unit depth).

Because the shear stress on the plane can be resolved into two perpen-
dicular components, there will be a total of three orthogonal stress com-
ponents acting on the plane: the normal stress and two shear stresses.
For example, on a vertical plane in the E-W direction, there could be a
normal stress of 10 MPa acting due north, a shear stress of 5 MPa acting
due west, and a shear stress of 7 MPa acting vertically downwards.
Thus, to specify a tensor in two dimensions requires three pieces of
information: either (a) two normal stresses acting in the specified x, and
y directions, plus the shear stress; or (b) the two principal stresses (see
Section 3.2, Q3.5) and their orientation. To specify a tensor in three di-
mensions requires six pieces of information: (a) either the three normal
stresses and the three shear stresses acting on three specified orthogonal
planes; or (b) the three principal stresses and their three directions.

We noted above that when a force, F, is resolved through an angle 0,
the result is F cos6. However, when a stress component, say a normal
component ay, is resolved through an angle 6, the resultant is o, cos? 6.
The cos?§ term arises because a double resolution is required: i.e. a
resolution of the force component and a resolution of the area on which
it is acting. This is illustrated in Fig. 3.2, where the original normal
stress component (represented by the heavy arrow) is transformed to
the new stress component (represented by the lighter arrow) using the
cos? @ term. The second key to understanding stress is understanding
this double resolution.

When all the stress components are transformed in this way in two
dimensions, the resulting equations for the stresses on a plane give the
locus of a circle in normal stress—shear stress space. The third key to
understanding stress is realizing that the cos? 8 resolution of one normal
stress and the sin’@ resolution of the other normal stress enables a
graphical resolution of the stress components using Mohr’s circle (see
Q3.4). The circle occurs due to the cos?8 resolution of the first normal
stress, the sin’ @ resolution of the second normal stress (sin? because the
second normal stress is perpendicular to the first normal stress), and the
fact that a circle with radius r is represented in (r, §) space as

rtcos?6 +r?sin?6 = r’.

These stress principles apply in all materials from chalk to cheese,
and hence in all rock types. Moreover, in engineering rock mechanics,
a knowledge of the values of the in situ natural stress components is
required to understand the pre-engineering stress conditions. This is
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the subject of Chapter 4. The in situ stress field usually governs the
boundary conditions for the rock mechanics problem. A knowledge of
how the in situ stress field is then perturbed by changes in geometry (e.g.
excavating a tunnel) or direct loading (e.g. the foundations of a dam) is
crucial for engineering design. Understanding the fundamental nature
of rock stress is an essential prerequisite, and so the questions in this
chapter concentrate on this fundamental understanding.

3.2 Questions and answers: stress’

Q3.1 Show how the stress state In a solid can be described via
the stress components (normal and shear) on an elemental cube
of rock. Also, show how these components are listed in the stress
matrix. What do the components in a row of the stress matrix have in
common? What do the components in a column of the stress matrix
have in common?

A3.1 The components on an elemental cube are shown below.

Ozz

Oyy
T =

Nommnal stress

\L Shear stress
— yz T J
_x_)Y
Ty —> ‘\ .,
Tz
/ Ty
A N
Right-handed [ (middle finger) Oyy /]\
co-ordinate y (forefinger)
system X (thumb) oz

The components are listed in the stress matrix as follows:

| . .
Zu ) Iy _Txe | The components in a row are the components acting

ol o r on a plane; for the first row, the plane on which o,
ye o By tye acts
: .
Tox I Ty Oz
|

The components in a column are the components acting in one
direction; for the first column, the x direction.

3 Note: There are several conventions for expressing the stress components. We have
used the most common notation in engineering rock mechanics, with ¢ for normal stress
components and r for shear stress components, and with compressive stress positive. The
most important aspect is to understand the concept and manipulation of stress: these are
independent of the symbol convention used. With this understanding, any convention
can be used with equal facility. Similarly, if necessary one can learn to use the SI units
(Pa) and Imperial or “British” units (Ibf/in?) with equal facility: 1 MPa ~ 145 psi.
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Q3.2 When is a matrix symmetrical? Why is the stress matrix sym-
metrical?

A3.2 A term in the ith row and jth column of a matrix can be written as
xij. A matrix is symmetrical when all the complementary terms x;; and
Xj; are equal.

The elemental cube shown in answer A3.1 is in equilibrium, and
taking moments about the axes shows that the corresponding shear
stresses must be equal.

In the stress matrix
T. =T,

Xy VX
- ' Tye =Tey
T =Tx

Leading diagonal

So, for a cube of side Al, taking moments about the z-axis gives
T Al/2 —1,,Al/2 = 0, or T,y = 7y,. Because the complementary shear
stresses are equal, the stress matrix has six independent components, e.g.
the normal stresses on the leading diagonal and the three shear stresses
above the leading diagonal: 0., oy, 0y, Txy, Txzs Tyze

Q3.3 Explain the differences between scalar, vector and tensor
quantities. Why is stress a tensor quantity?

A3.3 A scalar is a quantity with magnitude only, e.g. temperature or
pressure. A vector is a quantity with magnitude and direction, e.g.
velocity or force. A tensor is a multi-component quantity, each of the
components having magnitude and direction, e.g. stress.

Stress is a tensor because the rules which govern the changes in the
stress components as the reference axes are changed are those of a tensor.
More mathematically, a tensor is a “multilinear differential form invari-
ant with respect to a group of permissible co-ordinate transformations in
n-space” (Borowski and Borwein, 19894).

Q3.4 How are normal and shear stress components plotted on
Mohr’s circle?

A3.4 The components are plotted as shown in the diagram below.
Remember that compressive stresses are positive in rock mechanics, and
notice the signs of the shear stresses. (A detailed explanation of Mohr’s
circle and its use may be found in ERM 1.)

4Borowski E. J. and Borwein J. M. (1989) Dictionary of Mathematics. Harper Collins,
London, 659pp.
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Shear stress, T
X ny -T (o-yyy 'Txy)

+T,y
N \l/ Tl Principal stress, O

Normal stress, 0

}/[\7 \-T Principyl stress, 0,
Xy

Y+T

(O, + Tyy)

Q3.5 What is a principal stress plane? What is a principal stress?

A3.5 A principal stress® plane is a plane on which there are no shear
stresses. A principal stress is the normal stress acting on a principal
stress plane. In 3-D, the three principal stresses are written as o, o,
and o3, in order of the largest value, intermediate value, smallest value,
respectively. For any given stress state, the maximal and minimal normal
stresses occur on the principal stress planes: see where o, and o, are
plotted on the Mohr circle above for the 2-D case.

In Chapter 16 of ERM 1, we explained that all unsupported rock
excavation surfaces are principal stress planes, because there are no
shear stresses acting on them. Thus, one of the effects of excavation is
to define locally the orientations of the principal stresses, i.e. they will
be parallel and perpendicular to the excavation surfaces. Moreover, the
principal stress component acting normal to unsupported excavation
surfaces is also zero.

When the principal stresses at an excavation surface are shown in the
stress matrix (with the z-axis perpendicular to the excavation surface),
most of the terms have zero value.

6.0 0 Principal stresses parallel to excavation
= surface
0 o,
Principal stress perpendicular to
0 00 excavation surface

This is for the case where there are no tensile stresses in the rock, i.e.
the o3 value of zero is the lowest of the three principal stresses.

Q3.6 What are the following stress states: uniaxial stress, biaxial
stress, triaxial stress, polyaxial stress, pure shear stress, hydrostatic

stress?

A3.6 These terms are commonly used to describe the stress states
applied to laboratory test specimens.

5 Do not use ‘principle stress’! The correct term is ‘principal stress’.
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Uniaxial stress. One principal stress is applied, i.e. one principal stress
has a non-zero value, o, # 0, 0, = 03 = 0.

Biaxial stress. Two principal stresses are applied, i.e. two principal
stresses have non-zero values, o # 0,07 # 0, 03 = 0.

Triaxial stress. Three principal stresses are applied but two have the same
value. This term came into use during the development of laboratory
testing: a cylinder of rock is compressed by one principal stress along
its axis and a fluid pressure is applied to the sides, equivalent to a
stress state o, # 0, 02 = 03 # 0. The term is correct in that three stress
components are applied along three axes, but somewhat misleading
because two of the components have the same value.

Polyaxial stress. Three principal stresses are applied, i.e. the three
principal stresses have non-zero values, o; # 0, 02 # 0, 03 # 0. These
three stresses are usually unequal.

Pure shear stress. This term is used to denote a stress state where
there is only shear stress on a plane (i.e. there is no normal stress on
the plane). This occurs within a specimen when equal compressive and
tensile stresses are externally applied, oy = some value, say k, 0, = —k,
o3 = 0. The plane with a state of pure shear is then at 45° to the applied
stresses, as shown below.

Pure shear on

i -7
0-24\ this plane
o, — /*\ <- % . o
Q/ 45° g
+7

Q3.7 Show how to add two tensors and hence how to calculate
the mean of n stress states. How would you calculate the mean
of n different stress states which were specified by their principal
stresses and the associated principal stress directions?

A3.7 Two tensors, representing stress states A and B, are averaged (as-
suming the average is the mean value) by adding their corresponding
components and dividing by two.

A A A B B B
T Ty Txg Oy Txy Tyz
= A A LA B B B 2
Mean T)' X 0)’ ¥y ty Z + T)'X 0)’ Y T)’ 2 /
A A A B B
L TZI Ti’.)’ O.ZZ TZI TZ y UZZ

" _(A+B) (A+B) (A+B)
Oxx txy Txz

— (A+B) (A+B) (A+B)
- Tyx Oyy Tyz / 2

(A+B) (A+B) (A+B)
_sz sz O
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where
(A+B) _ A B
o'xx - Gx,t +o

and so on.

However, when n stress tensors have been specified by the magnitudes
and directions of their three principal stresses, 0y;, 02;, 03;, fori = 1ton,
it is not correct to average the principal stress values and average their
directions. For example, if one stress state has the maximum principal
stress acting due north with a value of 5 MPa and a second stress state
has the maximum principal stress acting due west with a value of 10
MPa, the average stress state is not a stress state with the maximum
principal stress acting northwest with a value of 7.5 MPa.

Understanding how to average stress fields is important for data
reduction in stress measurement programmes. The components for each
tensor must be first specified relative to three reference axes, x, y and
z, and then the components averaged, as in the case above which
represents averaging for n = 2. Once this averaging has been done, the
principal stresses for the mean stress tensor can be calculated.

Q3.8 What are the first, second and third stress invariants?

A3.8 When the stress tensor is expressed with reference to sets of axes
oriented in different directions, the components of the tensor change.
However, certain functions of the components do not change. These are
known as the stress invariants, expressed as I,, I3, I5. (Recall that in
A3.3, the mathematical definition of a tensor included “. . .invariant with
respect to ... permissible co-ordinate transformations...”). The three
invariants are;

I =0y + 0y, + 0y

2 _ .2

_ 2
L = 04,0,y + 0,0, + 0,0 — T v~ Ty ol

X

— 2 2 2
I3 = 04403407 + 2Ty Ty Tox — Ox L T

The expression for the first invariant, /;, indicates that for a given
stress state, whatever the orientation of the x, y and z axes, i.e. whatever
the orientation of the reference cube shown in A3.1, the values of the
three normal stresses will add up to the same value /;.

When the principal stresses have to be calculated from the components
of the stress tensor, a cubic equation is used for finding the three values,
01, 02, and o3. This equation is
o — (oxx + Oyy + 022)02 + (o'xxayy + 0yy0z; + 04207 — ‘L'f). - tyz-z - tzzx)o' -

(OxxOyy0zz + 2Ty Tyo Tox — Oy tfz — ayytzzx - O'ZZ‘t}),) =0
or
3 2 —
o' —lho“+hLo—-6L=0

Because the values of the principal stresses must be independent of
the choice of axes, the coefficients in the equation above, i.e. I}, I, and
I;, must be invariant with respect to the orientation of the axes.
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Note that the components of the first stress invariant,
I, = 04y + 0y, + 0;; = 0| + 02 + 03, are on the leading diagonal of the
stress matrix (the terms from top left to bottom right). Since I, is the sum
of the normal stresses, it is three times the mean normal stress. This first
invariance indicates that there is a constant mean normal stress as the
reference axes are changed.

Q3.9 By considering the rates of change of the stress components
in the answer to Q3.1, establish force equilibrium in the x, y and
z directions and hence write down in differential form the three
equilibrium equations for an elemental cube.

A3.9 Consider the infinitesimal elemental cube shown in A3.1 and take
the rate of change® of o, in the x direction as d0,,/3x. Because of this
change, the stress on one side of the cube is larger than on the other, as
shown below.

Q\’X +
dy x

Ox

The net stress in the x direction due to this change across the elemental
cube for a distance dx is the stress applied to one side of the cube minus
the stress applied to the other side:

+ aaxx 8 o aaxx 8
Oxx — Oxx X .
ox * r ox o

Assuming that the cube has side lengths of 3x, 8y and 8z, and mul-
tiplying this stress increment by the area of the face on which o, acts, i.e.
8ydz, gives a force increment of (30, /9x)3x3ydz. Applying this principle
to the three stress components acting in the x-direction (see the left-hand
column of the stress matrix in A3.1), gives the three force increments:

a XX a X 3
I ©r 8xdydz, and S sxdydz
0x ox ox

Because the infinitesimal cube is in equilibrium, these forces must also
be in equilibrium (in the absence of any other forces) and hence have a
sum of zero. Equating the sum of the force increments to zero, cancelling
3x8ydz, and assuming that no body forces such as gravity are acting,
provides one of the differential equations of equilibrium:

A0,y 0Ty ATy
0x 0x 0x

=0

% The mathematical operator, 3/9x, represents differentiation with respect to x, all other
variables being treated as constants.
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By similar considerations in the y and z directions, we also have

0Ty 00y, 0Ty
3y ' 8y | ay
a1y, 0Ty, 00y
3z 3z | 8z

The reason for including this question and answer is to demonstrate
that equations such as these relating to stress analysis, and which are
perhaps daunting at first sight, are not so difficult and are certainly
easier to remember once they are understood.

=0

=0

Q3.10 Given an elemental cube with a normal stress component
and two shear stress components acting on all its faces, it is always
possible to find a cube orientation such that the shear stresses dis-
appear on all faces and only normal stresses (the principal normal
stresses) remain. Is it possible to find a complementary orientation
such that the normal stresses disappear on all faces and only shear
stresses (i.e. principal shear stresses) remain? Explain the reason
for your answer.

A3.10 No, generally it is not possible. The answer is straightforward
from the mathematical point of view. The first invariant I, explained in
A3.8 provides the direct answer to the question. As the orientation of the
cube changes, the normal and shear stresses on the cube faces change, but

I} =0y, +oy+0,=01+0+ 0

and so, for any non-zero value of 1}, it is not possible to have
01 =0 =03 = 0.

There is the exceptional case when /; = 0. In 2-D, for the pure shear
stress case, as defined in A3.6, where I} = 01 + 0y = +k 4+ (—k) = 0O,
there is an orientation of the elemental square with the edges having no
normal stresses, i.e. when the square is rotated by 45°. Note that this can
only occur for a Mohr circle centred at the origin of the o — 7 axes, so
that one diameter of Mohr’s circle is along the t axis where the normal
stresses are zero.

Pure shear on

o, this plane -
o = | ! o, o1 .
45°
No normal
stresses on T
the edges of

this square
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3.3 Additional points

Stress is important for many aspects of rock mechanics and is relevant
to many of the chapter subjects in the book. In particular, further stress
questions are included in Chapters 19 and 20.

We re-emphasize the point that principal stress planes are defined
when new rock surfaces are created, e.g. by excavation of a slope,
borehole, tunnel or cavern. By Newton’s 3rd law — to every action there
is an equal and opposite reaction — there can be no normal or shear
stresses acting on such rock surfaces (neglecting atmospheric pressure).
Not only is the rock surface a principal stress plane, but the principal
stress acting on that plane is zero.

Thus, the process of creating a new rock surface causes the principal
stresses in the rock mass to be locally oriented perpendicular and
parallel to the surface. The principal stress perpendicular to the surface
is zero and the maximum and minimum stress values occur in the rock
in a direction parallel to the rock surface, i.e. the other two principal
stresses. It is much easier to understand underground deformations and
excavation-induced fracturing if this is borne in mind.

Remember that, although compressive stresses are usually reckoned
as positive in rock mechanics, computer programs for numerical analysis
are often developed from structural engineering codes in which tensile
stresses are positive. Always check the sign convention.






4 In situ rock stress

il.i.t L

4.1 The nature of in situ rock stress

Having explained the concept of stress in Chapter 3, we now consider
why there is a natural stress state in the rock and some of the key aspects
of the subject, especially measuring the in situ stress and predicting
variation in the stress state from point to point in a rock mass. In
Chapter 5, we will consider the concept of strain and how stress and
strain can be linked.

Six independent components are required to specify the stress state
at a point. The stress state can be presented as the matrix of stress
components relative to specified x, y and z reference axes.

O-:C
o xx Tl.\ TXZ O-XX TX)‘ TXZ o
= S ML Yy
Ty Op Ty Oy Ty (N~ o
- ’ : >
Ta Ty Oz S mmelri\c\\\o’ z T Ty \J
2 y E o, —> P < o,
T
—_
Z e Tyx
y O A
L, |
Right-handed Oz
co-ordinate
system
or in principal stress form
O-2
0O O c 0 O
1 ~ \[ o
0 O-2 0 - e \(?; 0 :
0 0 o T N
3 Symmetric ™~ #
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In the first case, the six components of the stress state are the six
components of the stress tensor with respect to the reference axes. In
the second case, the six components are given by the values of the three
principal stresses, 0\, 03, and o3, plus three values providing the orient-
ation information needed to specify the three principal stress directions
relative to the reference axes; for example, the trend and plunge! of the
o) direction and the trend of the o, direction, remembering that oy, o,
and o3 are mutually orthogonal.

In situ stress states, as estimated from geological information or as
determined from measurements during a site investigation, are usually
reported using the principal stresses. An example stress state, plotted on
a lower hemisphere projection, is shown below.

N Trend

The diagram indicates a stress state

o1 = 16 MPa acting horizontally north-
south,

o, = 10 MPa acting vertically, and

o3 = 7 MPa acting horizontally east—
west.

The use of hemispherical projection is

explained in Appendix B of ERM 1 and

in this book in Section 7.1.

7 MPa

To establish why there is a natural stress state in the rock, we must
consider the geological circumstances. The stress state is caused by three
main factors.

(a) The weight of the rock. In Imperial units, a cube of rock 1 ft x 1 ft
x 1 ft has a base area of 12 in x 12 in = 144 in. Assume that the cube
is on the floor and that it weighs 144 lbf, a representative value. The
cube will then exert a stress of 144 Ibf/144 in? = 1 Ibf/in? = 1 psi on
the floor. Thus, a useful rule of thumb is that in a rock mass the vertical
stress component will increase by about 1 psi for every foot of depth.
The equivalent rule in SI units is that the vertical stress will increase by
1 MPa for every 40 m of depth, because a representative value for rock
unit weight is 25 kN/m3. The exact values will depend on the local rock
density.

The pressure in a car tyre, say 25 psi, is equivalent to a rock depth of
25 ft or about 8 m. At a depth of 2000 ft, or about 615 m, the vertical
stress component is around 2000 psi or 15 MPa. This is equivalent to the
weight of a car on every square inch of rock, or the weight of 1500 cars
on every square metre.

!'The terms “dip direction’ and “dip angle’ are used for the orientation of a plane: the
‘dip angle’ is the angle between the steepest line in the plane and the horizontal; the
‘dip direction’ is the compass bearing or azimuth of the dip line. The words ‘trend’ and
‘plunge’ are used for the orientation of a line: the ‘trend’ is the compass bearing of the
line; the ‘plunge’ is the angle between the line and the horizontal. Thus, the orientation
of a fracture will be specified by the dip direction and dip angle, whereas the orientation
of the normal to a fracture, or a borehole axis or a principal stress, will be specified by
the frend and plunge.
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Compressive stress Tensile stress
in the surface layers in the core
X <3
¢ > ___ Fractures
o
= =
Section through car windscreen Section through rock mass

Figure 4.1 The concept of locked-in stresses, in a car windscreen and in a rock mass.

(b) Current tectonic forces. Due to the movement of tectonic plates, the
earth’s crust is subject to tectonic forces, as it has been during geological
history. The rock mass may be strong enough to sustain these forces
and the associated stresses. However, if the stresses are high enough,
the rock will fracture and crumple causing the joints, faults (generically
termed fractures) and folds, which are formed during high stress and
orogenic events. In many regions of the world, the tectonic plates are in
a state of limiting equilibrium and there are high horizontal stresses in
the rock mass. In fact, it is the rule rather than the exception that the
maximum principal stress in a rock mass will be acting sub-horizontally,
not vertically.

(c) Previous tectonic forces. There may also be residual stresses from
earlier tectonic events: when a fractured rock mass is compressed and
then unloaded, stresses can be left locked in the rock mass. An analogue
example of this effect is a pre-stressed car windscreen.

The section through the windscreen in Fig. 4.1 indicates how a layer
on each surface in a compressive stress condition is balanced by the
tensile stress in the central region. The purpose of this pre-stressing
is to increase the windscreen’s resistance to breakage by reducing the
tensile bending stresses that can develop on either side during an
impact. Similarly, and as a result of loading and unloading, the fractured
rock mass may well contain significant residual stress. The subject
of residual stress is a controversial one, but it is possible that many
high horizontal stress components observed in rock masses are residual
stresses.

All three of the main causes described above can contribute to the
stress state at a point in a rock mass. In addition, other factors can alter
the stress state, such as erosion which will reduce the vertical stress
component more than the horizontal components. Fractures at all scales
will perturb the stress field.

To understand how a fracture pattern perturbs the stress field, as-
sume that in a horizontal section through a rock mass, as shown in
Fig. 4.2, the stress state A’ indicates the two horizontal components
of the pervasive stress state in the rock. Nearer the fracture, states ‘B’
and 'C’, the principal stress directions are rotated and the magnitudes
of the principal stresses change. In the case of an open fracture, no
normal or shear stress can be sustained perpendicular and parallel to
the fracture surface, so the fracture surface becomes a principal stress
plane with a principal stress value of zero (cf. A3.5). Imagining this
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Figure 4.2 Perturbation of in situ rock stress state caused by a fracture.

effect adjacent to many fractures at all scales in a rock mass leads to the
expectation that local values of in situ stress, and associated site investig-
ation values, are likely to be variable. Also, the activities of the engineer
when excavating the rock mass will perturb the stress state adjacent to
excavations.

4.2 Questions and answers: in situ rock stress

Q4.1 There is no internationally agreed terminology for words de-
scribing the state of stress in a rock mass. However, describe in one
sentence what you think is meant by each of the following terms.

Natural stress Thermal stress
Induced stress Palaeostress
Gravitational stress  Near-field stress
Tectonic stress Far-field stress
Residual stress Local stress
A4.1
Natural stress: the in situ stress which exists prior to engineering.
Induced stress: the natural stress state as perturbed by engineering?.
Gravitational stress: the stress state caused by the weight of the rock
above.
Tectonic stress: the stress state caused by tectonic plate movement.
Residual stress: the stress state caused by previous tectonic activity.
Thermal stress: the stress state caused by temperature change.
Palaeostress: a previous natural stress that is no longer acting.
Near-field stress:  the stress state in the region of an engineering per-
turbation.
Far-field stress: the stress state beyond the near-field.
Local stress: the stress state in a region of interest.

2Some writers use ‘induced stress’ to mean the actual stress after engineering; others
use the term to mean the stress changes caused by engineering. It is important to be sure
which definition is being used in any particular context.
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Q4.2 Add the following 2-D rock stress states, and find the principal
stresses and directions of the resultant stress state.

o
SN,

5MPa 20MPa 7
10 M{a i 0

A4.2 Draw xy and Im axes for the first stress state, and then plot the
corresponding Mohr circle.

30

20 MPa

10 MPa
Shear stress, - T
-10.0 |
50 j G,.t, = 10.0,5.0
0,1, =21.83,-1.83
0 ~ W —
| 5.0 25.0 300 Normal stress, O
o1, =8.17,-1.83
50 1 oty = 20.0,5.0
10.0 -
21.83 -—1.83
The stresses transformed to the xy axes are
—-1.83  8.17

Draw xy and /m axes for the second stress state, and plot the corres-
ponding Mohr circle.

}/ /15MPa .

N !

m\
2 MPa \ //509
/'\ /' ¥

\ 20 MPa
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Shear stress, -t

-5.01

1 Gt = 20.0, 2.0
oty = 14.52, -1.17 60% 250 30,0
5.0 10.0 0 G,/ %y = 20.48, -1.17 Normal stress, o
o,T, = 15.0, 2.0

5.0 4
14.52 —1.17
The stresses transformed to the xy axes are
—1.17 2048
Adding the two xy stress states gives
21.83 —1.83 n 1452 —-1.17 36.35 -3.00
—1.83 8.17 —1.17 2048 —3.00 28.65

Plotting the Mohr circle for the combined stress state and reading
off the principal stresses and the principal directions gives the required
values.

Shear stress, -1

-10.0

-5.0

37,800 Ty = 36.35, -3.00
0 o, = 27.62 N\, \o/=37.38
5.0 10.0 15.0 20.0 25.0 30 Normal stress, ¢
a,1,,=28.65, -3.00
5.0

10.0

The principal stresses of the resultant stress state are o, = 37.38 MPa
and o; = 27.62 MPa, with o, being rotated 18.9° clockwise from the
x-direction.

Q4.3 How many experimental set-ups are required to determine
the 3-D state of stress in a rock mass, using each of the stand-
ard stress measurement methods? of flatjack, hydraulic fracturing,
USBM gauge and CSIRO gauge? (Assume that the stress field is
constant in the vicinity of the test site.)

3 These stress measurement methods are described in Section 4.3 of ERM 1.
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A4.3 The flatjack method measures one normal stress; so, given that the
stress tensor has six independent components, six set-ups are required
(at different orientations).

Conventional hydraulic fracturing in a vertical borehole measures two
values, the principal stresses are assumed to be parallel and perpendicu-
lar to the borehole axis, and the vertical stress value is assumed on the
basis of gravitational stress. As a result, with two measured values and
the equivalent of four assumptions, only one set-up is required to estab-
lish the stress tensor components. For the hydraulic testing of pre-existing
fractures (HTPF), the borehole does not have to be parallel to a principal
stress and one normal stress is measured each time, similar to the flatjack
method; so six set-ups are required, but each must use a fracture at a
different orientation.

The USBM overcoring gauge provides three values in a plane; so two
set-ups are required in two boreholes at different orientations.

The CSIRO overcoring gauge provides at least six values; so one set-up
is required.

Q4.4 Three flatjack tests have been made close to each other in
the wall of a long, straight tunnel, the axis of which dips at 7°. The
measurement position is approximately 250 m below the ground
surface and it is assumed that the flatjacks are in the same stress
field. The slots for the flatjacks were cut normal to the wall of the
tunnel, and were oriented relative to the tunnel axis as shown.
The cancellation pressure for each of the flatjacks A, B and C
was 7.56 MPa, 6.72 MPa and 7.50 MPaq, respectively. Compute the
principal stresses and their directions, and ascertain whether they
accord with worldwide trends.

A4.4 One way of solving this problem is to use the stress transformation
equations, i.e.
0, = 0,c0s* O + o, sin* O + 21, sinf cos
where o, 0, and 1,, are the global stress components, and 6 is the angle
between the global x axis and the direction of the stress in question.
Taking the x axis horizontal directed to the right, and the y axis vertical

upwards, and all orientations measured anticlockwise positive from the
positive x axis, we have the following dip angles:

ﬂrunnel ==, .BA = —40°+ ﬂlunnel = —47°,
B =0°+ Brunnel = =7 Bc =52°+ Brunnel = 45°,
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Finally, because each flatjack measures the normal stress component
perpendicular to the flatjack, we add 90° to each of these directions
to obtain the direction of the normal stress on each jack. Thus, the
magnitude and direction of the normal stress on each jack is as follows:

Jack A o5 =7.56 MPa, 64 = fa +90°, 6, =43°
Jack B o5 = 6.72MPa, 6 = fp +90°, 0 = 83°
JaokC  oc =7.50 MPa; ¢ = Bc +90°, 6c = 135°

Assembling the stress transformation equation for all three jacks into
matrix form gives

o cos’B, sin*0y 2sinfscosby | | ox
o | = |cos’6y sin®6y 2sinfgcosbp | | oy | OF Guck = Royiobal
oc cos’@c  sin’fc  2sinfccosbe | | Ty,

which, upon evaluation, yields

7.56 0.535 0.465 0.998 o
6.72 | = [ 0.015 0985 0.242 oy
7.50 0.500 0.500 —1.000 | | 7y

Inverting this matrix equation gives ojoba = R“ajack and this evaluates as

O 1.093 —0.952 0.860 7.56
o, | =|-=0.134 1.021 0.113 6.72
Try 0.479 0.034 -0.514 || 7.50
8.31
from which we find 61000 = | 6.70 | MPa.
0.00

We see that o, and o, are principal stresses, because 7., = 0, and
the principal stresses are vertical and horizontal, which is a reasonable
result. In addition, we have the horizontal stress, o,, greater than the
vertical stress, o, which is usually the case.

Now, to compare the vertical stress with the weight of the overburden,
compute a value for the vertical stress based on the depth of the tunnel
and an assumed unit weight for the rock:

Yook = 2TKN/m?,  z2=250m, 0y = Ve X 2, Oy = 6.75 MPa.

This compares well with the value for o, found above.

Q4.5 Two further flatjack measurements have been made in the
wall of the tunnel considered in Q4.4. These dip at 20° and 90°
relative to the tunnel axis, and produced cancellation pressures of
7.38 MPa and 7.86 MPq, respectively. Compute the best estimate of
the principal stresses.
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A4.5 Continuing from Q4.4, we determine the stress directions for all
five jacks:

ﬂlunnel = -7, ﬂA = —40°+ ﬂlunncl = —47°, ﬂB =0+ ﬂlunnel = -7°
ﬂC =+52°+ ﬂlunnel = 450! ﬂD =20+ ﬂlunncl = _2701
Be = —90° + Bupnet = —97°

The magnitude and direction of the normal stress on each jack are then
as follows:

Jack A 04 =7.56MPa, 0 =pBa+90°, 0, =43°
JackB  op =6.72MPa, 6 = g +90°, 6 =83°
JackC  oc =7.50MPa, 6c = fc+90°, Oc = 135°
JackD  op =7.38MPa, 6p =pfp+90°, 6p=63°
JackE o =7.86MPa, 6 =fBs+90°, f=-7°

As in A4.4, we use 0j,ckx = Royiopa Where

O [c0s20, sin*0, 2sinf,cosb, |
op cos?fOp sin’0g 2 sinfg cos Oy o,
Ok = | 0c |» R=|cos?6c sin?Oc 2sinfccosbc |, and Ogoba = | oy
op cos?fp sin’Op 2sinépcosbp Ty

| ok | | cos? 0, sin’@g 2 sin 6 cos b |

This shows that we have five equations for only three unknowns and,
in such cases where there are more equations than unknowns, we find
the least-squares solution (Press et al., 19904). Using the inverse matrix
and finding the least-squares solution,

7.99
Oglobal = (RTR)_J(RTo'jack)a which gives o 001 = | 6.90 | MPa.
0.07

To compute the principal stresses, we use the equation for Mohr’s
circle. The centre of the circle on the normal stress axis is given by

¢ =10, +0,) =745 MPa

and the radius of the circle is

1
5\/ (0, — 0,)? 4 (274,)? = 0.55 MPa,

from which
oy =c+r =9.00 MPa and 0, = ¢ — r = 6.90 MPa.

4 A description of least-squares methods is given in books from the series by Press
W. H., Flannery B. P, Teukolosky S. A. and Vertterling W. T. (1990) Numerical Recipes.
Cambridge University Press.
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The expected stresses, ., are given by

756 |

6.94

0e = R0Oyioba Which evaluates as | 7.37 [ MPa:
7.19

[ 7.96 |

oa = 7.56 MPa, og = 6.94 MPa, oc = 7.37 MPa, op = 7.19 MPa, and
og = 7.96 MPa.

These are not the same as the measured values and so a least-squares
solution should always involve computation of the errors involved, as
described in statistical textbooks.

Q4.6 The stress in a granitic rock mass has been measured by
the hydraulic fracturing technique. Two tests were conducted in a
vertical borehole: one test at a depth of 500 m, and the other test at
a depth of 1000 m. The results were as follows:

Depth Breakdown pressure, Ps  Shut-in pressure, Ps

(m) (MPa) (MPa)
500 14.0 8.0
1000 24.5 16.0

Given that the tensile strength, o,, of the rock is 10 MPaq, estimate
and list the values of 01, 02 and o3 at the two depths. State all
of the assumptions you have to make in order to produce these
estimates. Are any of them doubtful? State whether the two sets of
results are consistent with each other, and justify your reasons for
the statement. Are the results in agreement with trends exhibited by
collated worldwide data?

A4.6 Using the hydraulic fracturing

. Ou
stress measurement technique, a por-
tion of a borehole, say a 1 m length, is Hydraulic
sealed off. Water in this borehole portion _ fracture
is pressurized until the rock fractures,
giving the breakdown pressure. Then, Sh— <+——

the pressure required to just keep the

fracture open is measured, giving the

shut-in pressure (see sketch to the right

of a cross-section through a borehole). T

The assumptions required for hydrau-

lic fracturing are:

(a) one principal stress is vertical, which is usually acceptable unless in
hilly terrain;

(b) the vertical stress is due to the weight of the overburden, which is
usually a reasonable approximation unless in local problem areas

Borehole
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such as regions of thrust faults where the stress is being transmitted
through small areas of the fault;

(c) the fractures are formed in a vertical plane, which can be checked
with an impression packer;

(d) the rock is impermeable, which is acceptable for rapid tests in
granite, but we can incorporate permeability if required; and

(e) the stress concentration around the borehole can be estimated by
the Kirsch equations (see ERM 1, Section 19.2); this depends on
the rock being linearly elastic, and is an acceptable assumption in
unweathered granite.

For a vertical fracture, a horizontal section through the borehole
is as in the sketch above. From the Kirsch equations for the stress
concentrations around a circular hole in an elastic material, the equation
for the breakdown pressure is found to be: Py = 30y, — oy + 0, where Pj is
the breakdown pressure, o}, is the minor horizontal stress, oy is the major
horizontal stress, and o; is the tensile strength of the rock. This equation
results because the water has to be pressurized to a value that will
overcome the stress concentration of three times the minor horizontal
principal stress and the tensile strength. However, because the maximum
horizontal principal stress is aiding the breakdown pressure, it appears
as a unit negative stress concentration in the equation.

Rearranging gives oy = 30, — Pg + 0,. We know that o, is 10 MPa, and
we will assume that the density of the rock is 27 kN/m3.

Test1 Pg = 140 MPa, Ps = 8.0 MPa, depth, z = 500 m, vertical
stress, o, = yz = 0.027 x 500 = 13.5 MPa, o, = the shut-in pressure,
Ps = 8.0 MPa

oy = 30, — P + 0, =3 x 8.0 — 14.0 4+ 10.0, and hence oy = 20 MPa.

Thus, oy = 20 MPa > o, = 13.5 MPa > o, = 8 MPa, which would
produce a vertical fracture as assumed (because the fracture develops
perpendicular to the least principal stress ).

The ratio, k, between the mean of the horizontal stresses and the
vertical stresses is 1(oy + on)/o, = 1(8.0 + 20.0)/13.5, giving k = 1.04.

Test 2 Pg = 24.5 MPa, Ps = 16.0 MPa, depth, z = 1000 m, vertical
stress, o, = yz = 0.027 x 1000 = 27 MPa, o, = the shut-in pressure,
Ps = 16.0 MPa.

oy = 30y, — Pg + 0, =3 x 16.0 — 24.5 4 10.0 = 33.5 MPa.

Thus, oy = 33.5 MPa > o, = 27 MPa > o, = 16 MPa, which again would
produce a vertical fracture, as assumed.

For this test, we have k = 3(o, + oy)/o, = 3(16.0 + 33.5)/27.0, giving
k=092

5 Note that for this question, the principal stresses have already been assumed to be
vertical and horizontal. More advanced hydraulic fracturing methods using pre-existing
fractures are available in which the orientation of the principal stresses can be determined
from the measurements.



50 In situ rock stress

The values are consistent with each other and they are consistent with
worldwide trends. The value of k & 1 is typical for these depths (noting
that the averaging of the two horizontal stresses masks the fact that the
maximum horizontal stress is a good deal higher than the vertical stress
in both cases), and the value of k reducing with depth commonly occurs.

Q4.7 How are three-dimensional tensors transformed so that the
stress components on any plane can be calculated?

A4.7 The matrix equation to conduct stress transformation is as follows:

Y] Tim Tin lx ly lz Ox  Tyxy Tx; lx my Ny
Tl Om  Tmn | = | My my m, Tyx Oy Ty | [l my ny
T Teom On ny ny n; Tax Ty O I, m; n,

where the stress components are assumed known in the xyz co-ordinate
system and are required in another co-ordinate system I/mn inclined
with respect to the first. The term /, is the direction cosine of the angle
between the x axis and the ! axis. Physically, it is the projection of a
unit vector parallel to / on to the x axis, with the other terms similarly
defined.

Expanding this matrix equation in order to obtain an expression for
the normal component of stress in the / direction, for example, gives

01 =130 + Loy + 10y + 2l y0ry + 1,0y, + L10%)

and a similar expansion for the shear component of stress on the / face in
the m direction gives

Oim = lymeoy + lymyoy,, + 1m0, + (lxmy + l),mx) Oyy +
(lym, +1.m,) 0y, + (my + 1m;) 0

The other four necessary equations (i.e. for o,, o, 7,,, and 7,,) are
found using cyclic permutation of the subscripts in these equations.
Cyclic permutation is shown graphically to the left.

So, if we know the orientations of each of the axes in the xyz and
Imn co-ordinate systems, together with the stress tensor in the xyz
co-ordinate system, we can calculate the transformed stress tensor.

On many occasions it will be convenient to refer to the orientation of
a plane on which the components of stress are required to be known
using the dip direction/dip angle («, 8) notation. The dip direction is
given as a clockwise bearing from North and the dip angle as an angle
between 0° and 90° measured downwards from the horizontal plane. If
we use a right-handed co-ordinate system"’ with x = North, y = East,

% There are many systems of co-ordinate axes used in rock mechanics and it is import-
ant to become fluent in the use of all of them, as with the stress symbols and units.
Three-dimensional co-ordinate axes may be either right-handed or left-handed: these are
easily visualized using the thumb, index finger and middle finger of one’s hand. If these
three digits are held at right angles to each other, then the thumb represents the x-axis,



Questions and answers: in situ rock stress 51

and z = down, and take direction  as normal to the desired plane, then
ny = €OSy COS B,, ny, = sina, cos f,, n, = sinp,.

Note that when the z axis is directed downward, a clockwise bearing
(i.e. measured from North) will always be a positive angle (i.e. anticlock-
wise measured from the x axis) when looking in the direction of the
positive z axis. Hence, the rotation matrix is

L, 1 cosqycos B;  singycos By sinf
m; my, m,|=|cosancospB, sina,cosp, sinp,
ny, ny, n, cosa,cos B, sina,cospB, sinp,

Now, if we take direction / to be a horizontal line on the plane, then
the following relations between the trends and plunges of the axes hold:

(¥]=90+(¥,, ﬂ]=0
oy = 180+(¥,, ﬂm =90"‘ﬂn

However, when we use these relations, we must ensure that ¢; and
o lie between 0° and 360°, by subtracting 360° if necessary. Using these
relations, the matrix of direction cosines then becomes

L L, L —singq, COS ¢y, 0
m, my, m;|=|—-cosa,sinf, —sina,sing, cosp,
ny n, n, cosa, cos B, sina, cos B, sinp,

Q4.8 Suppose that we have measured the pre-existing stress state
in the ground by some means and that the results are as follows:

o1, magnitude 15 MPaq, plunges 35° towards 085°;

02, magnitude 10 MPq, plunges 43° towards 217°;

o3, magnitude 8 MPaq, plunges 27° towards 335°.
Find the 3-D siress tensor in the right-handed xyz co-ordinate
system with

x, horizontal to the east,

¥, horizontal to the north,

z, vertically vpwards.

the index finger the y-axis and the middle finger the z-axis. A right-handed system is
represented by the digits of the right hand, and a left-handed system is represented by
the digits of the left hand. The use of a left-handed system of axes is convenient for
rock mechanics: the x-axis represents East, the y-axis is North and the z-axis is down.
However, right-handed systems are always used for mathematical work, and in order to
maintain coherence with other mathematical work (as well as the mathematical functions
provided in computers and calculators) we recommend the use of right-handed systems
in rock mechanics. There are two obvious choices for a right-handed system of axes:
x East, y North and z up; or x North, y East and z down. There are advantages and
disadvantages to both of these systems, and so being adept with both is important.
Accordingly, we will use both in this book.

Right-
handed
co-ordinate
system



52 In situ rock stress

A4.8 The stress transformation equations are given by

o Tm  Tw L ome ny|lox T || &L L L
Tm Om Tam | = Iy my ny Ty Oy Ty | |me my my
Tin Tmn On I, m; n; Txz Ty; O ny ny, n,

which can be written as 0y, = Ro,,RT.

This means that, if we know the stresses relative to the xyz axes (i.e.
dyy,) and the orientation of the Imn axes relative to the xyz axes (i.e. R),
we can compute the stresses relative to the /mn axes (i.e. o).

However, in this problem we have been given the principal stresses,
which is a stress state relative to some Imn system (i.e. dj,), where
the Imn axes correspond to the principal directions. As we know the
principal directions relative to the xyz axes, we are able to compute R.
Thus, we need to evaluate o,,,, and we do this using the inverse of the
stress transformation equations: o,,, = R"a;,,,R.

Notice that we have not had to use the inverse of R, i.e. R™!. The
rotation matrix is orthogonal, and this property means that R~! = RT.

With the given data for the principal directions:

o =85 «,=217" «, =335°
ﬂl = 35° ﬂm = 43° ﬂn =27°

the matrix R is computed as

cosqycos B singycosf;  sinfy 0.071 0.816 0.574
R=|cosa,cos B, sina,cosB, sinf,|=|-0.584 —0.440 0.682
cosa,cos B, sina,cosf, sing, 0.808 —0.377 0.454
and the matrix o, is given by
15 0 0
Omn=1,0 10 0| MPa
0 0 8

thus, o,y, = RT0;,,,R is given by

870 101 -044
Oxy; = | 1.01 13.06 265 | MPa.
—044 265 1123

A useful check of the calculations involved in stress transformation is
obtained by computing the stress invariants. The first and third invari-
ants are easily obtained using standard matrix functions. For example,
the first invariant is computed as the sum of the leading diagonal ele-
ments (see A3.8); this sum is also known as the trace of the stress
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matrix. The third invariant is computed as the determinant of the stress
matrix.

I} = tr(0ynn) = 33.0 MPa, and I, = tr(o,,,) = 33.0 MPa.
I3 = |Gy | = 12000 MPa® and /5 = |o,,,| = 1199.7 MPa’.

The orientations of the axes used above have been rounded to the
nearest whole degree, and so the axes are not exactly orthogonal. The
effect of this is to introduce errors in the computation, which can be
seen in the values of the third invariant. Here we can use orientations
that are correct to two decimal places of degrees, such that the ortho-
gonality condition is improved and hence a more accurate answer is
obtained, but in general these data will not be available from the field
information.

The orientations correct to two decimal places are

o = 85.50° @, =216.65° a, =334.81°
B =35.06° B, =43.15° B, =26.72°
the matrix R is

0.064 0816 0.574
—0.585 —-0435 0.684
0.808 0.380 0.450

from which we find

871 088 -0.54
Oy = | 0.88 13.04 2.69 | MPa
-054 269 11.24

Calculating the invariants again gives

I, = tr(0y,) = 33.00000 MPa, and I, = tr(oy,,) = 33.00000 MPa.
I3 = [G1mn| = 1200.000 MP2® and /5 = |a,,,| = 1200.000 MPa’.

showing that the invariants now agree exactly to 7 significant figures.

Q4.9 A fault is present in the same rock (continuing from Q4.8)
with an orientation of 295°/50°. Determine the stress components
in a local co-ordinate system aligned with the fault. Assume for this
question that the presence of the fault does not affect the stress
field.

A4.9 Here we use the methodology given in A4.8 to find the 3-D stress
tensor in an /mn co-ordinate system where the n axis coincides with the
normal to the fault and the / axis coincides with the strike of the fault.
We need to determine o;,,,, where Imn are given by the orientation of the
fault.
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With the ! axis parallel to the strike of the plane and the n axis normal
to the plane, the m axis is the line of maximum dip of the plane. The
trend and plunge of each of the axes are then as follows:

aq =205° o, =295° ¢o,=115°
B =0° B =50° B, =40°
The matrix R, computed as shown in A4.8, is
—0.906 -0.423 0.000
0.272 -0.583 0.766
—0324 0694 0.643

and the matrix o;,, is

870 101 —-044
1.01 1306 2.65
—044 265 1123

As a result, the matrix oj,, = Roy,,RT or
10.26 094 -2.24

094 880 0.32 | MPa.
—2.24 032 13.94

If we use the matrix o;,, resulting from the high-precision orientation
data of A4.8 to compute the stresses on the fault, we obtain

871 088 —0.54 10.16 093 —2.12
omn=R| 088 13.04 269 |RT=| 093 876 029 | MPa.
—0.54 269 11.24 ~2.12 029 14.07

It is clear from these calculations that, although the stress invariants
vary little between the two sets of input orientations, the same is not
true for the values of the stress components calculated for the fault
orientation. For example, the shear stress in the plane, t,,, is different
by about 10% using the different precisions, i.e. 0.32 MPa to 0.29 MPa.
Also, in practice it is likely that the stress field would be perturbed
by the presence of the fault and so would differ from this theoretically
computed stress state.
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Q4.10 The plan below (Sugawara and Obara, 19997) shows a ho-
rizontal section through a rock mass. Stress measurements were
made from the gallery along the borehole line Ox using the
Japanese CCBO technique. The measured principal stresses in the
horizontal plane are plotted on the plan. What are the main conclu-
sions that you can draw from the stress variations?

Faultl
20 MPa

Stress scale

15
121334 16 17 18

Gallery

91011 t

A4.10 An initial interpretation is as follows.

(@) The stress field is not homogeneous throughout the rock mass, as
both the magnitudes and orientations of the principal stresses vary
along Ox.

(b) The stress field near the excavation is as expected: the principal
stresses should be parallel and perpendicular to the excavated rock
surface, and the principal stress perpendicular to the excavation at
measuring point 1 should be very low.

(c) The fault appears to be having an effect on the stress field because
the maximum principal stress is rotating anticlockwise along the
borehole from the gallery towards the fault, but then clockwise from
the fault further into the rock mass.

(d) The fault appears to be transmitting stress; if it were an open fault,
the maximum principal stress at measurement points 6 and 7 would
be more sub-parallel to the fault.

(e) The changes in principal stress orientation in the regions to the left
of the fault and to the right of the fault follow reasonably consist-
ent trends (compared to random orientations at each measurement
point). This implies that there is a consistent regional stress field
which has been locally affected by the gallery excavation and the
fault, and that there is a prima facie case for the measurement tech-
nique being credible.

(f) The magnitudes of the principal stresses in the region of points
9-16 are lower than those at points 7, 8 and 17, 18 indicating a
relatively destressed region, probably caused by more than one fault
or excavation in the location.

7 This diagram is from the ISRM Draft Suggested Method. Sugawara K. and Obara Y.
(1999) In situ stress measurement using the compact conical-ended borehole overcoring
(CCBO) technique. Int. J. Rock Mech. Min. Sci., 36, 3, 307-322.



56 In situ rock stress

To interpret these results further, we would have to study the 3-D
states of stress at the measurement points and obtain more information
on other faults and excavations in the area.

4.3 Additional points

The ISRM has published Suggested Methods (Kim and Franklin, 1987%)
for the four methods of rock stress measurement mentioned in Q4.3. In
the overcoring method, an initial borehole is drilled, the gauge installed
and a larger-diameter drill used to ‘overcore’ the gauge. A technique has
now been developed” — the ‘compact overcoring’ technique (Q4.10) —
in which drilling at only one borehole diameter is required.

Useful references which comprehensively describe the subject of in
situ stress from the engineering viewpoint are given below.

« (Conference proceedings) — Stephansson O. (ed.) (1986) Rock Stress
and Rock Stress Measurements, Centek, Stockholm, 694pp.
e (Book) — Amadei B. and Stephansson O. (1997) Rock Stress and Its

Measurement. Chapman and Hall, London, 490pp.

o (Conference proceedings) — Sugawara K. and Obara Y. (eds) (1997)

Rock Stress. Balkema, Rotterdam, 552pp.

An idea of the in situ stress state in the continental part of the
Earth’s crust can be obtained from The World Stress Map. In this
project, which was initiated in 1986, stress measurement data have
been systematically collected and mapped. The data are available from:
http:/ /www-wsm.physik.uni-karlsruhe.de/pub /Rel97 /wsm97.html

8 Kim K. and Franklin J. A. (1987) Suggested methods for rock siress determination. Int.
J Rock Mech. Min. Sci. Geomech. Abstr., 24, 1, 53-73.



Strain and the theory of
elasticity
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5.1 Stress and strain are both tensor quantities

The concept of strain is required to understand and quantify how a rock
mass has been deformed. There are many applications of strain analysis.
For example, some in situ stress determination techniques measure strain
and hence compute stress, so it is necessary to be able to manipulate
the strain values, and understanding the anticipated deformation of
structures built on and in rock masses is critical for rock engineering
design and back analysis.

Strain is a measure of the deformation of a body and is the same
type of mathematical quantity as stress: a second-order tensor. There are
normal strains and there are shear strains, as shown below!, which are
directly analogous to normal stresses and shear stresses.

The nature of stress as a tensor is explained in Chapter 3, where we
see that the stress state can be specified either as the six independent
components of the stress matrix or as the magnitudes and orientations
of the three principal stresses. The strain state is expressed using the
symbol ¢ for normal strains and either the symbol ¢ or y for shear
strains. Note that the engineering shear strains, e.g. y,x, as illustrated
in Fig. 5.1 are divided by two to give the components of the strain
matrix, e.g. &,,. Intuitively, this is because engineering shear strain must
be attributed equally to both z,, and its equal-value complement z,,;

. y Ty i
unstrained state _ § EIZEN /\ unstrained state
N[ X xw_ L B

ou—b/i L “—o.

strained state ~7
yx

‘ \ strained state

Figure 5.1 Normal strains and shear strains.

'In Fig. 5.1, the normal strain shown is positive, but the shear strain is negative.
ERM 1 contains a detailed discussion of the sign of the shear strain.
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Table 5.1 Components of the stress and strain tensors

Components of the stress and strain Components of the stress and strain
matrices — relative to matrices — relative to the three principal
x, y and 2 reference axes stress and strain directions.
= 3 p 7
O x Txy T . _GI 0
Stress Oy Tr 0
Symm o, symm g,
el( EXV xz - €| 0 0
€, £, ' £
Strain it ” e
symm - £, L symm &
where €,, = (¥, )/2

mathematically, the division by two is required to give similarity to both
the stress and the strain transformation equations.

In Table 5.1, the correspondence between the stress and strain tensors
is evident; the normal and shear strains correspond directly with the
normal and shear stresses, and the principal strains correspond directly
with the principal stresses. In fact, stress and strain are mathematically
identical; only the physical interpretations are different. As a result, there
are strain analogies to all the stress aspects described in Chapter 3.

The next step is to consider how stress and strain might be related.
Historically, this has been considered using two approaches: one for
finite strain and one for infinitesimal? strain. Both are useful in rock
mechanics, but here we will highlight infinitesimal strain and the theory
of elasticity because of their widespread use.

The theory of elasticity relates the stress and strain states for infin-
itesimal strains. Hooke’s Law in its original form states that when, say,
a wire is stretched, the strain is proportional to the stress or, as Hooke
himself stated?, ”ut tensio sic vis”. Given the tensors in Table 5.1, we
can extend this concept to the generalized Hooke’s Law relating all
the components of the strain matrix to all the components of the stress
matrix. The assumption is that each component of the strain matrix is
linearly proportional to each component of the stress matrix by a factor
S;;. This means that the value of a specific strain component can be
found from the six contributions that the stress components make to
it. For example, the contribution to the strain component ¢,, (or &)
made by the stress component o, (or 033) is S130,;. The relation between
the stress and the strain components may not be a simple linear re-
lation, but this is the first-order approximation made in the theory of
elasticity.

2 The word ‘infinitesimal’ means infinitely small, or approaching zero as a limit.
3 This expression was first published by R. Hooke in The Times of London newspaper
in anagram form in 1676.
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The six strains are therefore expressed as

€xx = S110xx + S120yy + S130,; + S1aToy + SisTy; + SieTex
Eyy = S210xx + S2020yy + 852307 + Saatey + SasTy, + S267ex
€2 = $310xc + 83203y + 8330, + ST,y + S35Tyz + S36Tex
Exy = Sa10xx + S420yy + S4307; + SaaTuy + SusTy; + SaeTex
Ey; = S510xx + S520yy + 85307, + Ss4Txy + SssTy, + SseTox
€2x = S610xx + S620yy + 56307, + SeaTey + Se5Ty, + Se6Tex

where the 36 S;; coefficients in these equations are known as the elastic
compliances, equivalent to the reciprocal of Young’s modulus, E, in the
basic Hooke’s Law, 0 = Eg or ¢ = (1/E)o.

This equation can be written in matrix form as

€ =So
21 independent
elastic
/ constants

where €= ,5; ando = fox,\ and S = NS0 S S, Sy S S |
&, O 838 S 8184 S l

e, 0. Sy SiS Su Sy S |

£, 7 S Su SuSu S Su |

&, T S Su Sy SinSes S

€] &3 Sy S S Ser S S |

It can be shown from energy considerations that the S matrix is symmet-
rical, leading to 21 independent elastic constants.

This number of constants can be reduced if we assume that some of
the strain—stress linkages are not significant. For example, omitting all
shear linkages not on the leading diagonal — which means assuming
that any contributions made by shearing stress components in a given
direction to normal or shear strain components in other directions are
negligible — causes all off-diagonal shear linkages to become zero. The
compliance matrix then reduces to one with nine material properties,
which is the case for an orthotropic material.

/" VE, -w/E, -v/E, 0 0 0°
o~ _UE, w/E 0 0 0
j . 1/E, 0 0 0
e uG, 00
symmetric e _ 1G,, 0
~_1G,

o/
where E is a Young’s modulus, v is a Poisson’s ratio, and G is a shear
modulus.
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Table 5.2 Number of elastic constants required to characterize different forms of rock

mass symrmetry

General anisotropic rock

Orthotropic rock
(three axes of symmetry, e.g. similar to a
rock mass with three orthogonal fracture

21 elastic constants:

all the independent S;; in the S matrix.
Because the matrix is symmetrical, there
are 21 rather than 36 constants.

9 elastic constants:
as in the matrix above — 3 Young’s
moduli, 3 Poisson’s ratios and 3 shear

sets) moduli

5 elastic constants:
2 Young’s moduli, 2 Poisson’s ratios, and
1 shear modulus (see Q5.4)

Transversely isotropic rock
(one axis of symmetry, e.g. similar to a
rock mass with distinct laminations or
with one main fracture set)

2 elastic constants:
1 Young’s modulus, 1 Poisson’s ratio

Perfectly isotropic rock

In this way, by considering the architecture of the general elastic
compliance matrix, S, the number of different elastic constants required
to characterize rock masses with different basic forms of symmetry can
be established. This relates to the anisotropy of the rock mass, i.e. to
what extent it has different properties in different directions. The results
are in Table 5.2.

It is important to realize that most rock mechanics analyses have
been conducted assuming that the rock mass is completely isotropic, i.e.
assuming that the elastic moduli are the same in all directions, and that
the rock mass can therefore be characterized by two parameters: a single
value of Young’s modulus, E, and a single value of Poisson’s ratio, v. A
separate value for the shear modulus, G, is not required in the isotropic
case because then G is a function of E and v, see Q and A54.

In some cases, isotropy may be a useful simplifying engineering
assumption; in other cases, especially where there is one dominant
low-stiffness fracture set, the isotropic assumption is not appropriate.

5.2 Questions and answers: strain and the theory of
elasticity

Q5.1 What is the meaning of the first stress invariant and the first
strain invariant?

A5.1 The first stress invariant, /|, is the sum of the leading diagonal
terms of the stress matrix illustrated in Table 5.1: I} = o, + 0, + 0. It
can be considered as proportional to the mean normal stress, and hence
the mean pressure applied at a point.

The first strain invariant is the sum of the leading diagonal terms of
the strain matrix illustrated in Table 5.1: i.e. &, + &y, + &;;. Normal strain
in one dimension is a measure of change in length, and so this invariant
is a measure of the volumetric change, the contraction or dilatation.
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Q5.2 The differential equations of force equilibrium were the subject
of Q3.9. The equivalent equations for displacement and strain are
the compatibility equations; these equations ensure that the normal
and shear strains are compatible, so that no holes, tears or other
discontinvities appear during straining. Show that the following
compatibility equation is valid.

326, 3%y, 3%y,

3y? e T axdy

A5.2 The strain is the rate of change of the displacement, «, so

ouy du, ou, du
— &y, = =2, and yy, = — + —2.
ax ' T 3y A6 Yy dy dx
Double partial differentiation of &,, = du,/dx and &,, = du,/dy with
respect to y and x gives

3¢, 3u, 3%y, u,

32 axdy? T Toxz T Gyaxt

Exx =

Adding these,
828x.r azgyy _ 33ux 33uy 32 (3ux 3uy>

ay2 T ax2 _ axdy? | ayox?  dxdy \ 9y | ox
The term in parentheses is the definition of y,,, and hence the right hand
side can be written as 9%y;,/3dxdy. Thus, we arrive at the compatibility

equation

e, | 0%, 3y,
dy? ax2  dxdy’

Q5.3 Draw a Mobhr circle for strain, indicating what quantities are
on the two axes, how to plot a 2-D strain state, and the location of
the principal strains, &1 and &2.

A5.3 -y/2 E-Esy) the principal strains

¥ - occur where the shear
\l/ / strains are zero
Exy —
62 L E[
— l/ <—g,

Em

£, normal strain

=

the two ends of a Mohr’s
circle diameter represent
a 2-D strain state

(Exx, +Exy)

+y/2, shear strain

Q5.4 Show why the shear modulus, Young’s modulus and Poisson’s
ratio are related as G = E/2(1 + v) for an isotropic material. This
equation holds for an isotropic material but not for an anisotropic
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material — why? Hence explain why five elastic constants are re-
quired for a transversely isotropic material rather than six.

A5.4 We explain this using the diagram below for the case of pure
shear, in which a square element of rock is subjected to compression
in the x-direction and tension in the y-direction of equal amounts.
However, the analysis is general in that it is applicable to all coupled
stress and strain states.

Pure shear on
this plane

-T L -y2

A
g —> <\ o o) . ) & .,
%=-0 \

9, ]

+T +y/2

The two Mohr's circle diagrams show the stress and strain states for
the square element. Because the circles are both centred at the origin, we
can see that 7 = o and y/2 = ¢,. Now, the shear modulus, G, is defined
as G = t/y which, on substituting for the two terms, gives G = 3(g}/¢).
For a 2-D stress state such as the one illustrated, we can write Hooke’s
Law as ¢, = (1/E)(0, — voy). In this case, we have ¢, = ¢, 0, = 0}, and
o, = 0y = —0). Substituting these values gives g; = (1/E)(o} +voy), from
which we find that o/, = E/(1 + v).

Substituting these into the earlier expression for the shear modulus
gives

1 (o4} _ E
T 28 2(14v)
as required.

This approach is only valid if the Young’s moduli and Poisson’s ratios
in the oy and o, directions are the same, i.e. for an isotropic material
having the same properties in all directions. If this were not the case, the
strain ¢; could not be expressed as simply as

1
€ = E(0‘1+V0'1)~

In the case of a transversely isotropic rock, say an unjointed rock
with a set of bedding planes perpendicular to the z-axis, as shown in
the adjacent sketch, the relation G = E/2(1 + v) will apply in the x—y
plane but not in the x—z and y—z planes, because the rock has different
properties in different directions in these planes. Thus, the six elastic
constants required to characterize a transversely isotropic rock, E; = E,,
E;, Viy, Vxz = Vyy, Gy, and G, = G, are reduced to five, Ey, E;, vyy, Vy,,
and G,, because in the x-y plane of isotropy G, = E,/2(l + v,,) (see
diagram below).
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Circled values are
equal in transversely
isotropic rock

VE Yy /Ey, 0
g o o
symmetric E is a Young’s modulus,
v is a Poisson’s ratio, and
! UGy,

L - G is a shear modulus.

Q5.5 (a) How can the strain in a particular direction be found from
the strain matrix components and hence how can a strain gauge
rosette be used to estimate the state of strain at a point, and hence
the state of stress at a point?

(b) Assume that strains measured by a strain gauge rosette are
ep =43.0 x 107%, eq = 7.8 x 10~° and ¢z = 17.0 x 105, and that
the gauges make the following angles to the x-direction: §p =20°,
fq = 80° and g =140°. Determine the principal strains and their
orientations and then, using values for the elastic constants of
E =150 GPa and v = 0.30, determine the principal stresses and their
orientations.

A5.5 (a)In 2-D, the strain in a particular direction can be found from the
strain matrix components, &,,, €,,, £, using the Mohr’s circle approach
or using the strain transformation equations. A strain gauge is a device
for measuring the normal strains in three directions in a plane, as indic-
ated by the sketch to the right. Foil electrical resistance strain gauges can
be glued to the rock surface, or wire or rod extensometers can be used.
The rosette device provides three normal strains at known orientations,
from which the Mohr’s circle can be constructed, the principal values
found, and the normal strains in any other required direction evaluated.

Knowing the elastic properties of the rock and making assumptions
about the type of rock anisotropy, the stress state can be established
through the generalized Hooke’s Law equations.

(b) In order to use the strain transformation equations to determine the
2-D state of strain from measurements made with strain gauges, we firstly
determine the angle each gauge makes to the x-axis: say, for gauges P, Q0
and R, these are 6p, 8y and 6. The strains measured by the gauges are ¢p,
¢ and eg. Thus, the strain transformation equation linking each of the
measured strains ¢p, £g and e, to the strains ¢,, ¢, and y,, are

£p = &, OS2 Op + €y sin®0p + Yy SINOp cOS Op
£g = € C0s> B + &, sin? B + yxy sinfp cos by
Ep = & cos? Or + &y sin’ 6 + Yiy SiN O cOs Op
or, in matrix form,
ep cos?bp sin’6p sinBpcosbp | | e
go | = |cos?By sin*6y sinBpcosby | | &
€R cos?fp sin*6g  sinBgcosbg | | Vay
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We invert these equations to find the strains &, ¢, and y,, as
-1

s cos2fp sin*6p sinbpcosbp €p
g, | = |cos?y sin’8y sinfy cosby o
Yoy cos?fg sin’Bg  sinOg cosOg £r

Inverting the matrix of trigonometrical functions used to be difficult,
and is the reason why strain gauge rosettes of specific geometry (e.g.
rectangular and delta rosettes) were developed: the inverse of the matrix
for these special geometries has a particularly simple form. However, it
is now easier to perform the inversion of a general matrix on modern
spreadsheets and scientific calculators, and so this constraint on rosette
geometry is diminishing.

The solution to the problem is found using the matrix equation given
above. In this case we have 8, = 20° 6, = 80° and 6x = 140°, and so the
matrix equation is as follows:

e [0.883 0.117 0.321 43.0 x 106
e, | =10.030 0970 0.171 | 7.8 x 1076
Vi | 0.587 0.413 —0.492 17.0 x 1076
[ 0.884 —0.293 0.449 43.6 x 106 41.6 x 107
=|-0.177 0960 0218 |-| 7.9x10°¢ [ =] 3.6 x 10~¢
| 0.857 0456 —1.313 17.0 x 107¢ 18.1 x 107

The principal strains and their orientations are then computed from,, ¢,,
and yy, . In this case we find &, = 43.7 x 1079 and &; = 1.52 x 107, with the
angle between the x-direction and the major principal strain being 12.7°.

To compute the stress state from the strain state we use the stress—
strain relations for an isotropic material, i.e.

&, | 1 —v 0 Oy
& | =g v 1 0 1oy
Vxy 0 0 2(1+4+v) Tey
which when inverted gives
O -1 —v 0 &y
E
ol=p—1|V 1 0 | g
Txy 0 0 % (l - U) Vxy

From these we find that o, = 7.04 MPa, 6, = 2.65 MPa and t,, =
1.04 MPa. Computing the principal stresses and their orientations from
these values gives o, = 7.28 MPa and o, = 2.41 MPa, with the angle
between the x-direction and the major principal stress being 12.7°.
Notice that because this is an isotropic material, the orientations of the
principal stresses and the principal strains are identical. Note also that
we can perform the complement of this calculation, i.e. determine the
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principal strains from the measured strains, and then determine the prin-
cipal stresses from the principal strains: the results will be identical to
those shown here, and can be used as a useful check of the calculations.

@5.6 Explain clearly why an isotropic rock has two independent
elastic constants, a transversely isotropic rock has five independent
constants and an orthotropic rock has nine independent constants
(compared to the general anisotropic case where there are twenty-
one independent elastic constants).

A5.6 Adding further detail to Table 5.2 provides the answers.

Perfectly isotropic rock. If all properties are equal in all directions, all the
Young’s moduli and Poisson’s ratios in the different directions are equal.
Similarly, all the shear moduli in different directions are equal and can
be calculated from the single E and v values (A5.4). Thus, there are two
elastic constants: one Young’s modulus, one Poisson’s ratio.

Transversely isotropic rock. Say, a rock mass with one main fracture set
so that the properties are the same in a plane but different perpendicular
to the plane. Five elastic constants: two Young’s moduli, two Poisson’s
ratios, and one shear modulus (not two, see A5.4).

Orthotropic rock. Say, a rock mass with three mutually perpendicular
fracture sets. Assuming there is no linkage between (a) normal and shear
components, and (b) different shear components (see the S matrix in
Section 5.1), this leaves nine elastic constants: three Young’s moduli, three
Poisson’s ratios and three shear moduli.

General anisotropic rock. The 6 x 6 elastic compliance matrix is symmet-
rical, reducing the number of independent constants to 21. No further
reduction can be achieved. Thus, there are 21 elastic constants: all the S;;
in the matrix.

Q5.7 Each of the following four rock masses is to be modelled us-

ing elasticity theory. State whether you think that an isotropic rock

assumption is justified, or whether one of the anisotropic assump-

tions would be more appropriate. Assume that the fractures have a

significant effect on the rock deformability.

(a) A limestone with effectively three fracture sets, i.e. the bedding
with mean strata thicknesses of 1 m, plus fracture set 1 (perpen-
dicular to the bedding) with two fractures/m, and fracture set 2
(perpendicular to both the bedding and fracture set 1) with five
fractures/m.

(b) A welded volcanic tuff with five fracture sets.

Fracture set 1: dip direction 089°; dip 50°; frequency 2.9/m.
Fracture set 2: dip direction 278°; dip 88°; frequency 1.3/m.
Fracture set 3: dip direction 224°; dip 08°; frequency 0.9/m.
Fracture set 4: dip direction 169°; dip 23°; frequency 2.1/m.
Fracture set 5: dip direction 113°; dip 70°; frequency 0.7/m.
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{¢) A strong sandstone with almest no fractures present.

(d) A granodiorite with three fracture sets.
Fracture set 1: dip direction 314°; dip 35°; frequency 1.2/m.
Fracture set 2: dip direction 048°; dip 43°; frequency 1.3/m.
Fracture set 3: dip direction 089°; dip 79°; frequency 0.9/m.

A5.7 (a) For the limestone, the presence of three orthogonal fracture
sets with significantly different fracture spacings (and probably different
normal and shear fracture stiffnesses) indicates that an orthotropic model
assumption with nine constants would be most appropriate. We would
try to estimate the nine constants from the intact rock and fracture
characteristics. This is the assumption from the elasticity point of view
but it will have to be tempered in a practical case by the availability
of analytical solutions and numerical codes that will support such an
assumption.

(b) For the volcanic tuff, with five fracture sets having widely different
orientations and frequencies, the first assumption will be an isotropic
model, with the two effective elastic constants approximating the contri-
butions from all fracture sets. There is no method for dealing with this
more complex type of anisotropy in the theory of elasticity, apart from
aggregating all the deformation contributions.

(c) For the intact sandstone, the first assumption would be the trans-
versely isotropic model. We know that sandstone is a sedimentary rock
and is likely to have different properties perpendicular and parallel to
the bedding. However, if these properties turned out to be similar, we
could then revert to the isotropic model.

(d) The granodiorite has three fracture sets which are not even close
to being mutually orthogonal. There is no directly suitable simplified
elasticity assumption for this type of rock mass because there is no
orthogonal symmetry. One could use an isotropic model, although there
is no coherent way to estimate the two effective elastic constants, and so
the results would be unreliable.

Q5.8 (a) At the time of writing this book, most elastic analyses
that have been conducted for rock engineering design purposes
have assumed that the rock is perfectly isotropic with two elastic
constants, Why do you suppose that is, given that most rock masses
are clearly not isotropic?

{b) Conversely, no elastic analysis for rock mechanics has been
conducted assuming that the rock mass is fully anisotropic with 21
elastic constants? Why is that?

(<) In this context, what do you think will happen in future ana-
lyses?

A5.8 (a) In the laboratory, the intact rock is studied, not the rock mass
with all the fractures of different types it contains. Also, it is difficult
to estimate, let alone measure, the in sifu rock anisotropy. Moreover,
measuring the elastic properties is time-consuming and expensive. Fi-
nally, few elastic solutions exist for non-isotropic elastic rocks. Thus, it is
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convenient to assume that the rock is isotropic and that the laboratory
values, perhaps adjusted by some factor, are representative of the rock
mass. However, many rock masses are significantly anisotropic because
of their contained fractures, and so the isotropy assumption will often be
invalid, as illustrated in Q and A 5.4 and 5.7.

(b) Because we do not have solutions to elastic problems for the fully
anisotropic case, and because measuring the elastic properties is time-
consuming and expensive, no one has yet felt justified in attempting
to measure and use all twenty-one elastic constants for engineering
application.

() In the future, it is likely that there will be a move towards
transversely isotropic and orthotropic characterization where the elastic
constants of the rock mass will be estimated either from the properties
of the intact rock and the fractures or by back analysis from in situ
displacement measurements. This is because there is increasing experi-
ence that the isotropic assumption does not adequately represent reality.
For some years now, the strain values obtained using the CSIRO gauge
for stress measurement have been interpreted using a transversely iso-
tropic model for the intact rock, as appropriate. There is little doubt
that this trend towards improved rock property characterization will
continue.

Q5.9 (a) How do you know if a material is elastic?
(b) How is time taken into account in the theory of elasticity?

A5.9 (a) A material is elastic if, after deforming, it returns to its original
shape and size and all the mechanical energy used in deforming the
material can be recovered.

(b) Time is not taken into account in the theory of elasticity. Time-
dependent effects and their interactions are complex but can be modelled
to a first approximation by the theory of visco-elasticity. The complex-
ities of time-dependent rock behaviour are described in the book by
Cristescu and Hunsche (1998) 4,

Q5.10 When a rock specimen fails in a compressive test in the labor-
atory or when an in situ rock mass fails due to natural compression,
is “stress’ or ‘strain’ the cause of failure?

A5.10 When a rock specimen is loaded in a laboratory compression test,
a testing machine is used and nowadays these are servo-controlled test-
ing machines. This type of machine is programmed to correct a feedback
signal via a hydraulic jack (or actuator) so that either the force, and
hence the stress on the specimen, is increased at a constant rate, or the
displacement, and hence the strain of the specimen, is increased at a con-
stant rate. Other feedbacks are also possible, in particular circumferential
strain.

4 Cristescu N. D. and Hunsche U. (1998) Time Effects in Rock Mechanics. Wiley, New
York, 342pp.
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Force transducer signal

Displacement

transducer signals

Servo-valve

Laboratory rock testing controlled using load or An underground rock pillar be-

displacement feedback (courtesy of MTS Systems ing stressed or strained?
Corp.).

If force is being controlled, then stress is the independent variable
and strain is the dependent variable. Conversely, if displacement is
being controlled, then strain is the independent variable and stress is
the dependent variable. In each case, the independent variable in the
experiment is controlled by the operator.

When in situ rock masses are compressed by tectonic forces, the situ-
ation is not so clear. Also, in rock masses hosting engineering projects,
both stress and strain can be the causative variable. For example, the
stability of a mine pillar can depend on the unloading stiffness of the
rock strata both above and below it, as illustrated in the diagram. Stress
will control failure if, for example, there is a constant loading, as in the
weight of a rock block sliding on a surface. Strain will generally control
failure if the displacement of a stiff rock is causing strain in a soft rock.

The message in this answer is that the controlled or independent vari-
able is determined by the operator in the laboratory, but the causative
variable in the in sifu failure of rock masses may not be obvious, or in-
deed a single variable. However, a certain amount of energy is required
for the rock to fail and so it could be argued that the energy (a product
of stress and strain) is the cause.

5.3 Additional points

We have emphasized elasticity theory and the different types of elastic
symmetry because of the widespread use of the theory in analytical and
numerical solutions for the stresses and strains around rock excavations.
When elasticity theory is used in engineering rock mechanics, it is
important to realize the following points.
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(1) Elasticity theory has been developed assuming that the strains are in-
finitesimal. There is a theory of finite strain which can be used when
large strains are involved. This theory is used widely in structural
geology analyses, e.g. Ramsay and Huber (1983) °. Methods of incor-
porating strains and block movements into numerical calculations
are discussed by Pan (1988)°©.

(2) Most calculations are conducted assuming that the rock is elastically
isotropic. One should always consider whether this will introduce
a significant error in the calculations, and whether this error is
important in the particular engineering context under investigation.

(3) Most calculations are also conducted assuming linear relations
between stress and strain, i.e. the S;; elastic compliances explained
in Section 5.1 are indeed constants. Often, the stress—strain relation
can be appreciably nonlinear, and certainly will be when rock failure
occurs.

(4) Remember that all energy put into an elastic material can be re-
covered. Thus, if a rock mass exhibits significant hysteresis (e.g. a
rock mass with low-modulus fractures which is being loaded and
unloaded), elasticity theory may be inappropriate.

(5) There is no time component in the theory of elasticity. If in situ
displacements are time-dependent, elasticity theory is theoretically
invalid.

(6) Other factors can affect the stresses and strains besides their relation
to each other through the theory of elasticity. For example, there can
be thermal strains and complications introduced by fluids present in
the rock mass.

Despite all these caveats, elasticity theory is useful and is used ubiquit-
ously to support rock engineering design. Our emphasis is on ensuring
that the application of elasticity theory to a particular problem is ap-
propriate, bearing in mind the assumptions that have been made, either
explicitly or implicitly. This type of check is part of the technical auditing

plicitly
procedure explained in Chapter 14.

5> Ramsay J. G. and Huber M. L. (1983) The Technigues of Modern Structural Geology. Vol.
1: Strain Analysis. Academic Press, London, 307pp.

¢Pan X. D. (1988) Numerical Modelling of Rock Movements Around Mine Openings. PhD
thesis. University of London, 375pp.






Intact rock:
deformability, strength
and failure

_

6.1 Intact rock

The two main mechanical components of a rock mass are (a) the intact
rock material, and (b) the fractures, e.g. the faults, shear zones, joints
and bedding planes. This chapter is concerned with the mechanical
properties of the unfractured rock.

Sample of
intact rock

Samples of the intact rock can be obtained from surface outcrops or
from borehole cores obtained during a site investigation. Using a coring
drill bit, a cylindrical sample of the intact rock can be obtained from
boreholes as shown in Fig. 6.1.

The testing of intact rock, which has been developed from the 1960s
to the present day, has concentrated on the testing of rock cylinders
because cylindrical rock cores are produced during site investigation
drilling. The intact rock can be tested in compression, tension or shear,
or a combination of these. For rock mechanics and rock engineering, we
are interested in the deformability, strength and failure properties of rock
under different loading conditions.

A force—displacement curve obtained during the uniaxial compressive
testing of an intact rock specimen of marble is shown in Fig. 6.2
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Figure 6.1 Rock core obtained from a site investigation borehole provides samples of
intact rock for testing. Note also the fractures intersecting the borehole core.
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Figure 6.2 Actual complete force-displacement curve obtained from a strain-controlled
uniaxial compression test on marble. The force axis is converted to stress through division
by the cross-sectional area of the specimen; the displacement axis is converted to strain
through division by the original specimen length.

This test was strain-controlled in a servo-controlled testing machine so
that strain was the independent variable, i.e. the test was programmed
so that the strain increased at a constant rate. Stress was therefore
the dependent variable (see Q and A5.10 in Chapter 5). Under these
conditions, the complete force-displacement curve shown in Fig. 6.2
was obtained. This curve represents the response of the intact rock to
continued compressive displacement of the specimen ends, from initial

! When the axes in Fig. 6.2 are scaled to stress and strain using the original specimen
area and length, the result is an ‘engineering’ stress—strain curve representing the struc-
tural breakdown of the specimen. Some researchers consider that the “true’ stress—strain
curve for the rock material reduces less sharply after the peak than shown, because the
effective force-transmitting area of the specimen reduces after the peak, but this is not
accounted for in the calculation of the stress.
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loading, through a relatively linear elastic zone, to the compressive
strength (the peak of the curve), and then downwards as the specimen
structure disintegrates and the load can no longer be sustained.

It is helpful to remember that this type of complete force—displacement
curve occurs for intact rock under any of the conditions of compression,
tension and shear (or any combination of these). Also, polyaxial and
dynamic stress states can be applied to a rock specimen. For all these
cases, different engineering stress—strain curves will be obtained, de-
pending on the stress or strain states applied, and different curves will
be obtained if the tests are programmed for stress control, strain control,
or some other type of control.

The linear response in the ascending pre-peak region is used to
provide the elastic constants discussed in Chapter 5. The strength of
the rock in any of the loading conditions is given by the peaks of the
curves, e.g. the compressive, tensile and shear strengths?. The form of
the curve in the descending post-peak region indicates the nature of
failure but the shape of the post-peak curve will depend on how the test
is programmed: for example, if stress is programmed to increase as the
independent variable, the test will become uncontrollable at the peak
because the specimen cannot sustain a higher stress than its strength.
Three rock failure criteria are explained in Chapter 6 of ERM 1 (namely,
the Mohr—Coulomb, plane Griffith, and Hoek-Brown criteria) and all
these predict failure as a function of the applied stress components.

In addition to the changes caused by direct mechanical loading, the
intact rock can be degraded by or be resistant to exposure to water,
freeze-thaw cycles, and chemical effects, as illustrated in Fig. 6.3 for
the case of the rocks at Stonehenge in the UK. The standing stones are
sandstone with a siliceous matrix which explains why they have been
able to resist 5000 years of British weather.

At the surface of the Earth, there is a dynamic weathering environment
within which rocks are subjected to a variety of thermal, hydrological,
mechanical and chemical (THMC) gradients. The term ‘weathering’ is
used to describe the effect of these processes on the intact rock as it
responds, changing towards a state which is in equilibrium with its
environment. All exposed intact rock is subjected to these processes and
will only retain its mechanical integrity if it has a high resistance to the
processes, such as the granite used for building veneers, paving stones
and gravestones.

The THMC processes also operate on unexposed underground rocks
and on the fractures within rocks, although at a slower rate because
the gradient changes and associated energy changes cannot occur as
rapidly as on the surface. However, the natural processes have had
millions of years in which to operate and so underground rocks can
often be significantly weathered, especially in the vicinity of fractures

2The rock properties measured in such tests should be regarded as engineering,
rather than material, properties. A material property does not depend on the specimen
geometry and loading conditions of the test, but the strengths and failure properties of
rocks do depend on these factors, and therefore they are not material properties.
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Figure 6.3 The trilithons at Stonehenge in the UK.

where fluids have circulated. When the engineer excavates rock and
creates new surfaces, the THMC processes are accelerated, because
the temperature changes, water flow is enhanced (possibly with pH
changes), and the rock stress is reduced to zero (see A3.5) on the
excavation surfaces resulting in a high stress gradient in the proximate
rock mass. Thus, the intact rock is in a state of change, the rate of which
depends on the rock type and the applied THMC gradients. The rock
has already undergone a variety of changes, and will do so again on
excavation or when adjacent to an excavation.

6.2 Questions and answers: intact rock

Q6.1 Predict how the volume of a specimen will change during a
uniaxial compression test, and sketch the variation of volumetric
strain versus axial strain. What physical processes are occurring in
the sample as the curve manifests significant gradient changes?

A6.1 We consider the volume change during the complete stress—strain
curve as illustrated on the next page (i.e. as it occurs during generation
of the curve in Fig. 6.2).

Initially, the compressive load closes any open, pre-existing cracks,
and so there is contraction of the specimen. Following this is a region
of elastic contraction during the linear portion of the pre-peak region
of the curve. From about 50% of the peak load onwards, new cracks
form at an increasing rate, causing a dilatation component to the volume
change and slowing down the contraction rate. Eventually, the dilatation
associated with new cracks is greater than the elastic contraction, and
the volume change versus displacement curve alters from a negative
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to a positive slope. The specimen continues to dilate at an increas-
ing rate until shear planes form, which allow the specimen to break
into separate mobile pieces, with the result that the dilatation rate is
reduced.

Displacement

Q6.2 What causes a rock to break when it is compressed uniaxially
to failure? Is it when the stress reaches a certain value or when the
strain reaches a certain value? Or is it when some other parameter
reaches a critical value, such as the energy input per unit volume, or
the microcrack density per unit volume?

A6.2 Over the years, many failure criteria have been proposed, and all
the parameters mentioned in the question have been used to develop
failure criteria at one time or another. Because the collapse of the rock
microstructure is a complex process (see Q and A6.1), it is not clear
which is the correct parameter, or combination of parameters, to use
in a failure criterion. The short answer to the question is that no one
knows the answer. As a result, the most widely used failure criteria are
empirical criteria based on the stress components (especially the Mohr—
Coulomb and Hoek-Brown failure criteria).

Q6.3 The geometry of the linear Mohr-Coulomb envelope is such
that a number of useful reiations between strength parameters can
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be drawn from it. Derive an expression for the uniaxial compressive
strength of rock in terms of the cohesion and angle of internal
friction.

A6.3 The part of the Mohr envelope in which we are interested is shown
below.

Shear
stress
T .
¢ Angle of friction
Cohesion ¢
Normal stress

O,
Compressive strength —¥

If we study the geometry of the left-hand half of the Mohr circle and
the failure envelope, we find the following:

perpendicular to
4 tailure envelope

(90-9)/2

The geometry of the lower right-angled triangle then gives us
tan (45 — (¢/2)) = ¢/(0c/2) which, upon expanding and rearranging,
results in 0. = 2c/tan (45 — (¢/2)). This relation can be expanded and
rearranged in a number of ways. For example, the friction angle in
terms of the cohesion and uniaxial strength is also given by
tan (¢/2) = (o, — 2¢)/(o¢ + 2c).

This shows how we can use typical laboratory test results to confirm
the applicability of the Mohr—Coulomb criterion, or compute unknown
values from known values.

Q6.4 The linear Mohr-Coulomb envelope with a tensile cut-off sets
a definite limit on the maximal uniaxial tensile strength of a ma-
terial. By considering the largest uniaxial tensile Mohr circle that
can be drawn, determine this tensile strength limit in terms of o,
and ¢.

A6.4 The geometry of the Mohr—Coulomb criterion, together with the
Mohr circles representing the uniaxial compressive and the uniaxial
tensile strengths, are shown below.
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Next, for each Mohr circle, draw the radius that is perpendicular to the
tangent Mohr-Coulomb envelope line representing shear failure, where
r and r; represent the radii of the uniaxial tension circle and the uniaxial
compression circle, respectively.

T

(o)

If we now draw a line from the centre of the circle representing uni-
axial tension, parallel to the shear failure criterion line, to the previously
drawn radial line in the circle representing uniaxial compression, we
obtain the diagram below.

(

(o)

Inspection of this diagram reveals that, for the triangle ABC, the
following lengths and angles apply:

A rntr, B
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From this, we see that (r. — r))/(r. + r,) = sin¢, and upon rearrangement
we obtain r./r, = (1 + sing) /(1 — sin¢).

Finally, as each of r; and r, is one half of the corresponding compress-
ive and tensile strengths, we find that oc./o = (1 +sin¢)/(1 — sin¢).

Clearly, the commonly held belief that the compressive strength of
rock is about ten times the tensile strength will only be true for a
particular value of the friction angle. Indeed, we can graph the equation
above, as shown below.
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This shows that o./o, = | for ¢ = 0°, and o./0y = o0 for ¢ = 90°.
Furthermore, we can see that o; /o, = 10 for the specific case of ¢ = 55°,
and that for the more frequent case of ¢ = 35° we have o./0y = 3.7.
The difficulty with the relation arises because rock failure modes in
compression, tension and shear are different?.

Q6.5 A firm whose judgement has been questioned on a previous
occasion has been entrusted with the strength testing of rock in
a site investigation project. During their first uniaxial compression
test, the equipment failed to measure the peak axial load, but the
technician did record that the specimen failed by the formation of a
single fracture inclined at 20° to the loading axis. In a subsequent
triaxial test, as the confining pressure was being increased before
application of the axial stress, the specimen failed prematurely
when the confining pressure in the Hoek cell was 85 MPa. On
the basis of these results, propose a failure criterion of the form
o1 =ao3 + b for the rock.

A6.5 The two tests, although incorrectly performed, do give us informa-
tion about the strength of the rock in terms of the linear Mohr—Coulomb

3 Cohesion is the resistance to failure in shear; adhesion is the resistance to failure in
tension. Under uniaxial loading, rocks break perpendicular to the least principal stress —
perpendicular to the loading in tension and parallel to the loading in compression. Thus,
we see that both cohesion and adhesion play a part in determining the strength of the
rock.
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envelope. Firstly, if a fracture forms at 20° to the loading axis, then the
angle between the major principal stress (i.e. the axial stress) and the
normal to this plane is 70°. The point on a Mohr circle associated with
the stress state on the fracture surface will then make an angle of 140° to
the major principal stress. The geometry of the failure envelope shows
that the friction angle is then 50°.

perpendicular to
" failyre envetope

140°

g,

c

In the second test, the axial stress is zero and the confining pressure
is the stress at failure, i.e. the compressive strength. The compressive
strength is simply 85 MPa. Knowing that the friction angle is 50° and the
compressive strength is 85 MPa, we can find the failure criterion in the
required form. The Mohr-Coulomb failure criterion when written in its
principal stress form is o, = ao3 + b, and so we find that

1 + sin¢ 1 +sin¢

= 1—sin¢03 + o witha = m =7.55and b = o, = 85 MPa.

O
Q6.6 A servo-controlled compression test has been conducted on
a weak soapstone such that the specimen length remained un-
changed throughout: as the axial stress, 0, was increased, so the
confining pressure, p, was increased so that no net axial strain
resulted. A plot of axial stress (vertical axis) against confining pres-
sure (horizontal axis) gave an initial straight line passing through
the origin. At a critical confining pressure of p = 85 MPa (when
0o = 39.1 MPa), the slope of the o, — p plot suddenly changed to 29°
and remained constant for the remainder of the test. This change in
slope may be taken to represent the onset of yield.

(i) Determine an elastic constant from the slope of the initial portion
of the a4 — p curve.

(ii) Assuming that the Mohr-Coulomb criterion is applicable, de-
termine o, ¢ and ¢ for the rock.

A6.6 In this question we are given information regarding two different
types of behaviour: elastic behaviour up to yield, and strength behaviour
after yield (it is a strain-controlled test, and so post-peak behaviour can
be obtained). We are told that before yield — when the specimen is
behaving elastically — the o, — p plot passes through the origin, and
the point (p = 85, 0, = 39.1). After yield (i.e. when the specimen has, in
some sense, failed) the slope of the o, — p plot is 29°.
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axial stress

yield point

(85, 39.1) 29°

7

confining pressure

(i) We are given information regarding the behaviour of the specimen
in a three-dimensional stress state: a relation between the axial stress,
the axial strain and the confining pressure is indicated. To use this
information, we start with Hooke’s Law in three dimensions for an
isotropic material,

1
g = E[Ul —v(oz + 03)]

and substitute ¢, = ¢,, 01 = 0, and 0, = 03 = p to obtain

1
8a=%[aa—v(p+p)] = E[cfa—2vp]-

We are told that in this test the axial strain is controlled to be zero. As
a result, the equation above reduces to 0 = (1/E) [0, — 2vp] or o, = 2up.

We now have an equation linking o, and p which, on comparison with
the standard form of a straight line, y = mx + ¢, is found to pass through
the origin and has a gradient of 2v (when o, is plotted on the vertical
axis and p is plotted on the horizontal axis). The gradient of this part of
the o, — p plot can either be measured, or computed. Using co-ordinate
geometry to compute the gradient, we obtain

Y2 — )1 391—0
m = =

=046=2
X2 — X1 85-0 Y

and hence v = 0.23.
Thus, from the first part of the curve we find that we can compute
Poisson’s ratio.

(ii) If we assume that yield represents peak strength being reached,
then after yield the o, — p curve represents a plot of the principal stress
form of the Mohr-Coulomb criterion, with o, = 03 and p = 0. Thus we
have

2ccos ¢ 1 +sin¢g 1 +sing

p= : O, : =0c T 0a7 P

1 —sing 1 —sing 1 —sing
It is worth redrawing the curve with o, on the horizontal axis. Now, if
we extrapolate the failure criterion back to o, = 0, then the point where

it intersects the p axis is the compressive strength, o.. Using straight line
geometry, the compressive strength is found from

Y2 =) 85 - o,
=" =ta 61°=—=> =85—-139.1t 61,
" X3 — X} t 39.1-0 e an

giving o, = 14.5 MPa.
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The principal stress form of the Mohr—Coulomb criterion tells us that

1 + si tan61 — 1
tan61° = Lm«j) or sing = n——,
1 — sin¢ tan61 + 1
giving ¢ = 16.7°.
And finally we have o, = (2ccos ¢)/(1 — sin¢), from which we obtain
¢ = o¢(1 — sing)/(2cos @), with the result that ¢ = 5.4 MPa.

Q6.7 Laboratory tests on specimens of a limestone have produced
unconfined compressive and tensile strengths of 80 MPa and 10 MPaq,
respectively. Using the Hoek-Brown and plane Griffith criteria, es-
timate the maximum principal stress at failure for two biaxial tests
in which 02 = 20 MPa and o2 = 40 MPa. Which of these two criteria
would best predict peak strength under these conditions?

A6.7 We are told that o, = 80 MPa and o, = —10 MPa (noting that our
sign convention is compression-positive).

Hoek—Brown criterion
If we substitute o3 = o0, and o; = 0 into the Hoek-Brown criterion,
0y = 03 + (moeo3 + s62)%3, and rearrange the resulting equation, we find

2 2
g — 9

m =
019
Here, we are dealing with intact rock, and so s = 1. Consequently we
find that m = 7.88.

For the biaxial tests, we have been given values for o, and asked to find
values for o,. As the tests are biaxial, we can presume o3 = 0. However,
the Hoek—Brown criterion ignores the effect of the intermediate principal
stress.

We could estimate the magnitude of the major principal stress at
failure either assuming o; = 03 = 0 or 0, = o3 = p. The first of
these represents uniaxial compression, the second represents triaxial
compression. The case of uniaxial compression will simply give the
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A Shear siress,T Effect of intermediate principal stress magnitude is
not taken into account in the Hoek-Brown criterion
O3 G2 % >

»

Normal stress,

unconfined compressive strength, and so it is worthwhile investigating
the triaxial compression case.
Thus, for o; = 03 = 20 MPa we find that

oy =20 + /7.88 x 20 x 80 + 1 x 802 = 157.8 MPa
and for o3 = o3 = 40 MPa we find that
o = 40 + /7.88 x 40 x 80 + 1 x 802 = 217.8 MPa

However, it is likely that these will both be over-estimates of the major
principal stress at failure.

Griffith criterion
There are two expressions for the Griffith criterion in compression:

(01 — 03)% = 8Ty(0; +03) wheno; + 303 >0
oy = —T, when o) + 303 < 0

and in both of these compression is positive and T, = —o, is also
positive.

As with the Hoek—Brown criterion, the Griffith criterion ignores the
effect of the intermediate principal stress, and so neither of these criteria
is valid for biaxial compression. Again, we will need to make the
assumption that the biaxial conditions in the tests may be represented
by triaxial conditions in the Griffith criterion. Rearranging the first of the
Griffith criterion equations gives us

oy =03+ 4T, £4,/Too3 + T2

from which, on substitution of 7, = 10 MPa and the appropriate value of
o3, we can determine the major principal stress at failure.
Thus, for o5 = 03 = 20 MPa we find that

oy =20+4 x 10£4y/10 x 20+ 102 = 129.3 MPa
and for o, = o3 = 40 MPa we find that
o =40+4 x 10+4/10 x 40 4+ 102 = 169.4 MPa.

Assessment
Determining which of these criteria is the best predictor of peak strength
is difficult. Strictly, neither of the criteria are valid for biaxial conditions,
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but the Hoek-Brown criterion is for strength (i.e. a structure breakdown
criterion), whereas the Griffith criterion relates to the onset of fracturing.
As the onset of fracturing occurs before peak strength and usually well
before complete failure, perhaps the Hoek-Brown criterion is the better
of the two. However, it is more likely that the peak strength will lie
somewhere between the two sets of results.

Q6.8 Comment on the applicability of each of the Griffith, Mohr-
Coulomb, and Hoek-Brown criteria for the following triaxial test
results on quartzite:

(01+03)/2 -6.65 100 135 160 200 298 435 MPa
(0y—03)/2 6.65 100 130 150 180 248 335 MPa

A6.8 The first step is to convert the given data into principal stress
values:

(o1 4+03)/2 —6.65 100 135 160 200 298 435
(01 —03)/2 6.65 100 130 150 180 248 335

ol 0 200 265 310 380 546 770
o3 -13.3 0 5 10 20 50 100
From the final two rows of the table we can see that o, = —13.3 MPa

and o, = 200 MPa. The values of 0, and o3 are plotted at the end of this
answer.

Griffith criterion
The relevant expression for the Griffith criterion in compression is

(01 — 03)* = 8Ty(0 + 03)

where compression is positive and T, is also positive. For given values
of o3 we need to compute values of o7, using a value of 7, = 13.3 MPa.
The result is

o3 —133 0 5 10 20 50 100
o 399 106.4 1206 133.6 1574 2193 308.5

Mohr—Coulomb criterion

The data are clearly curvilinear, whereas the Mohr—Coulomb criterion it
linear. As a result, the Mohr—Coulomb criterion will not be a good fit tc
the data, at least not over their entire range. However, if we wish to fit a
straight line to the data, the results are

o3 —133 0 5 10 20 50 100
oy 118.6 201.0 2320 263.0 3249 5109 820.7
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Hoek—Brown criterion

We can either simply take appropriate values for the parameters in the
criterion from a table or attempt to statistically fit the criterion to the
data. Using the former method, we have s = 1 and m = 15, and with
0. = 200 MPa we obtain:

o3 —133 0 5 10 20 50 100
oy =33 2000 239.5 2746 336.2 4859 683.1
Using the latter method, we rearrange the criterion to
(9_1 _ 0_3)2 @ s
[ [ (o)
which corresponds to the linear form y = mx + ¢, and obtain values for

m and s by linear regression. In this case, we know that s = 1, and so we
perform a linear regression on

2
(4] a3 | = m03
Oc Oc Oc

while constraining the solution to pass through the origin. The result is a
parameter value of m = 20.5, with corresponding stress values of

o3 —13.3 0 5 10 20 50 100
o —104 2000 251.0 294.6 369.3 545.1 7709

The data generated by considering the three failure criteria are plotted
below.
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Assessment

As the plot above shows, the statistical fit of the Hoek—Brown criterion is
the best of the three criteria. The curvilinear nature of the results means
that the Mohr—Coulomb criterion will never be a good fit over the entire
stress range, and the fundamental behaviour of rock over large stress
ranges means that this is a general conclusion.
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Q6.9 In 1926, in a paper on tensile tests for cotton yarns (Pierce,
1926%), Pierce stated, “it is a truism, of which the mathematical
implications are of no little interest, that the strength of a chain is
that of its weakest link”. What is the relevance of this statement to
the tensile strength of intact rock?

A6.9 The statement is relevant because intact rock failure is initiated by
flaws in the rock microstructure. There is a distribution of such flaws
(microcracks and grain boundaries) and so a larger specimen contains a
larger sample of flaws than a smaller specimen, meaning that there is a
greater probability that the large sample will contain the largest flaw.

140
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2 10 Links > 1007 A
< c ;o !
% T 80+ Sy
o] S N Observed
C S linke C 60+ s Reference
i (9" length)
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o = ) T ) > T T
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Chain strength Breaking load (grams)

In terms of the chain strength, two of Pierce’s diagrams are shown
above. The left-hand one indicates how the chain strengths will vary
as a function of the number of links, and the right-hand one presents
tensile strength results for two different lengths of cotton yarn. The same
phenomenon applies to the tensile strength testing of different sized
specimens of intact rock.

We note that

(a) when testing many rock specimens under the same conditions, there
will be a distribution of tensile strengths, i.e. a within-test statistical
variation,

(b) on average, larger specimens will exhibit lower tensile strengths, i.e.
a within-test scale effect, and

(c) different methods of testing the tensile strength (see diagram on the
next page) will give different results, because there will be different
critically stressed volumes in each test specimen, i.e. a between-test
variation. In the direct tension test, the whole specimen is subjected
to the same tensile stress, and so the whole volume is critically
stressed. In the ring test, only the zones directly above and below the
hole are subjected to the tensile stress.

4 Pierce F. T. (1926) Tensile tests for cotton yarns, V. The weakest link, theorems on the
strength of long and composite specimens. J. Tex. Inst., 17, 355-368.
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The sketch above shows the direct tension test followed by eight indirect tensile
strength test methods.

These are the trends which are observed in the testing of all rock
strengths. Thus, rock strengths, as determined by these engineering
tests, are not material properties because they depend on the specimen
geometry and the loading conditions of the test: a material property does
not depend on these factors.

Q6.10 The two marble panels illustrated below are from the Greek
Parthenon frieze which depicts the four-yearly procession of the
‘Great Panathenaia’. They were sculpted in light relief®> under the
direction of Pheidias and placed in position around 450 BC. One
panel is from the north side of the Parthenon and one panel is from
the south side. Which is which?

A6.10 The Parthenon is situated in Athens in Greece, at a latitude of
38°N. At such a latitude, the southern side of a building is subjected
to more intense light, temperature gradients, wind and rain than the
northern side. After about 2450 years of such exposure, we would expect
rock facing south to be more severely weathered than rock facing north.
Thus, Panel A is from the south frieze and Panel B is from the north
frieze.

5Howard Staunton used these sculptures as the source for his 19th century design of
the knight in the classic Staunton chess pieces.
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Panel B

6.3 Additional points

Although a failure criterion based on the physical mechanisms of failure
might be expected to exist, this has not yet been developed because
of the structural complexities of both intact rock and rock masses, and
the progressive nature of failure. Because the development of such
a criterion is not yet practical, the empirically based failure criteria
expressed in terms of stress are now used ubiquitously.
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The empirical Hoek-Brown criterion has become the most widely
used failure criterion for practical use. The criterion relates to the rock
mass, i.e. the intact rock plus the fractures, and we will discuss it
further in Chapter 8. Three journal publications that review the use of
the criterion for various projects and comment on the reliability of the
estimates are as follows:

Hoek E. and Brown E. T. (1997) Practical estimates of rock mass strength.,
Int. J. Rock Mech. Min. Sci., 34, 8, 1165-1186.

Hoek E. (1998) Reliability of Hoek-Brown estimates of rock mass prop-
erties and their impact on design. Int. |. Rock Mech. Min. Sci., 35, 1,
63-68.

Hoek E. (1999) Putting Numbers to Geology — An Engineer’s View-
point. Q. J. Eng. Geol., 32, 1-19.
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7.1 Natural, pre-existing fractures

During its geological history a rock mass has been lithified and subjected
to a variety of tectonic forces and fluid pressures. When the naturally ap-
plied stresses, strains and fluid pressures cause failure, the rock fractures
in a brittle or semi-brittle manner. Initially, one or two sets of fractures
develop. The fractures in each of the initial sets are usually planar,
persistent and parallel because they were caused by tensile stresses and
hydraulic pressures. As subsequent geological disturbances occurred,
especially the major orogenic events, a suite of fracturing arrays was
introduced into the rock mass by tensile, compressive and shear stresses
(Fig. 7.1). The exact fracturing mode or combination of modes in each
case would have been a function of the applied stresses and the frac-
tures already present. Moreover, ductile rock displacements resulting
in folding will also have occurred and these will have complicated the
picture.

Thus, when today an engineer surveys a rock mass, it contains frac-
tures. The fracture pattern can be either clear or rather daunting from
the viewpoints of structural geology analysis and engineering charac-

} }
N/
t f

(a) (b) (c)
Figure 7.1 Fracturing induced by tectonic stresses. (a) tensile failure; (b) compressive
failure; (¢) shear failure.
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Cuboid blo

Figure 7.2 (a) The Niagara dolomite at Lannon, Wisconsin, USA, with clear horizontal
bedding and perpendicular vertical fractures. Note that the foreground vegetation is
growing in the filling of the major joints.

terization, as illustrated by the examples in Fig. 7.2, showing quarry
faces and associated line drawings. In the Fig. 7.2a case, the dolomite
fractures are clear, and even the shape of the quarry faces occurs because
of the dominant perpendicular vertical joints. In the Fig. 7.2b case, the
fracturing is more intractable.

It is important, however, in all cases to be able to characterize the
geometry and mechanical properties of the fractures because they are
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Figure 7.2 (b) The Mountsorrel granodiorite, Leicestershire, UK, with complex fractur-
ing. Note the vertical fracturing and the presence of sub-vertical and transverse shear
fractures.

the mechanical weaknesses in the rock mass and they have a significant
effect on the rock mass deformability, strength, failure and permeability.
Moreover, failure often occurs along the pre-existing fractures.
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This array is not
intended to
repesent an actual
fracture network,
but to illustrate
some geometrical
principles of all
such arrays.

~..., The numbers
" indicate the
number of sides of

Scaniine example polygons

Figure 7.3 Array of lines illustrating two geometrical principles: there is a relatively large
number of triangular areas compared to the number of other polygons, and there are
more shorter lengths of intact rock intersected by the scanline than longer lengths.

Although the fracture! patterns can appear daunting (as in Fig. 7.2b),
they exist because of definite mechanical and hydraulic principles: it
is this fact that enables structural geologists to interpret their origin.
Also, we have the necessary tools for engineering characterization, i.e.
measurement equipment on site, understanding of the geometrical and
mechanical features, and associated graphical and computer techniques.
Thus, given a fracture array, such as one of those in Fig. 7.2, the
geotechnical engineer wishing to know the frequency and orientation
of the fractures, the mechanical properties of typical fractures and the
mechanical and hydrogeological properties of the whole-rock mass does
have the necessary tools available.

It is helpful to understand aspects of the basic geometry associated
with the rock fracture arrays. Assume that on a sheet of paper 20 straight
lines have been drawn, each at a random orientation, right across the
page (see Fig. 7.3), representing rock fractures. Then assume that a
straight line is drawn at any orientation through the array (the dashed
line in Fig. 7.3), representing a sampling scanline on a fractured rock
exposure or a borehole through a fractured rock mass. We can consider
first all the areas formed by the fracture lines: these are equivalent to
cross-sections through the rock blocks formed by the fractures. Some
areas will be triangles, some quadrilaterals, some five-sided figures, and
so on. It is possible to find the mean number of sides that all the areas
have, both for a specific array and theoretically for all such arrays.

The number of sides of all the closed polygons in the fracture diagram
in Fig. 7.3 was counted and a histogram (Fig. 7.4) prepared.

! Note. The terms ‘fracture’ and ‘discontinuity’ are both used to denote the pre-existing
bedding planes, faults, shears, joints and fissures in a rock mass. We use the term
‘fracture’ without any structural geology or engineering genetic connotations, to indicate
a discontinuity in the mechanical rock continuum. A fracture has little or no tensile
strength. If we are discussing an engineering-induced fracture, rather than a natural
fracture, this will be made clear.
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Figure 7.4 Histogram of polygons in Fig. 7.3.

The mean number of sides of the polygons is given by

Bx38+4x26+5x154+6x5+8x1) 331 .
= —— = 3.9 sides.
(38+26+15+5+1) 85

The theoretical answer is exactly 4, found from the theory (Miles,
19642%) of ‘Poisson flats’, which is beyond the scope of this book.
However, for the average value to be equal to 4, there have to be
many triangles present, see Fig. 7.4. This provides an indication of
why there are many triangular areas bounded by fractures on a rock
exposure.

In a similar way, a histogram of the lengths along the scanline in
Fig. 7.3 is shown below in Fig. 7.5, together with the shape of the
negative exponential distribution. The intact rock lengths are relative to
a total scanline length in Fig. 7.3 of 23.4 units. Despite the small sample
size, the negative exponential trend is evident in this example.

Thus, the existence of many triangular areas bounded by fractures on
a rock exposure, or many small lengths along a scanline is a function
of the basic geometry and does not necessarily indicate anything about
the fracture genesis. Similarly, the negative exponential distribution
of lengths of scanline between fractures, or lengths of intact rock in
borehole core, occurs because the superimposition of a series of spacing
distributions (in this case, the successive fracturing events through
geological time) tends to a negative exponential distribution, whatever
the types of original spacing distributions>.

Knowing that the probability density distribution of intact lengths,
x, can be well approximated by the negative exponential distribution,

2Miles RE. (1964) Random polygons determined by random lines in a plane. Proc.
Natl. Acad. Sci. USA, 52, 901-907.

? This was conjectured, and proved for certain cases, by Karlin and Taylor in their
1973 book, A First Course in Stochastic Processes, p. 221, providing a theoretical basis
for the existence of negative exponential distributions of spacings in rock masses. For
a more advanced treatment of the geometry and engineering assessment of fracture
occurrence, the reader is referred to the paper by Zhang Lianyang and Einstein H. H.
(2000), Estimating the Intensity of Discontinuities, Int. J. Rock Mech. Min. Sci., 37, 819-837.
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Figure 7.5 Distribution of lengths between fracture intersections along the scanline in
Fig.7.3.

f(x) = Ae™ where A is the mean frequency, the mean and standard
deviation values for the intact rock lengths can be established. The
definition of the mean, ¥, using probability theory for continuous dis-
tributions is ¥ = [ xf(x)dx]/[f f(x)dx]. In the case of the negative
exponential distribution with f(x) = Ae™*, with the limits of integra-
tion being taken as zero and infinity, and knowing that the integral
Jo° f(x)dx = 1 (because the total probability is equal to unity), we find
that x = [* xAe ™ dx = 1/A.

The variance, o?, of a probability distribution is defined as
Jx— )2 f (x)dx, so for the case of a negative exponential distribution we
have

o’ = / ” (x = (1/A))*re M dx
0

which reduces to 1/22.
Thus, the standard deviation4, o, is also 1/A. This means that for the
negative exponential distribution the mean and standard deviation are

4 Note that the symbols used here for the mean and standard deviation of a population
are X and ¢. Thus, the symbol ¢ is used in this book for both a stress component and
the standard deviation of a statistical population. Because o is used here in a specific
statistical context, there should be no confusion — we will not be discussing the standard
deviation of stress components.
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Figure 7.6 Theoretical relation between RQD and fracture frequency.

equal, with a value equal to the reciprocal of the fracture spacing. Along
a scanline in the field, the sample mean and sample standard deviation
are often found to have similar values, especially when 50 or more
fractures have been intersected.

We emphasize that the negative exponential distribution is not being
invoked because it characterizes a random or Poisson occurrence of frac-
tures, but because it is the distribution to which a series of superimposed
spatial distributions converges. Because most rock masses contain sets of
fractures from a number of different fracturing episodes, and these sets
can all have different distributions, the negative exponential distribution
is a good description of the overall distribution.

The Rock Quality Designation (RQD) for a fractured borehole core or
along a scanline such as that in Fig. 7.3 is defined as 100 3", X,/L%,
where X; = intact core lengths > 0.1 m, N is the number of these in
the core, and L is the total core length. This is the percentage of core
length containing pieces greater than 0.1 m long. For the case of the
usual RQD threshold value of 0.1 m, and with the assumption of a
negative exponential distribution of intact rock lengths, it can be shown
that the Rock Quality Designation (RQD) is related to the mean fracture
frequency, A, as RQD = 100e~%'*(0.1A + 1).

Fig. 7.6 illustrates the relation between RQD and fracture frequency
and indicates that there is an approximately linear relation for A = 6 m~!
to 16 m™!. The equation of this line is RQD = —3.68x + 110.4.

The RQD concept with a threshold value of 0.1 m can be generalized
for an arbitrary threshold, . Then the relation between RQD and ¢ is
RQD = 100e~"*(tA + 1).

There are many characteristics of rock mass fractures that are import-
ant for engineering rock mechanics. The International Society for Rock
Mechanics (ISRM) has recommended the measurement of the ten frac-
ture characteristics illustrated in Fig. 7.7. These are: orientation, spacing,
persistence, roughness, wall strength, aperture, filling, seepage, number
of sets, and block size (Barton, 1978; Hudson, 1989) >.

3 Barton N. 1978. Suggested Methods for the Quantitative Description of Discontinuities



96 Fractures and hemispherical projection

Filling.
_ Discontinuity set
Block size o
Il str et
Wall strength . 2" ‘audliness
N Z =
\ - Persistence
7 CSpaclng L :
Vi = E'-OHEHOLE OH SCANLINE '
e
: _ D|p and
S~ dip direction
Seepage 2 g

Figure 7.7 Important fracture characteristics for engineering rock mechanics.

One of the most important characteristics is the extent or persistence
of the fractures because this governs whether the rock mass can act as
a series of discrete blocks and whether water can travel through the
fracture array. However, the estimation of fracture persistence can be
subject to severe measurement bias; in particular, the distribution of
tracelengths of fractures intersected by a scanline is not the same as
the actual population of fracture tracelengths. As a scanline traverses a
rock mass, it is more likely to sample fractures with longer tracelengths
than with shorter tracelengths. If the fracture traces in Fig. 7.3 have the
same location and orientation but are limited in their extents, a fracture
array such as that shown in Fig. 7.8 might result. It is evident from
this array that a borehole or scanline is more likely to intersect the
longer traces than the shorter ones, with the result that the actual and
sampled distributions of tracelengths are different, because the longer
tracelengths are preferentially sampled.

If the actual distribution of tracelengths is negative exponential, the
sampled distribution of tracelengths (of the fractures intersected along a
scanline) will be of a different form, as indicated in Fig. 7.9. Note that the
greatest discrepancy occurs for a tracelength close to zero, because the
scanline will miss almost all of them. Needless to say, sampling surveys
should take the sampling errors into account ®.

In this chapter, we will concentrate on the fracture frequency and
geometrical aspects of fractures. The mechanical properties of fractures
are included in Chapter 8.

in Rock Masses. Int. . Rock Mech. Min. Sci. Geomech. Abstr., 15, 6, 319-368. The diagram
of the ten fracture characteristics in Fig. 7.7 was first published in Hudson J. A. (1989)
Rock Mechanics Principles in Engineering Practice’. CIRIA Report, Butterworths, London,

72 pp.
¢ References to appropriate software packages for this are included in Section 7.3.
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Scanline

Figure 7.8 Longer fractures are more likely to be intersected by a scanline, borehole or
underground excavation than shorter fractures.
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Figure 7.9 Actual and sampled distributions of fracture persistence.

The hemispherical projection technique, used for the presentation
and manipulation of fracture data, is explained in Appendix B of ERM 1.
However, we have included the following example question and an-
swer as an aide-memoire to the technique. Note that a hemispherical
projection sheet is included at the back of this book in Appendix B.

Example question and answer

Question Two boreholes are drilled from the face of a quarry, one at

an orientation’ of 298/38, and the other at an orientation of 055/72.

On a sheet of tracing paper over a hemispherical projection, plot

the points corresponding to these boreholes, and then determine:

(a) the orientation of the plane containing the two boreholes;

(b) the acute and obtuse angles between the two boreholes;

(c) the orieniation of a borehole which bisects the acute angle; and

(d) the orientation of a borehole which is perpendicular to the two
holes already drilled.

Answer In order to show the steps involved in solving typical hemi-
spherical projection problems, we present diagrams here showing each

7 The orientation is given as trend/plunge.
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stage of the solution of the example question. When using the hemi-
spherical projection method, a sheet of tracing paper is placed over the
projection and rotated around a drawing pin protruding from under-
neath through both the projection and the tracing paper. The diagrams
are of the working on the tracing paper used over the hemispherical

projection, with the perimeter of the net included for reference.

(@) The orientation of the plane containing the two boreholes

N

055/72
298/38

Mark the north point, draw tick
marks on the periphery at the
borehole azimuths of 298° and
055° and write down the borehole
orientations.

298/38
BH1
*

K x BH2 055772

Rotate the tracing paper so that
the tick for BH2 is on the E-W
line. Count in 72°, mark and label
a cross for BH2.

N 055/72

208/38

Rotate the tracing paper so that
the tick for Borehole 1, BH1, is on
the E-W line. Count in 38°, mark
and label a cross for this borehole
as BH1.

298/38

X 76

055/72

Rotate the tracing paper so that
the crosses for BH1 and BH2 lie
on the same great circle. Draw
the great circle and a cross at its
maximum dip. Place a tick on the
periphery opposite this cross, and
write next to it the dip angle of the
plane (found by counting from the
periphery to the line of maximum
dip).



055/72
298/38 .
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Finally, rotate the tracing paper
back to north, measure the dip dir-
ection of the plane and write it in
front of the dip angle. The orienta-
tion of the plane is therefore found
to be 017/76.

(b) Acute and obtuse angles between the boreholes

298/38
BH1
N
017/76
BH2
055/72

Rotate the tracing paper so that
the plane containing BH1 and BH2
lies on the great circle. Measure
along the great circle, using the
small circles to count, to determ-
ine the angle between BH1 and
BH2. It is 62°, and as this is less
than 90° it is the acute angle. The
obtuse angle is the complement of
this, i.e. 118°. This figure can also
be found by adding together the
angles between BH1 and the up-
per periphery, and BH2 and the
lower periphery.

(c) Orientation of a borehole which bisects the acute angle

298/38
BH1
N
017/76
BH2
055/72

The acute bisector is midway
between BH1 and BH2 along the
great circle representing the plane
017/76. With the tracing paper ro-
tated as shown, mark a cross 31°
from either BH1 or BH2.

055/72
017/76

N

/66

298/38

Rotate the tracing paper so that
the bisector lies on the E-W line,
mark a tick on the periphery and
write the plunge of the line next to
it.
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N 017/76
321/66

055/72
298/38

Finally, rotate the tracing paper
back to N, and read off the trend
of the bisector. The orientation of
the bisector is therefore found to
be 321/66.

(d) Orientation of a borehole which is perpendicular to the two holes already

drilled
298/38
BH1
N
na
BH2 017/76
055/72

We know the orientation of the
plane on which BH1 and BH2 lie,
and so a borehole which is per-
pendicular to BH1 and BH2 is ori-
ented such that it is normal to this
plane. We find the normal to the
plane by placing the plane on its
great circle, counting across the E-
W line 90° from the line of max-
imum dip, and marking the nor-
mal. Also mark a tick and write
down the plunge of the normal.

N 017776

0585/72
298/38

BH1
BH2

197/14

Rotate the tracing paper back to
N, read off the trend of the nor-
mal, and write it next to the tick.
The orientation of the borehole is
therefore 197/14.

7.2 Questions and answers: fractures and

hemispherical projection

Q7.1 The overall RQD for 134 m of borehole core was found to be

58%.

(a) Compute estimates for the total number of pieces of core, and
the total length of those pieces of core that could be expected to be

greater than 0.1 m long.



Questions and answers: fractures and hemispherical projection 101

(b) How many pieces of core could be expected to have a length
greater than 0.2 m, and what is their mean length?

A7.1 (a) We know the length of core, and so in order to calculate the
number of pieces we have to determine the fracture frequency (because
the number of pieces, N, is found from N = AL). As we know the RQD
of the core and the threshold value at which this was measured, we can
compute the frequency from the fundamental formula for RQD, i.e.

RQD = 100(At + 1) exp(—At).

This formula for RQD is implicit in A (which means we cannot rearrange
it to leave A by itself on one side of the equation), and so can only be
solved iteratively (or by trial and error). Thus, with RQD = 58% and
t = 0.1 m, we find that » = 14.344 m~!. Having found a value for the
frequency, we calculate the total number of fractures present in the core
as

N, = AL = 14344 - 134 = 1922.2

and, as a part of a piece cannot exist, this result should be rounded down
to 1922.

The definition of RQD is “the ratio of the total length of those pieces of
core longer than 0.1 m to the total length of the core recovered, expressed
as a percentage”. In this case, the RQD is 58%, which directly represents
the proportion of core composed of pieces longer than 0.1 m. As the
overall length of the core is 134 m, the total length of these pieces is then
0.58 x 134 = 77.72 m.

(b) The number of pieces whose individual lengths are greater than
0.2 m is computed from the proportion of the total number that com-
prises pieces longer than 0.2 m. In turn, this proportion is found by
computing the probability of finding an interval of core with no fractures
over a length of 0.2 m.

If we sample the entire fractured core, the probability of finding a
fracture must be 1. This is stated mathematically as the area under the
probability density distribution, which is

/ Aexp(—Ax)dx = 1.
0

If we are only interested in a particular range of spacing values, then this
integral is evaluated using limits that represent the range. So, for spacing
values between 0 and some value b we have

b
Pr(x <b) = / rexp(—Aix)dx = 1 — exp(—Ab)
0
and, if we are only interested in spacing values larger than b, then
Pr(x > b) =1 —Pr(x <b) =1 —[1 —exp(—Ab)] = exp(—Ab).
In the case under consideration we have b = 0.2 m, giving
Pr(x > 0.2) = exp(—A - 0.02) = 0.057,
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and from this we find that the number of pieces longer than 0.2 m is
No, =0.057 - N, = 0.057 - 1922 = 109.5,

which rounds down to 109.

To compute the mean length of these pieces, we need to know their
overall length. This is found by evaluating the RQD for a threshold value
of 0.2 m,

RQDg, = 100(14.344 - 0.2 + 1) exp(—14.344 - 0.2) = 22.0%,
and then computing the overall length as
Lo» = RQDq, - L, = (22.0/100) - 134 = 29.4 m.
The mean length of the pieces is then
- Lo, 294
2= Noa 109 o

This mean is much greater than the mean of all pieces (which is the
reciprocal of the frequency, or 0.07 m), and so it is interesting to see how
this mean length varies with the threshold we choose. The plot below
shows this.
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In this plot the mean length has been computed as shown above, but
because the number of pieces has been rounded down, the points do not
lie on the theoretically derived curve of x = ¢ + (1/A). Notice that the
error becomes larger as the number of pieces reduces. This is because
changing from 2 pieces to 1 is a much larger percentage change than
from 500 pieces to 499. Also, the threshold cannot be increased beyond
that shown, because the number of pieces would reduce to zero.

Q7.2 Based on a sample of 128 fracture spacing values which gave
a mean spacing of 0.215 m, estimate the range of the population
mean fracture spacing and frequency at the 80% confidence level.
How many fractures should be in the sample for an error of +10% at
the 90% and 95% confidence levels?
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A7.2 Using the negative exponential distribution, for which the mean
and standard deviation are equal, the standard form of the error band
around the mean, x £+ o¢, can be simplified to (1 + ¢). Here, o is the
standard deviation, not stress, and ¢ is the proportional error, not the
strain!

At the 80% confidence level, the standard normal variable, z, is found
from tables: ¢(z) = 0.80 = ¢ = 1.282. This is the value of the normally
distributed random variable, z, which has a mean of 0 and a standard
deviation of 1, with 80% of the population within +z.

Hence
z 1.282
ge=—=—"— =0.113.
VN /128

The range for the mean spacing value is then given by ¥(1 +¢) =
0.215(1 £ 0.113). This gives 0.191 m < x < 0.239 m, with the range of fre-
quency being the reciprocal of these figures: 4.184 m™! < A <5236 m™.
Note that the mean of these two frequency values is 4.710 m™!, whereas
the frequency given by the mean spacing is A = 1/ = 1/0.215 =
4.651 m~!. The correct value for the mean frequency is the latter one
(because the reciprocal of the average of two reciprocal values is not the
same as the average of the two values).

To find the sample size required at the 90% and 95% confidence levels,
we use the same technique to find N given ¢.

Thus, at the 90% confidence level, we have

$ () =090= 7z =1.645

7\2 _ (1.645\?
N=(3) = (().T) = 270.6.
This value has to be rounded up to the next integer (rounding down
will give a sample size that is too small to reach the 90% confidence

level), giving 271 fractures.
At the 95% confidence level, we have

¢ (2) =0.95 = z = 1.960

and hence

and hence

2\ _ (1.960\?
N = (;) = (W) = 384.2 or 385 fractures.
This shows how the size of the sample increases significantly as the

required confidence level rises.

Q7.3 The mean fracture frequency in a vertical direction in a sand-
stone rock mass is 1.22 m~', and a total of 500 vertical 3 m long
rockbolts are to be installed to stabilize the roof of an underground
excavation in this rock mass. How many rockbolts would you expect
to:

e intersect no fractures;

e intersect less than 3 fractures; and,

e intersect more than 4 fractures?
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What length should the rockbolis be if 95% of them are required to
intersect at least 3 fractures, i.e. extend to the fourth rock block back
into the rock mass?

A7.3 If we assume that fracture occurrence is a stochastic process, then
we can use the Poisson process which states that the probability of &
events occurring in an interval, x, is given by P(k, x) = e™**(Ax)*/k!. In
this question, x = 3 m (the length of a rockbolt), A = 1.22 m™', and we
have to determine the probability for different values of k.

Intersect no fractures

Here we have k = 0 (i.e. no fractures over the length of the rockbolt), and

so P(0, 3) = e~12223(1.22 x 3)°/0! = 0.026 (0! is conventionally taken as 1).
The number of bolts is then 500 x 0.026 = 12.9, which rounds down to

12 bolts. We round down because we cannot have a fractional part of a bolt.

Intersect less than 3 fractures
Less than 3 fractures includes 0, 1 and 2 fractures, and so we have

P(<3,3)=P(0,3)+P(1,3)+ P (2,3) =0.026 + 0.094 + 0.172 = 0.292.

The number of bolts is 500 x 0.292 = 146.1, which rounds down to 146
bolts.

Intersect more than 4 fractures

Theoretically, a bolt can intersect any number of fractures between zero
and infinity. The probability of it doing so is 1 (i.e. certainty). This tells us
that the probability of intersecting more than 4 fractures can be computed
from the probability of intersecting 4 or fewer fractures as

P(>4,3) = 1- P(<4,3) whichexpands as
1—-[PO,3)+P(,3)+P12,3)+P(3,3)+ P4,3)]
= 1-1[0.026 +0.094 +0.172 + 0.210 + 0.192]
= 1-0.695=0.305
, lThe number of bolts = 500 x 0.305 = 152.5, which rounds down to 152
olts.

What length of rockbolt is required?

The answer is given by the solution to the equation 0.95 = P(> 3, x).
Expanding and rearranging

095 = P(>3,x)=1-P(<2 %)
= 1-PO,x)—P(1,x)—P(2,x).
Substituting w = Ax and expanding further gives
e )’ e W(w)' e (w) w?

— __w_ —-—w _—u)_
0! I oy S lTmetoetwoet

=1—e" 1+w+"’2
- ).

=1—
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This equation cannot be solved explicitly, and so we use trial-and-
error. The result is w = 6.296, from which, using A = 1.22 m~!, we obtain
x = 5.16 m. This is a substantial increase on the previous length of 3 m.

Q7.4 A fault plane with orientation 234/56 has been discovered
during a site investigation. Closer inspection shows that it has sur-
face lineations which have a pitch of 78° measured from the north-
west strike line. What is the trend and plunge of these lineations?

A7.4 The illustration below shows the final tracing paper diagram
obtained when answering this question. The steps followed in its con-
struction are given as follows.

(1) Plot and label a tick mark N
for the fault plane. Rotate the tick
mark to the east-west line, count
in 56° and mark a cross for the
line of maximum dip. Draw the
great circle corresponding to the
fault plane. Rotate the tracing pa-
per back to north.

(2) The pitch of the lineation
is measured from the northwest 255/54
strike line. Rotate the tracing pa-
per so that the northwest end of ~ 234/56
the great circle is north. Measure
the pitch of the lineation (i.e. 78°)
along the great circle, using the small circles as a scale and mark a cross
on the great circle; this represents the orientation of the lineation.

(3) Rotate the tracing paper so that the lineation is on the east-west
line, mark a tick on the periphery opposite this, read off and mark next
to the tick the plunge of the lineation; it is 54°.

(4) Rotate the tracing paper to north, and read off the trend of the lin-
eation; it is 255°. The orientation of the lineation (given as trend/plunge)
is therefore 255/54.

line of
<+— maximum
dip of plane

Q7.5 The line of intersection between two planes trends approxim-
ately northwest and plunges at 38°. The orientation of one of the
planes is 256/50, and the strike of the other is 132°. What is the
trend of the line of intersection and what is the dip of the second
plane?

A7.5 The illustration below shows the final tracing paper diagram
obtained when answering this question. The steps followed in its con-
struction are given as follows.

(1) Plot and label tick marks for the maximum dip of plane 1 and the
strike of plane 2. Rotate the tick mark for plane 1 to the east-west line,
count in 50° and mark a cross for the line of maximum dip. Draw the
great circle corresponding to plane 1, and rotate the tracing paper back
to north.
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(2) Sketch a circular arc around the northwest quadrant of the tracing
paper, centred on the centre of the tracing paper at a distance in from
the periphery equal to the plunge of the line of intersection, 38°. This
arc represents the locus of lines with a pitch of 38° and trend in the
northwest quadrant.

(3) Rotate the tracing paper so that the intersection of the circular arc
and the great circle to plane 1 is on the east-west line, and mark a tick
on the periphery. This represents the trend of the intersection.

(4) Rotate the tracing paper
so that the strike of plane 2 is
on the north-south line, and
draw the great circle that
passes through the intersec-  305/38
tion. This is the great circle to
plane 2. Mark a tick on the
periphery opposite the line of
maximum dip, measure the 55450
dip of plane 2 and mark it next

given plane
»

intersection in
/ NW quadrant

intersection in \.

to the tick. It is 80°. SW quadrant

(5) Rotate the tracing paper =~ SWplane
back to north and read off the gg;’gg smk{; of
trend of the intersection and  nw piane unknown plane

the dip direction of plane 2;
this gives the answers 305° and 222°, respectively.

The orientation of plane 2 is then 222/80, and the orientation of the
line of intersection of plane 1 and plane 2 is 305/38.

The diagram shows that there is a second line of intersection between
the circular locus and the given plane, and the plane that passes through
this has an orientation of 222/38. However, the intersection is formed
in the SW quadrant, not the NW quadrant as stated, and so can be
discounted.

Q7.6 Surveys have revealed that a rock mass contains 3 fracture
sets, the dip directions/dip angles and fracture frequencies of which
are 161/23 and 7.72 m~', 218/58 and 3.07 m~', and 100/75 and
5.34m!,
(a) What will be the fracture frequency and mean length of the
recovered pieces of core in:
o a vertical borehole;
+ a horizontal tunnel heading due north; and
» an inclined borehole with a trend/plunge of 280/35?
Consider the engineering implications of this variation in terms of
site investigation procedures and subsequent engineering design.
(b) Using the frequency values determined above, compute the
theoretical R@QD values that would be encountered in this rock mass
using the customary threshold value of 0.1 m. Adopting a threshold

value given by
2 A
= In max )
A-mc.-n( - A-rnin ( A-mln
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will maximize the range of RQD values®. How do the RQD values
computed with this threshold compare to the earlier values?

A7.6 (a) This question requires computation of fracture frequency in
different directions. The fundamental equation to use (see ERM 1) is
As = X_I_, il cos 6;|, where A, = the fracture frequency in a given scanline
direction, the A; are the individual set frequencies of the n sets, and the §;
are the angles between the set normals and the scanline.

N  Horizontal
1% tunnel heading N

BH
280/35

inclined
borghole vertical 100775

borehole @

161/23

Firstly, we determine the angles between the normals to the three
fracture sets and the three directions required in the question. For this,
we can either use the hemispherical projection, or compute the angles
vectorially. To find the angle between two lines on the hemispherical
projection, plot the points representing the two lines, rotate the tracing
paper so that the two points lie on a great circle, and then read off the
angle where the small circles intersect the north—south line on the tracing
paper. The figure shows how this is done for all of the angles required.

For a vertical borehole
The table below shows the required angle, the calculation of A|cos 8| for
each set, and the sum of these contributions.

Set A Angle between set normal A[cos6|
and required direction

1 772 23 7.106
2 307 58 1.627
3 534 75 1.382
Sum 10.115

8 The method of choosing the optimal value of the RQD threshold value for optimizing
the RQD sensitivity is given in Harrison J. P. (1999), Selection of the RQD threshold value
in RQD assessments. Int. . Rock Mech. Min. Sci., 36, 5, 673-685.
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The frequency is then 10.115 m~!, and the reciprocal of this is the mean
length of the recovered pieces (because x = 1/1),i.e. 0.10 m.
For a horizontal tunnel heading north

Set A Angle between set normal | cos8|
and required direction

1 772 68 2.892
2 307 48 2.054
3 534 80 0.927
Sum 5.873

The frequency is then 5.873 m™!, and the mean length of the recovered
pieces is 0.17 m.

For a borehole trending 280/35

Set A Angle between set normal 1|cos6)|
and required direction

1 772 47 5.265
2 307 92 0.107
3 534 20 5.018
Sum 10.390

The frequency is then 10.390 m~!, and the mean length of the recovered
pieces is 0.10 m (coincidentally similar to the vertical borehole value).

The engineering ramifications of the results are that, firstly, the fracture
frequency in different directions through a rock mass can be significantly
different. Secondly, this variation can be calculated if the set orientations
and frequencies are known. Thirdly, measurements of fracture frequency
in a vertical borehole will probably not correctly predict the fracture
frequency in a horizontal tunnel (although the difference will depend on
the properties of the fracture sets present).

(b) In order to use the equation for the threshold value that maximizes
the RQD range, we need to know the maximum and minimum values
of fracture frequency in the rock mass for the directions considered. On
the basis of the results obtained earlier, we can say Apax = 10.39 m~! and
Amin = 5.87 m~}, from which we find

2 Amax 2 10.39
t* = ] = 1 = 025 .
Jmax — A (A,m-,,) 1039587 ( 5.87 ) m

We can now construct a table of frequency values and corresponding
RQD values, using the relation RQD = 100(Ar + 1)e™*. The results are as
follows:

Frequency, m™! RQD, % (t =0.1) RQD, % (t = 0.25)

5.87 88.2 56.9
10.39 72.1 26.8

Rangc 16.1 30.1
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This shows how, by adopting the larger RQD threshold, we have almost
doubled the range of RQD in the rock mass. As a result of using this new
threshold value, RQD would be a much more discriminatory measure of
anisotropy than when the customary threshold is used.

With the discontinuity sets given, the complete variation in frequency
in all directions in three dimensions is as shown on the hemispherical
projection below. This shows that the global minimum frequency is
142 m~' and the global maximum frequency is 12.48 m~!, and these
results indicate a threshold value of * = 0.39 m.

Extreme values

O Local minimum

@ Global minimum: 1.42
¢ Local maximum

& Global maximum:12.48

Contour values

Set normals
+ with set number

3-D variation of fracture frequency.

The two hemispherical projection plots below show how RQD varies
with a threshold value of 0.1 m and a threshold value of 0.39 m. For the
threshold value of 0.1 m, the global range is about 35%, whereas with a
threshold value of 0.39 m the range is about 85%; an increase of nearly
two and a half times. The contours in these plots show how the use of
the higher threshold value has increased the discrimination of RQD in
the region of the global frequency minimum.

Extreme values

O Local minimum
@ Global minimum: 64.52
O Local maximum
& Global maximum: 99.08

Contour values

Set normals
+ with set number

3-D variation of RQD for threshold of 0.10 m.
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Extreme values

O Local minimum

@ Global minimum:4.37
¢ Local maximum

® Global maximum: 89.19

Contour values

Set normals
+ with set number

3-D variation of RQD for threshold of 0.39 m.

Q7.7 A rock mass is known to contain two sets of fractures, the
orientations of which are 265/42 and 003/69. What borehole orient-
ations will allow one to drill through the rock mass and intersect all
of the fractures at an angle of 45° (measured between the borehole
axis and the normals to the fractures)? What is the minimum angle
that all fractures can be intersected at?

A7.7 The projection below shows the final solution to this question. The
steps to follow are described below.

(1) Plot and label tick marks N
for the two sets. Rotate the tick
mark for set 1 to the east-west
line, count in 42° and mark a
cross for the maximum dip of
set 1. Count across the east-
west line 90° and mark and la-
bel the position of the normal
to set 1. Rotate the tick mark
for set 2 to the east-west line,
count in 69° and mark a cross
for the maximum dip of set 2.
Count across the east~west line bisector = 148/46
90° and mark and label the pos- Bhix = 168/62
ition of the normal to set 2.

(2) Construct a circle around the normal to set 1 at an angular distance
of 45°. To do this, place the normal on a great circle, and count in
either direction along the great circle an angle of 45°. Rotate the tracing
paper a few degrees, place the normal on another great circle, and
measure and mark two more points. Continue in this way until sufficient
points have been marked to allow the circular locus around the normal
to be drawn (note that the small circles on the projection net can be
used as circle templates if the projection sheet is lifted off the drawing
pin!).

285/42

BHy = 134/22
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(3) Using the normal to set 2, sketch those parts of the circle at
an angular distance of 45° from this normal which intersect the circle
around normal 1. Label the two intersection points of these circles BHx
and BHy, rotate the tracing paper so that each is brought to the east—west
line in turn, and read off the orientation of the lines. These points are the
orientations of the two boreholes which will subtend an angle of 45° to
both fracture sets, and are 166/63 and 134/22.

(4) Rotate the tracing paper so that normal 1 and normal 2 are on the
same great circle. Measure the angle between the normals, 80°, divide by
2, and plot the bisector. Rotate the tracing paper so that the bisector is
on the east—-west line, and then read off its orientation: 145/46. This is
the orientation of the borehole that makes the minimum angle to each
fracture set, and this angle is 40°.

Q7.8 A petroleum reservoir is known to contain numerous fractures
which are highly conductive. These fractures dip almost vertically in
a northeasterly direction. To maximize production from the reservoir,
the production wells are to be deviated to run sub-horizontally, so
that they intersect the fractures as close to perpendicular as possible.

In order to determine the optimal orientation of the production
holes, two test holes have been drilled to orientate the fractures.
The orientations of these test holes within the reservoir are 011/09
and 087/03, and impression packers which were run down these
holes show that in both holes the angle between the normal to the
fractures and the hole axis is 40°. Determine the orientation of the
fractures, and the required trend of the production holes.

A7.8 To find the orientation of the normal to the fractures, we draw
circles at an angular distance of 40° away from each of the two borehole
orientations, and locate the intersections of these circles. Only one of
these two intersections will be at the appropriate orientation, but this
will be apparent once we have found them.

(1) Draw tick marks for the two N ,011/09
boreholes, rotate each tick mark
to the east—west line in turn, and
mark the position of the bore-
holes on the tracing paper.

(2) For each borehole in turn,
sketch as much as possible of
a circle at an angular distance
of 40°; the intersection of these
two circles is in the northeast
quadrant of the projection. Ro- Z
tate the tracing paper so that the 228/08
intersection is on the east-west
line, draw a tick mark on the periphery and write next to it the plunge of
the intersection, 24°.

(3) Rotate the tracing paper back to north and read off the trend of the
intersection, 051°.

locus ™ N
to BH2:,
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(4) A normal with an orientation of 051/24 measured represents a
plane which dips towards the southwest at low angle (the orientation of
the plane is 231/66). However, we know that the fractures dip towards
the northeast and are almost vertical, which is clearly not the orientation
just found. To resolve this problem, we must draw the portions of the
circles around the boreholes which are at the west and south sides of the
projection.

(5) Carefully sketch the remaining portions of the circles by counting
‘across’ the projection. This entails counting towards the periphery along
a great circle, and then counting along the complementary great circle
from the opposite side of the projection by the remaining angle, such
that the total distance is 40°. When this is complete for both circles, the
intersection will be found towards the southwest of the projection.

(6) Rotate the tracing paper so that the intersection is on the east-west
line, mark a tick on the periphery and write down the plunge of the
intersection, 08°.

(7) Rotate the tracing paper back to north and read off the trend of the
intersection, 228°. Thus, the orientation of the normals to the fractures
is 228/08 and hence the dip direction and dip angle of the fractures are
048/82. This accords well with the known orientation of the fractures:
dipping towards the northeast at a steep angle.

(8) The trend of the production holes is that of the trend of the
normals to the fractures, and is either 048° or 228°. Two orientations
are possible, because the holes are sub-horizontal and can therefore run
in two directions. In either case, the angle between the normals to the
fractures and the axes of the boreholes will be 8°.

Q7.9 A length of core, from a borehole whose orientation is 143/68,
contains a fracture plane of 204/47. The core has rotated through
a clockwise angle (looking down the borehole) of 140° during re-
trieval. What will be the apparent orientation of the fracture as it
emerges from the borehole?

A7.9 To solve this question, we incline the projection so that its centre
coincides with the axis of the borehole. This allows us to apply the rota-
tion, before considering the inclination and determining the orientation
of the fracture.

(1) Mark ticks on the periphery for the plane and the borehole axis.

(2) Rotate each tick mark in turn to the east-west line, and mark the
position of the borehole (BH) and the line of maximum dip of the plane
(D). From this latter position, count across the projection by 90° to plot
the position of the normal to the plane; call this position N.

(3) Rotate the tracing paper so that the borehole axis is on the east—
west line, and incline the borehole to the centre of the projection; this
represents an angular movement of 22°.

With the tracing paper in the same position, move the normal to the
plane (i.e. point N) along its small circle in the same direction and by the
same amount (22°) as the borehole inclination; call this new position N'.
We have effectively inclined the projection so that the centre now repres-
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ents the axis of the core, rather Dy, N
than the vertical.

(4) Rotate the tracing paper so
that N’ is on the east-west line
and mark a tick on the peri-
phery. Measure the plunge of N’
as 30°. To apply the rotation un-
dergone by the core, count round
the periphery from this tick by
the amount of rotation, i.e. 140°
clockwise. Mark another tick. Ro-
tate the tracing paper so that this
new tick is on the east-west line
and count in by the previously 143/68
measured plunge of 30° mark 1204/ 47 BH

. . Y racture
this point Ny to indicate that
it is an inclined normal which has been rotated. Marking the circular arc
actually followed in rotating from N’ to N helps to make the procedure
clearer.

(5) Rotate the tracing paper so that the borehole is on the east-west
line, and remove the inclination. This means that N' moves 22° along its
small circle to N, the point at the centre of the tracing paper moves 22°
back to BH, and N; moves along its small circle 22° to Ng. With this step,
we have effectively inclined the projection back to vertical.

(6) Rotate the tracing paper so that N is on the east-west line, count
across the projection 90° to Dr and mark a cross. Mark a tick on the
periphery, and write next to it the measured dip of Dy, 81°.

(7) Rotate the tracing paper back to north, and write next to the tick for
Dy its measured dip direction, 330°. The orientation of the fracture plane
is then 330/81.

Although relatively time consuming, this process is useful for determ-
ining the orientations of fractures from measurements made on core
lying in a core box. A succession of inclinations and rotations can be
used to effectively take a horizontally lying core box and position it in
the attitude of the borehole itself.

140

Q7.10 A borehole of orientation 136/55 intersected six fractures be-
longing to the same sub-parallel set, the orientations of which were
201/39, 213/50, 215/63, 230/52, 247 /42 and 253/28. Compute the
mean orientation of the set,

(a) without accounting for sampling bias, and

(b) accounting for sampling bias

A7.10 This is an application of the process whereby we compute the
mean orientation as the mean of the components of the normals to
the fractures. Problems such as these are conveniently solved using a
computer spreadsheet.

For the first part of the calculation, the various formulae used are:
oy = mod(180 + «,360); B, = 90 — B; a™ = o x (7/180);
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B = By° x (7/180); I = sin(an)cos(By); m = cos(ay)cos(By); and
n = sin(B,). The mod function is a ‘remainder’ function, and ensures
that the result lies between 0° and 360°. Notice that all angles are con-
verted to radians, as these are the units for trigonometrical functions in
most computer packages. The calculations are shown in the table below.

Borehole:
Degrees Radians Components
a pi o B L m ny

136 55  2.374 0.960 0.398 —0.413 0.819

Fracture data:

Degrees Radians Components
a B ooy fuan B | m  n

201 39 21 51 0.367 0.890 0.226 0.588 0.777 | 0.484 2.066 0466 1.214 1.606
213 50 33 40 0576 0.698 0417 0.642 0.643 | 0.428 2.338 0.975 1.502 1.503
215 63 35 27 0.611 0.471 0511 0.730 0.454 | 0.274 3.645 1.863 2.660 1.655
230 52 50 38 0.873 0.663 0.604 0.507 0.616 | 0.536 1.866 1.127 0.945 1.149
247 42 67 48 1.169 0.838 0.616 0.261 0.743 | 0.746 1.340 0.825 0.350 0.996
253 28 73 62 1.274 1.082 0449 0.137 0.883 | 0.846 1.183 0.531 0.162 1.044

Weighted comp.

|
[
l
1 cosf w I m’ n'

|

Sum 2,822 2.865 4.116 | 5.787 6.834 7.952
Mean 0.470 0478 0.686 | 0.964 1.139 1.325
Normalized mean 0.490 0.498 0.715 | 0.483 0.571 0.664

The mean of the components as calculated is not an orientation vector,
as its magnitude is not equal to unity: +/0.4702 + 0.4782 + 0.6862 = 0.959.
The final row normalizes the mean by dividing the components by 0.959
so that the magnitude is equal to unity: +/0.4902 + 0.4982 + 0.715% = 1.000.

Because sampling bias correction is not required in the first part of
the calculation, having found the components of the mean we calcu-
late the orientation of the mean using the formulae o, = atan2(m,!)
and B, = asin(n). The result is «, = atan2(0.498, 0.490) = 44.5° and
Bn = asin(0.715) = 45.6°. Converting these to a mean dip direction
and dip angle gives an orientation of 224.5/44.4, or more appropriately
225/44.

To compute the corrected mean, we weight each fracture orientation
according to the cosine of the angle it makes to the borehole axis.
This cosine is given as the scalar product of the normal vector and the
borehole vector, i.e. for fracture i itis cos8; = I;-l;+m; -m+n; -n,, and the
reciprocal of this is the weighting factor, i.e. w = 1/ cos6. The weighted
components are given by the product of this factor and the unweighted
components. Again, the mean of these components has to be normalized
before it can be used to calculate the orientation, but once this has been
done we find that the corrected mean normal has an orientation of
a, = atan2(0.571, 0.483) = 40.2° and 8, = asin(0.664) = 41.6°. In terms of
dip direction and dip angle this is an orientation of 220.3/48.4, or more
appropriately 220/48.
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To find the angular error that would exist if the correction were not
made, we compute the angle subtended by the uncorrected vector and
the corrected vector. This is given by the scalar product of the two
vectors, and is computed as

aco0s(0.490 - 0.483 +-0.498 - 0.571 +0.715 - 0.664) = 5.1°.

Depending on the relative orientations of the fractures and the
sampling line, errors appreciably greater than this can be found, and
so we recommend that this correction is always applied to fracture
orientation data.

7.3 Additional points

There is now a considerable body of theory available that can be used for
studying fracture geometry in the engineering rock mechanics context,
and there are computer programs available for analyzing and presenting
the fracture data. The use of the hemispherical projection, demonstrated
through the answers in Section 7.2, enables many geometrical problems
to be solved by hand to an accuracy of 1°. Further advantages are that it
provides an enhanced understanding of the geometrical principles and
is a useful spot check of solutions obtained from ‘black box” computer
programs.

For further reading about the origin of fractures, we recommend the
book by Price and Cosgrove (1990)°. For further reading about the
engineering characterization of discontinuities, we recommend the book
by Priest (1993)'°. An example of research into the link between the
geometrical fracture properties and the hydrogeological properties of
rock masses is provided in the paper by Panda and Kulatilake (1999) .

The most well-known software package for reducing and presenting
fracture data is DIPS, available from Rocscience, see www.rocscience.com.
A more extensive package, FRACNTWLK, has been developed by Kulat-
ilake at the University of Arizona (kulatila@u.arizona.edu).

9Price N. J. and Cosgrove J. W. (1990) Analysis of Geological Structures. Cambridge
University Press, Cambridge, 502pp.

10 Priest S. D. (1993) Discontinuity Analysis for Rock Engineering. Chapman and Hall,
London, 473pp.

" Panda B. B. and Kulatilake P. H. S. W. (1999) Effect of joint geometry and trans-
missivity on jointed rock hydraulics. J. Eng. Mech., 41-50.






Rock masses:
deformability, strength
and failure

8.1 The nature of rock masses

In Chapters 6 and 7, we have posed

and answered questions concerning | [Mtactrock Fractyres
the properties of the intact rock and \ /
the fractures. In this chapter, we con- :

sider the deformation, strength and Rock Mass
failure of a fractured rock mass, i.e. a

discontinuum comprising intact rock
dissected by fractures.

A rock mass is a complex geometrical and mechanical assemblage
resulting from a long history of tectonic forces and other natural envir-
onmental effects. Additionally, the rock mass properties can be signific-
antly affected by engineering activities, especially blasting. The follow-
ing series of photographs in Fig. 8.1 illustrates different rock masses in
different conditions.

The deformation, strength and failure properties of a rock mass are
determined by the mechanical properties of the intact rock (Chapter 6),
the geometrical properties of the fractures (Chapter 7), and the mechan-
ical properties of the fractures (this chapter).

We can consider a fracture being stressed by a normal stress and two
shear stresses, as shown in Fig. 8.2.

The compression of the fracture due to the normal stress component
0,, produces a normal displacement §,. It is awkward to convert this
directly into strain because there is no clear gauge length over which the
displacement has taken place. Thus, assuming initially a linear relation
between o,, and §,, we can define the fracture normal deformation mod-
ulus as 0,,/8, = E4, where the units of E, are stress/metre, or L2MT 2
(¢f. the units of Young’s modulus which are stress units, or L-IMT2).
From the shear displacements, we can define shear deformation moduli
in a similar way.

Within the local co-ordinate system illustrated in Fig. 8.2, the two
shear fracture stiffnesses and the normal stiffness can be denoted as



118 Rock masses: deformability, strength and failure




The nature of rock masses 119

Figure 8.1 (left and above) Examples of fractured rock masses. (a) Folded rock mass in
Crete illustrating that the mechanical behaviour will be a function of both the intact
rock and the fracture geometry. (b) Fractured limestone rock mass, relatively unaffected
during excavation by tunnel boring machine. (¢) Jointed granitic rock mass with joints
dilated by bulk blasting. (d) Heavily jointed chalk rock mass, with joint dilation resulting
from weathering.

Rock fracture

Fracture
aperture

TZ,\'

Figure 8.2 Normal and shear stresses applied to a fracture.

kxx, kyy, and k... The reciprocals of these are the fracture compliances,
Sxx, 8yy, and s,,. There will also be interactions between the axes; for
example a shear stress in the x-direction can cause a displacement in the
z-direction, requiring a k., or s, term. This leads to nine stiffnesses or
compliances and the relations

8x = SxxTox + SyxTyy + 52407, Oy Sxx  Syx S Tox
8y = Sy Tox + 5y, Tyy + 54,07, Oor [8, | = |8y Syy Sup | X |1y
82 = SXZ rZX + Syz fzy + SZZGZZ 82 SXZ S)'Z SZZ GZZ

Usually, these nine stifﬁiés;eé_w—rcompliances) are reduced to two: a
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Figure 8.3 The presence of a fracture in a stressed rock specimen.

normal stiffness k, and a shear stiffness k, (or a normal compliance, s,
and a shear compliance, s;).

By studying the way in which the intact rock properties and the frac
ture properties combine to determine the properties of the whole-rocl
mass, an estimate of the importance of the various contributions can b
established. However, because of the geometrical and mechanical com
plexity of the fractures, it is not possible to generate the exact rock mas:
properties from such information. If the deformation modulus?, Ey, of :
rock mass has not been measured directly and is required for calculatior
and design purposes, the value can either be estimated by combining th
intact rock and fracture components to provide a composite modulus, o
the modulus can be estimated empirically.

Although the empirical estimations of rock mass deformation mod
ulus seem over-simplified, they can give reasonable predictions and ar
often the only practical method of estimating the modulus. The relation
En = (2RMR — 100) where E, has units of GPa and RMR > 50 (wher
RMR is the Rock Mass Rating, see Chapter 12), can give surprisingly
accurate results (Bieniawski, 19892). Another empirical expression i
En = 10®MR=10/40 GPa which covers the complete RMR range, i.e. fron
low values to 100.

The effect of a single fracture on rock strength can be studied using the
single plane of weakness theory. Assume that a fracture is present in
rock specimen as shown in Fig. 8.3. The strength of the specimen wil
then depend on the orientation of the principal stresses relative to thi
fracture orientation. Assuming that failure is induced when the norma
and shear stress components on the fracture satisfy the Mohr—Coulomt
failure criterion, we can develop an expression for the specimen strengtl
as a function of B, the angle between the major principal stress and the
normal to the fracture.

The normal stress on the fracture is given by

1 1
oy = 5 (01 +03) + 5 (01 — 03) 08 2By
! The term ‘deformation modulus’, is used in rock mechanics to indicate the apparen

elastic modulus of an in situ rock mass.
% Bieniawski Z. T. (1989) Engineering Rock Mass Classifications. Wiley, Chichester, 251pp.
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Failure of intact rock
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Figure 8.4 Effect of a fracture on the strength of a rock specimen.

and the shear stress on the fracture by
It] = % (61 — 03) sin 2B,

Substituting these values in the Mohr—Coulomb criterion,
|t| = ¢w + ontan¢,, where ¢, and ¢,, are the cohesion and angle of
friction of the fracture, gives for the 2-D case

(0, —0o3) =2 (¢ + o3tan¢y) / (1 — cos By, tan ¢y, ) sin 28,,.

This results in the type of locus illustrated in Fig. 8.4.

Thus, when the rock mass initially reaches its peak strength due to the
application of stresses, either the intact rock or a fracture will begin to
fail®. Hence, the properties that govern the failure of rock masses are
the failure properties of the intact rock and the fractures. The orientation
of the applied stresses relative to the fractures governs how failure
occurs, bearing in mind that the failure of a rock mass is a complex
structural breakdown process following a similar curve to that in Fig. 6.2
for the intact rock. The Hoek—Brown empirical failure criterion applies to
rock masses through the appropriate choice of the governing parameters
(Hoek and Brown, 1997 4).

Finally, the behaviour of the rock mass after initial failure will be a
function of the loading conditions. Where the load is constant, as in a
rock block sliding down a slope, once failure initiates, it will usually
propagate. However, in underground circumstances, the loading may
reduce as failure occurs, e.g. when failure occurs in a weak, soft mine
pillar loaded by stronger, stiff roof and floor strata.

There are other factors influencing rock mass failure, notably rock de-
terioration due to exposure and other time-dependent effects, which will
not be included here. We will, however, discuss the general principles of
water flow through rock masses in the next chapter and note the effects
of excavation in Chapter 15.

3 We have used the word ‘failure’ here to mean that some kind of limit state has been
reached.

¢ Hoek E. and Brown E. T. (1997) Practical estimates of rock mass strength. Int. J. Rock
Mech. Min. Sci, 34, 8, 1165-1186.
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8.2 Questions and answers: rock masses

Q8.1 For a simple sedimentary rock mass in which the only effective
fractures are the bedding planes, the elastic modulus of the rock
mass can be found from the addition of the displacements due to
both the intact rock and the fractures, noting that the rock mass can
comprise more than one stratum, each containing bedding plane
fractures with different frequencies.

Unfractured strata Consider firstly the case of n strata of intact
rock, each with a thickness t; and modulus of elasticity E;. Derive
an expression for the composite elastic modulus, E,, of the rock
mass in a direction normal to the strata by considering the total
displacement (and hence strain) of the total thickness of the rock
mass due to the applied stress. Write the expression in terms of E;
and f;, and assume that the interfaces between adjacent units have
no mechanical effect.

Strata with bedding plane fractures. Now consider the case where
each stratum of rock contains a set of bedding plane fractures par-
allel to the stratum boundaries. The fracture frequency of the set
within each stratum is unique — stratum i possesses a frequency 1;;
similarly, the modulus of deformation (i.e. applied stress/displace-
ment) within each stratum is unique and for unit i is Ey;. Extend the
expression for E,, to include t;, E;, X; and Egy;.

A8.1 Unfractured strata
The model comprises n strata of rock, each of thickness 1, and elasti-
city modulus E;. The total thickness of rock is L = )", 1, where the
summation in this and succeeding equations is from 1 to n.

The strain in each unit is given by ¢; = §;/t, = ¢/E; and hence the
displacement of each unit is §; = f;6; = t;(o/E}).

This expression for §; then gives the total displacement as

3'1‘ = Z(S, = Zti%.

The overall strain is ¢ = é1/L, and the results we have derived here for
8; then give the overall strain as
[e2
Yug
— " E;
i
£=—

2 v
i
Thus, the expression for the rock mass modulus is

2

o o Uziti _ i
£

- 7 f
(Cei/xe) e X

Note that the ¢; cannot be cancelled in the numerator and denominator
of the right-hand side of this equation, as is evident when the expression

En=
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is written out,
h+th+tH+...
h b I
—_— =+ —=...
E. E, Ej

Fractured strata
Although the total thickness of the rock mass is the sum of the thickness
of each stratum, L = 3, t;, because the fractures are now present the
equation should also include a term to account for the thickness (i.e.
aperture) of each fracture. However, this is assumed to be negligible
compared to the thickness of the intact rock and has been ignored here.
As before, the strain in the intact rock of each unit is &; = 8; /1, = 6/ E;,
and so the displacement of each unit due to straining of the intact rock is
8; = t;(0/ E;). For any fracture, its normal displacement is 84 = o/ E4, and
so, for n fractures in unit i, the displacement is 84 = n;8q = Aiti(0/Eqg).
The total normal displacement is the sum of the displacements due to
the intact rock and the fractures and is thus 1 = ), §; + D _; 8¢ which, on
substitution of the expressions for §; and §y;, becomes

=Yg+ Y '_U[Z Z“’]
The total strain is thus

t Aiti
[ZE@E—} OXICAS

Zti Zt,'

i

=~

and the rock mass modulus is

o
Si(g+)

i

E, =

™ |

The influences of the fracture frequency and fracture deformation
moduli values on this composite rock mass modulus, E,,, are illustrated
below.

Note that in the diagram below for the conditions assumed, the frac-
ture deformation modulus is more important than the fracture frequency.
The value of E,, does not reduce much when many fractures are present
providing the fracture deformation modulus is high (the E; = 1000 GPa
curve in the diagram below). On the other hand, just one or two frac-
tures every few metres will have a significant effect on E,, if E, is, say
10 GPa/m or less. This diagram also shows that it is critical to make an
assessment of fracture normal stiffness in order to be able to understand
the rock mass modulus.

CRWN -
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Q8.2 For the unfractured and fractured stratified rock mass geo-
metries described in Q8.1, develop expressions for the composite
shear modulus of a rock mass, G,,, using a shear stress 7 and the
parameters t;, G;, ;, and Gy;.

A8.2 Unfractured strata

We are investigating the case of simple shear. If we consider the dis-
placement of the rock under the action of a shear stress, we can consider
y and § as in the sketch below.

s

:T

—

|4

Using these definitions, for small §, the engineering shear strain of
each unit can be written as y = t/G ~ §/t, and so the shear deformation
of a single unit of intact rock is §; = 1;,(r/G;), with the total shear
deformation being given by éy = 3,8, = Y, 1;(r/G,;). Providing ér is
sufficiently small to allow small angle approximations, then the total

shear strain is
T
Yo
—~ G
£ = —

and as a result the rock mass shear modulus is given by
T T
i

Ty >
Gn=-= =t =
€ ZtiGL/Zti th;é Zé—'
i i i i i !
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Note that this result is directly analogous to the result obtained in the
first part of A8.1.

Fractured strata

The total thickness of the rock mass is the sum of the thickness of each
stratum, L = ), t;. This equation should include a term to account for
the thickness of each fracture but, as in 8.1, we assume that this is
negligible compared to the intact rock thickness.

As for the first part of this question, the shear deformation of a single
stratum of intact rock is §; = ;,(r/G;) and the shear deformation of any
fracture is 8y = 7/ Gy. For n; fractures in stratum i, the shear deformation
is 64 = n;84 = Aiti(t/ G4;). The total shear deformation is the sum of the
shear displacements due to the intact rock and the fractures and is thus
givenas ér = Y, §; + )_; 84;, which, upon substitution of the expressions
for §; and 84, becomes

4 Aiti
5T=Zj:tiGL+Zi:kitiGLdi =T|:ZE+Z,:G_‘“:|

i

Consequently, the total strain is
li Aiti
Y =ty
o1 |:Z,: LG ZI: Gd‘}
y = — =
L Z t;

and so the rock mass shear modulus is

5
- .

Ghn=—= : .
1 A

’ Zti (5+Gdi)

This equation is directly analogous to the result obtained in A8.1, and
Gn shows a similar sensitivity to the fracture frequency and fracture
stiffness values as illustrated in A8.1 for Ey,. Once again, an assessment

of the fracture stiffness is essential if the behaviour of the rock mass is to
be properly understood.

Q8.3 When the application of stress is not perpendicular to the
fractures, as in Q8.1 and Q8.2, it is necessary to transform the
stress components in order to establish rock mass deformation
moduli using the fracture stiffnesses or compliances. This results
in equations for the rock mass modulus, E,,, of the type (Wei and
Hudson, 1986°)

4

1 1 . . .
=gt L8] €05 + Ays),cos?asin’a + d2s2,cos?asin?a + Los?; sinta
m

5 This equation is for two orthogonal sets of fractures in 2-D. The method by which
the equations for n sets in 3-D can be developed is given in Wei Z. Q. and Hudson ]J.
A. (1986) The influence of joints on rock modulus. Proc. Int. Symp. Engineering in Complex
Rock Formations (T. K. Tan, ed.), Pergamon Press, Beijing, pp. 54-62.
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for a 2-D analysis with uniaxial loading.
The equation is for two orthogonal frac- (

ture sets, where E is the modulus of the E/OL>/

intact rock, A; and A2 are the fracture fre- !

quencies of the two sets, sl., s},, s?,, and ’ ’

s2, are the normal and shear compliances

for the fractures in each set, and « is the

angle between the applied normal stress

and the normal to the first set.

The equation reduces for one set (i.e.
A2 =0)to

1_14 As};cos’a + As},cos?asin?a
En E

and if we put s}, =s and s}, = ks, and then /

rearrange, we obtain

1.1 + As cos? (cos?a + ksina)
E, E

from which we find

E
T'" =1 — Enks cos?a (cos?a + ksin’a) .
Using E = 2.75 GPa, . = 2 m~! and s = 0.05 m/GPaq, the plots shown
to the right in Diagram 1 result.

For two sets with 1, = 12 =, s}, =s?, = s and s}, = s2, = ks, the
basic equation reduces to

E
T’" =1 — EmAs (cos*a + 2k cos?a sina + sin‘a) .

Using E = 2,75 GPa, A = 2 m~! and s = 0.05 m/GPaq, the plots in
Diagram 2 result.

Explain why terms such as cos‘’a appear in the formula and
comment on any general principles that are apparent from these
illustrative plots.

A8.3 In Section 3.1, we saw that a cos? term is required for resolving
stresses — both the force and the area have to be resolved — and
this leads to Mohr’s circle representation of a 2-D stress state. Terms
such as cos*« appear in the formula above because four resolutions
are now required: two to account for the stress transformation; one to
resolve the fracture frequency (see A7.6); and one to resolve the fracture
displacements.
Although the plots in Diagrams 1 and 2 have been calculated for
specific circumstances, we can note the following general principles.
e The rock mass modulus will always be less than the intact rock
modulus (the outer circle in the plots), except when the loading is
parallel to the fractures in a rock mass containing only one set.
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Diagram 1 — one fracture set.

» There will be a variation in the modulus of fractured rock masses
as a function of the loading direction (except for the case of a rock
mass with two orthogonal sets with equal normal and shear fracture
stiffnesses, which has the same modulus regardless of the loading
direction, the £ = 1 plot in Diagram 2 overleaf).

» The directions associated with maximal and minimal rock mass mod-
ulus are unlikely to be perpendicular, especially when there is more
than one fracture set.

These principles should be remembered when estimating the deform-
ation modulus by any method, or attempting to understand the likely
deformation behaviour of a fractured rock mass

Q8.4 A rock mass has the following characteristics: the compressive
strength of the intact rock is 80 MPa, the RMR (Rock Mass Rating) is
62%, and the GSI (Geological Strength Index) is 50. Estimate the in
situ deformation modulus, E,.

A8.4 Empirical formulae for estimating E,, are required to answer this
question (as found in the references in Footnotes 2 and 4 in this chapter).
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Two sets

Diagram 2 — two orthogonal fracture sets.

The formula E,, = 2RMR — 100 gives E,, = 124 — 100 = 24 GPa.

RMR—10 62-10

The formula E,, = 10"« gives E;; = 100#0 = 10% = 20 GPa.

The formula E,, = ;766 104" gives E,, = ‘/% 10%%* = 9 GPa.
In the last formula, the square root factor has been incorporated by Hoek
and Brown (see the reference in Footnote 4) to reflect the increasing role
of the intact rock as it becomes weaker.

These empirical methods can provide surprisingly good estimates and
they are often the only practical way of estimating the in situ deformation
modulus, but they should be used with caution. An understanding of
the roles of the intact rock modulus and fracture stiffness contributions
assists in evaluating the reliability of empirical estimates for given
circumstances. We include further aspects of rock mass classification
systems in Chapter 12.

Q8.5 To study the effect of a fracture on the rock strength, plot a
graph of (o, — 03) vs. B, using the single plane of weakness formula
included in Section 8.1. Assume o3 = 10 MPaq, ¢ = 0 and ¢,, = 35°,
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and that the intact rock strength is given by oy = 75 + 5.290 3. Also,
explain the form of the resulting graph.

A8.5 The plot is shown below. Initially, as B, is increased from 0°, i.e.
from when the fracture is perpendicular to the major principal stress
and parallel to the minor principal stress, the fracture does not induce
failure and the rock strength is constant, as the strength of the intact
rock: 129.7 MPa.

Failure of intact rock
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Failure induced by fracture /!
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'
i
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'

Rock mass strength (MPa)
o]
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40 |
[}
20 (90 +¢,)2 =625
0 H
0 30 601 90
Inclination of discontinuity normal to major principal
stress axis

However, as B, is increased further, and when the normal and shear
stresses on the fracture satisfy the Mohr—-Coulomb criterion for a value
of the major principal stress lower than 129.7 MPa, the fracture causes a
reduction in the rock strength; the ‘U’ shaped curve in the strength locus.
Note that this curve has asymptotes at ¢, = 35° and 90°. The minimal
strength is for B, = (90 + ¢v)/2 = 62.5°. Both horizontal portions of the
curve occur when the intact rock fails before the fracture induces shear
failure.

Q8.6 If a rock mass contains more than one fracture set, we can
apply the single plane of weakness theory to each set, and superim-
pose the results to find a lowest-bound envelope of strength.

(a) Plot the 2-D variation in strength for a rock mass containing
two orthogonal sets of fractures, A and B, the strengths of which
are ca = 100 kPa, ¢a = 20° and ¢cg = 0°, ¢ = 35°, when the minor
principal stress has the value 10 MPa. The intact rock strength is
again given by oy =75 + 5.2903;.

(b) How would this strength variation change if the minor principal
stress were reduced to zero?

A8.6 (a) For fracture set A only, the locus of rock strengths (see next
page) has been generated using the single plane of weakness formula in
Section 8.1.

The strength locus for fracture set B only, is similar, although the
minimal strength is higher than that for fracture set A.

To obtain the strength locus for a rock mass containing both sets of
fractures, we superimpose the strength loci for the two fracture sets
and take the minimal strength at each B, angle, i.e. the envelope of
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minimal strengths. However, in the rock mass, the two fracture sets are
orthogonal, and so, when we superimpose the two curves to determine
the lowest strengths of the rock mass, we must apply an offset of 4+ 90°
to the values of B, for fracture set B, as indicated in the sketch below.

o S,

Superimposing the two strength loci in this manner, the strength
variation for the rock mass containing the two fracture sets over the full
range of B, 0° to 360°, is shown below. The lower strength envelope is
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the heavier line in the 0° to 180° range in the plot below.
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(b) To assess the effect of the minor principal stress, which can be
considered as a confining pressure, we repeat the procedure in (a) but
with the minor principal stress reduced from 10 MPa to 0 MPa.

For fracture set A, the strength locus (see below) is obtained. Note the
dramatic reduction in strength in the region of 8., = (90 + ¢.,)/2 = 55°.
This is because the rock mass, acting as two blocks and without any
confining stress, is much more susceptible to the effect of the major
principal stress.

80 -
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40
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20 1
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0 30 60 90
Inclination of discontinuity normal to major principal Strength locus of
stress axis fracture set A

Rock mass strength (MPa)

For fracture set B, the strength locus is shown on the next page. The lack
of the confining stress and the zero cohesion cause the strength locus to
manifest a sudden change as 8., passes the ¢, value of 35°.

The superimposition of the two strength loci for fracture sets A and
B, together with the lower strength envelope is shown in the plot below.
Comparison with the equivalent curves for part (a) of the answer shows
that the confining stress has had a significant effect in strengthening the
rock mass to being always above 20 MPa strength.

Note that, with the exception of 8., angles close to 0°, 90°, 180° and 270°,
the rock mass strength (the heavier line) is virtually zero. Since the peaks
at these orientations are too narrow to have any engineering significance,
the rock mass strength has been reduced to almost zero by the presence of
the two sets of fractures. This example demonstrates the significant loss
of strength that occurs when fractures dissect the rock mass.
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Q8.7 When a rock mass contains a large number of fracture sets
and each set has similar strength properties, the rock mass strength
can tend to become isotropic, with the multiple plane of weakness
theory generating an approximately isotropic strength criterion.
Develop such a criterion for the 2-D case of a rock mass that
contains four sets of fractures mutually inclined at 45°, the shear
strengths of which are given by a linear Mohr-Coulomb criterion
with ¢ = 100 kPa and ¢,, = 30°. The intact rock strength is given

by 01 = 75 + 5.290 ;. Assume that the minor principal stress, o3, is
10 MPa.

A8.7 Each fracture set has strength parameters of ¢ = 100 kPa and
¢w = 30°. The rock mass strength variation as a function of maximum
principal stress orientation for one such fracture set is shown below.

To investigate the strength of the rock mass, we need to examine
the case for the four fracture sets with relative orientations of 0°, +45°
and 90°. Superimposing four of the curves while applying the necessary
offsets, and examining the range of 8, for 0-360°, we obtain the follow-
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ing diagram, with the heavier line indicating the composite rock mass
strength.
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The increasing influence of 1, 2, 3 or 4 such fracture sets being present
in the rock mass can be studied by introducing the sets one by one,
i.e. as in the polar diagrams on the next page, with fracture sets being
introduced progressively with offsets of 0°, 45°, 90° and 135°.

Note that the rock mass strength tends to become more isotropic and
that the mean rock mass strength decreases with an increasing number
of fracture sets. Here we have assumed that the four fracture sets all have
the same values of cohesion and friction angle, but the same tendencies
occur for the composite effect of fracture sets with different geometrical
and mechanical properties.

Q8.8 How does the significant effect of fractures on the rock mass
strength indicate some of the differences between rock mechanics
and soil mechanics?

A8.8 Rock is a strong solid material containing fractures which are often
of a similar size to the engineering structure. Soil is a weak particulate
material with grain sizes much smaller than the engineering structure.
Rock failure is often initiated by weaknesses in the rock mass and, as
has been seen by the answers to previous questions in this section, the
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presence of fractures has a significant effect on the rock mass strength.
Moreover, the fractures determine the location and orientation of the
failure surfaces. In a particulate soil, there are effectively weaknesses at
all locations and at all orientations, so the failure location and orientation
are often governed not by the soil structure, but by the geometry of the
stress field.

Rock mechanics — intact rock plus
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= 120 n e g
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S 80 1
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It is useful to bear these ideas in mind when dealing with a weak
rock or strong soil, such as shale and chalk, or severely weathered rocks.
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These materials may not be amenable to either standard rock mechanics
or standard soil mechanics approaches because they exhibit transitional
behaviour between the two modes described above.

Q8.9 The peak strength of a poor-quality, closely jointed and
weathered granite may be represented by the Hoek-Brown cri-
terion, 0y = 03+ Vmo 03 +so2, withm = 1.3 and s = 0.00001.

The uniaxial compressive strength of the intact rock material is
estimated as 0. = 40 MPaq, and the residual strength of the fractures
is givenby ¢, =0, ¢, = 15°.

(a) Plot, in -0 space, the expected peak shear strength envelopes
for the intact rock material, a fracture at residual strength, and the
jointed rock mass for normal stresses up to 10 MPa.

(b) The Hoek-Brown criterion is to be used for the analysis of
potential circular slopes cut in the rock mass. Determine values of
instantaneous cohesion and friction angle for normal stresses up to
10 MPa.

A8.9 In order to determine the instantaneous values of friction angle
and cohesion we must convert the principal stress form of the Hoek-
Brown criterion into a shear stress—normal stress space form. During the
development of the Hoek—Brown criterion many techniques have been
proposed for doing this (Hoek and Brown, 1980, 1988; Hoek, 1990 ©,
but for the basic Hoek—-Brown criterion of o) = o3 + o.o/m(o3/0c) + 5,
the simplest method is to use the following relations (Hoek and Brown,

19889)

het4 8 (”’___" “"C) 8.1)

3 m?o,

1 1
6 = 5 [Q -+ arctan <7:—1)] (82)

1
= . 8.3
¢ = arctan (\/4}: cos?f — 1) (83)
_ mao. (1 —sing;) (8.4)
8 tan ¢; '

In Eq. (8.2), if the angles are evaluated in degrees then O = 90°, and if
the angles are evaluated in radians then Q = /2.

Finally, substitution of ¢; and 7 from Egs. (8.3) and (8.4) into the linear
Mohr-Coulomb criterion gives the instantaneous cohesion as

¢ =1 — otang;. (8.5)

6 Hoek E. and Brown E. T. (1980) Underground Excavations in Rock. Institution of Mining
and Metallurgy, London, 527pp. See also Hoek E. (1990) Estimating Mohr~Coulomb
friction and cohesion values from the Hoek-Brown failure criterion. Int. . Rock Mech.
Min. Sci., 27, 3, 227-229, and Hoek E. and Brown E. T. (1988) Hoek-Brown failure
criterion — a 1988 update. Proc. 15th Canadian Rock Mech. Symp. University of Toronto,
ON, pp. 31-38.
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Evaluating these equations for a range of values of normal stress, with
values of o, = 40 MPa, m = 1.3 and s = 0.00001, gives the following

results.

o (MPa) 0.0 0.5 1.0 2.5 5.0 7.5 100

h 1.000 1.051 1.103 1256 1.513 1769 2.026
9 (rad) 1.04 092 087 079 071 067 064
¢; (rad) 143 093 083 068 057 050 045

¢i (deg) 821 536 477 392 325 287 260
r (MPa) 0.009 0938 1.542 2938 4.721 6.191 7479
¢; (MPa) 000 026 044 090 154 209 260

In addition to the weathered granite, we can use values of m = 25 and
s = 1 to plot the criterion for the intact granite. The results of this are
shown in the following table.

o (MPa) 0.0 0.5 1.0 2.5 5.0 7.5 100
h 1.009 1.011 1014 1.022 1035 1049 1.062
6 (rad) 099 099 098 0.96 0.94 0.92 0.91
¢i (rad) 115 112 110 1.05 0.99 0.94 091
¢; (deg) 659 643 630 600 56.5 54.0 52.0
7 (MPa) 4852 5929 6938 9.692 13719 17319 20.637
¢i (MPa) 485 489 498 537 6.16 6.99 7.82

Finally, to plot the criterion for the fractures, we use the Mohr-Coulomb
strength parameters given. The results of these calculations are shown in
the plots below.
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For the more general form of the Hoek-Brown criterion, i.e.
oy = o3 + o[m(o3/o;) + 5]°, a more sophisticated analysis is required
than that presented here. This makes use of linear regression through
pairs of (03, 01) data that satisfy the Hoek—Brown criterion to generate
equivalent values of (o, r) for the Mohr-Coulomb criterion. Further
details of this technique are given in Hoek (1990).
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@8.10 To study the influence of fracture persistence, consider a rock
mass containing two fracture sets, A and B, mutually inclined at
45°, as shown to the right. Fracture set A is continuous and contains
clay infilling, while fracture set B is rough, clean and intermittent
with a ‘two-dimensional proportional extent of fracturing’ of 0.5.
Plot the expected peak strength of this rock mass as a function of
the orientation of the principal stresses to the fracture directions,
for a minor principal stress of 5 MPa and given the following peak
strength characteristics:

Intact rock: 0y =75 4+ 5.290 3

Fracture set A: ¢ = 100 kPaq, ¢ = 20°,

Fracture set B: ¢ = 0, ¢ = 35°

A8.10 The key to answering this question is replacing the shear strength
of fracture set B with an effective shear strength that is a weighted
average of the intact rock and joint parameters

T = 6+orn<tan<$)
= [xes+ 1= x)ei]+0a[xtangp + (1 — x) tan¢;]

where x is a fracture:intact rock proportionality constant. In this case,
we have ¥y = 0.5.

We require the shear strength parameters of the intact rock in o-t
space. The strength criterion has been given in principal stress space in
the question, but is easily converted using the equation
o) = (2ccos ) /(1 —sing) + (1 +sing) /(1 — sin¢)as.

Comparing this relation with the given strength criterion, we see that
5.29 = (1 +sin¢;)/(1 —sing;) = sin¢g; = 4.29/6.29 = ¢; = 43° and hence

2¢;cos43 75 (1 — sin43)
=—— ="

1 —sin43 2cos43

To find the strength parameters for the intermittent fracture set, we
combine the values obtained for ¢; and ¢; together with the given values

75 = 16.3 MPa

B l0'1

45°
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for the strength parameters of fracture set B to find
¢ =1[0.5x0.0+ (1 —0.5) x 16.3] = 8.15MPa
and
tan = [0.5 x tan35 + (I — 0.5) x tan43] = 0.8164 = ¢ = 39.2°

Having now found the appropriate strength parameters for the inter-
mittent fracture set, the analysis proceeds as in A8.6 and A8.7 with the
results shown below.
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These diagrams are for each set in isolation. In the rock mass we have
ﬁg = 45° when Ba = 0° and so, using set A as the reference, a —45°
shift must be applied to f to bring the two sets to a common co-ordinate
system. The resulting plot is as shown on the next page with the heavier
line indicating the composite rock mass strength.

Note that in the second and fourth quadrants, i.e. 90-180° and 270-
360°, the strength of the rock mass is only controlled by set A.

8.3 Additional points

We have emphasized that the fractures are the dominant feature gov-
erning rock mass behaviour. These fractures dominate the rock mass
geometry, deformation modulus, strength, failure behaviour, permeabil-
ity, and even the local magnitudes and directions of the in situ stress field.
There is, however, considerable complexity inherent in the geometrical
and mechanical properties of rock mass fracture systems, which should
be taken into account in direct modelling of the specific fractures. For
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example, the influence of the fractures on rock mass strength which we
have highlighted in this chapter has been extended’ by Amadei (1988)
to 3-D and to include the effect of the intermediate principal stress.
When a rock mass is loaded, as in Fig. 8.5, we are interested in the
manner in which it will deform, how much it will deform, when failure
will occur, and what will happen after failure. Similarly, if an excavation,
such as a tunnel, is created in the rock mass, we are interested in the
same factors. But, because of the complexity of the rock mass and the

Figure 8.5 Load applied to a rock mass.

7 Amadei B. (1988) Strength of a regularly jointed rock mass under biaxial and
axisymmetric loading. Int. ]. Rock Mech. Min. Sci., 25, 1, 3-13.
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difficulty of obtaining detailed information, simplified approaches have
been adopted.

The use of rock mass classification methods for evaluating rock mass
modulus (Q and A8.4), and the rock mass strength (Q and A8.9) can
provide good estimates. However, it is important to understand the
factors that govern rock mass deformability and strength in order to be
able to assess the validity of these simplified approaches in a given prac-
tical situation. We have highlighted this understanding in the questions
and answers in this chapter.

A further point is what happens to the rock mass after its strength has
been reached? The principles outlined in Section 6.1, A6.1 and A6.6 for
intact rock also apply to rock masses. Whether the rock mass failure will
be abrupt or progressive depends critically on whether it is being loaded
by a ‘soft” or ’stiff’ system.



9 Permeability

9.1 Permeability of intact rock and rock masses

Permeability is a measure of the ease with which a fluid will flow
through rock. Fluids do not flow easily through solid rock, so intact
rock has a low permeability. However, rock masses are fractured and,
because fractures conduct fluids more readily, it is easier for fluids to
flow through them (Fig. 9.1).

Often, the permeability of a rock mass is considered as a scalar
quantity, i.e. it can be characterized by one value which is therefore inde-
pendent of the flow direction. However, in the general case, there will be
normal flows (analogous to normal stresses) and there will be cross-flows
(analogous to shear stresses). Thus, an improved approach is to consider
the permeability of a continuum as a second-order tensor, analogous
to the quantities stress and strain discussed in Chapters 3 and 5. This
means that there will be principal permeability directions and mag-
nitudes (similar to principal stresses) acting on planes along which there
is no cross-flow (similar to zero shear stress on principal stress planes).

The rock mass is not a continuum, but the tensor assumption, with its
six independent components, is a significant improvement on a scalar
characterization, especially when we know that rock mass properties are
directionally dependent because of the fractures.

We noted in Chapter 3 that, to eliminate internal moments in the rock,
it is assumed that not all the shear stresses are independent, and this
reduces the number of independent stress components from nine to six

Fflund;lz Fluid Olit F_l-g
M Fluid
— in
out
Intact rock: small scale Rock mass: large scale

Figure 9.1 Fluid flow through intact rock and fractured rock.
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Figure 9.2 Equivalence of the shear stresses and the cross-permeabilities.

(Fig. 9.2). If this assumption is not made, there are nine independent
components (for example, as in the Cosserat continuum which does
allow for internal moments). In the case of permeability, the equivalent
assumption is that the resistances to cross-flow from the x to z axis and
from the z to x axis are equal (Fig. 9.2). In intact rock, this assumption
seems reasonable, but in a fractured rock mass, the assumption is more
questionable.

Thus, the tensor quantities of stress, strain and permeability are
mathematically identical (see Table 9.1): the same mathematics repres-
ents the different physical quantities. As a consequence, we can use
Mohr’s circle for permeability in the same way as for stress and strain.

The units of permeability, k, are metres squared (L?). For the case
when the fluid is water, the term ‘hydraulic conductivity’, K, is used;
this has units of metre/second (LT~!). The relation between the two is
k = (/v K where pu is the water viscosity (L™!MT™!) and y; is the unit
weight of water (L72MT~2).

We distinguish between the permeabilities of the intact rock and the
fractured rock mass by using the terms ‘primary permeability’ and ‘sec-
ondary permeability’, respectively. It is reasonable to assume that the
intact rock is continuous and that the primary permeability can be rep-
resented by a tensor, with the three orthogonal principal permeabilities.
However, for secondary permeability, it should be remembered that the
fractures tend to occur in sets and the directions of maximal and min-

Table 9.1 The general and principal components of stress, strain and permeability

Components of the stress, strain The principal components
and permeability matrices with of stress, strain and permeability
reference to known x, y and z axes
_Uxx Txy Txz 4] 0 0]
Stress T Oy Ty Teor 0
symm, ... 0y, symm. .. o3 |
fxx Exy  Exz & 0 0]
Strain Y N T2 0
symm. ", & symm. . g3 |
_kxx k.ry kxz .kl 0 0 ]
Permeability T kyy ke Tk 0
symm. . Ky symm. ..., k3 |
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Figure 9.3 Example of water flow through a fractured rock mass. To the right side of
the picture, the rock mass is relatively dry. However, in the central portion the rock is
wet and there are several jets of water issuing from the rock mass, e.g. at the position
indicated by the white arrow.

imal fracture frequencies are generally not orthogonal. The ramifications
this has for the concept of principal values and directions for secondary
permeability are not clear, but the difficulties of modelling fluid flow in
fractured rock masses are evident from the photograph in Fig. 9.3.

Currently, the best way to estimate fracture flow is to use numerical
programs that can simulate the fractures directly. From the results,
an equivalent tensor representation can be deduced. Initially, these
numerical programs were developed for two dimensions and solved for
the fracture flow and nodal heads at the fracture intersection points by
setting up a series of equations based on Darcy’s Law and the fact that
the flows into and out of a node are equal (i.e. the continuity equation or
Kirchoff’s Law). Later, it became possible to solve the problem in three
dimensions but, because pressure distributions have to be incorporated
along the lines of intersection of the fractures, the extension to 3-D is not
simply achieved by ‘adding a z component’ to the 2-D x-y analysis. It is
now also possible to include the primary permeability of the rock blocks
between the fractures. In many cases, the contribution of the intact rock
will be small; in other cases, such as the sandstone forming petroleum
reservoirs, the intact rock contribution is significant.

The quantity of water flowing through a planar rock fracture is
theoretically proportional to the cube of the fracture aperture. The con-
sequence of this for modelling and for rock engineering is that the
localized nature of water flow through the rock fractures is further con-
centrated by the effect of the wider fractures (Fig. 9.3). For example,
in tunnels in fractured rock, water inflow generally occurs through the
wider fractures which are well connected with the surrounding frac-
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ture network, rather than equally through all fractures. The idea of the
Representative Elemental Volume (REV) (Bear, 1979') was developed
because of this type of local influence of the fractures. The REV is the
sample size above which a measured rock property becomes essentially
constant; any significant property variation caused by the idiosyncrasies
in small samples becomes less and less as the sample volume is in-
creased, until a reproducible value is obtained.

Currently, the problem we face is to obtain sufficient information
about the fractures to make rock mass simulations realistic. It is only
after obtaining good fracture data and using a fracture flow program
that one can consider whether the continuum tensor approximation at a
given REV level is likely to be useful. This logic is similar to that for the
elasticity of fractured rocks: one can only decide whether an isotropic
assumption is appropriate once one understands the anisotropic nature
of the rock mass.

9.2 Question and answers: permeability

Q9.1 How long does it takes for water, subjected to a 10 m head
difference, to pass horizontally through

{a) a 5 m length of intact granite which has an isotropic hydraulic
conductivity, K, of 1 x 102 m/s and

(b) through a 5 m length of fractured limestone with an isotropic
hydraulic conductivity of 1x10-% m/s?

A9.1 We use Darcy’s law, Q = K Ai, where Q is the flow rate in m?®/s, K
is the hydraulic conductivity in m/s, A is the cross-sectional rock area in
m?, and i is the dimensionless hydraulic gradient, m/m.

(a) The volume of water flowing, V, is Qr, where r is the time.
Therefore, t = V/Q = V/KAi. For a length of 5 m and a cross-sectional
area A, V = 5A and so t = 5A/KAi or t = 5/Ki. Substituting K =
1 x 1072 and i = 10/5 = 2, we obtain, 1 = 2.5 x 10'? s &~ 790,000 years.
This rate of water penetration is not significant during engineering
works, but it is significant for water flowing through granite masses
over geological time: in a hundred million years, the water will have
penetrated more than half a kilometre.

(b) For the fractured limestone, K = 1 x 107 m/s, and we have
1 =2.5/K =25 x 10* s ~ 7 h. This result is significant for engineering.
It means that for the conditions assumed and with the introduction of
water with a 10 m head difference, water would penetrate into the rock
mass for 17 m in all directions in a day.

Q9.2 The hydraulic conductivity of an array of parallel fractures
(Hoek and Bray, 19772) in the direction parallel to the plane of

' The Representative Elemental Volume concept was originally developed for permeab-
ility by Bear J. (e.g.) (1979) Hydraulics of Groundwater. McGraw-Hill, New York.

2Hoek E. and Bray J. W. (1977) Rock Slope Engineering. Institution of Mining and
Metallurgy, London, 402pp.
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the fractures is given by the equation K = Age3/12v where 1 is the
fracture frequency, g is gravitational acceleration, e is the fracture
aperture, and v is the kinematic viscosity of the fluid. For a rock mass
with a fracture frequency of one fracture per metre and with fracture
apertures of 0.01 mm, the hydraulic conductivity is 8.3 x 101" m/s.

(a) What is the hydraulic conductivity of a second rock mass which
has ten fractures per metre and fracture apertures of 1 mm?

(b) What is the main factor contributing to the difference in the
hydraulic conductivity of the two rock masses?

A9.2 (a) We are given K, X and ¢, so

g K 83x107
12v ~ xe3 1 x (0.01 x 1073)3
Therefore, the hydraulic conductivity of the second rock mass is

K =2é® x (i) =10 x (1 x 1073)% x (8.3 x 10%) = 8.3 x 10~3 m/s.
12v

=8.3 x 10° m/s.

which is a ten million fold increase from the value for the first rock mass.

(b) In the second rock mass, the fracture frequency has increased by a
factor of 10 and the aperture by a factor of 100 over the values for the
first rock mass. However, the permeability is linearly proportional to the
fracture frequency but proportional to the cube of the aperture, giving
the ten million fold increase from 10 x 100 x 100 x 100. So it is the fracture
aperture increase that has contributed most to the hydraulic conductivity
increase. This illustrates the significant effect of the fractures and their
properties on governing the flow of water through a fractured rock mass.

Moreover, we noted in Chapter 3 that the process of rock excavation
reduced the normal stress to zero on the excavation surfaces. This en-
ables proximate rock fractures to expand and the hydraulic conductivity
of the disturbed zone around the excavation to increase as a function of
the cube of the fracture aperture increase.

Q9.3 In question Q9.2, the hydraulic aperture was used. For a
fracture with planar and parallel sides, this aperture is the perpen-
dicular distance between the two sides.

(a) Explain the meaning of fracture aperture when the fracture
surfaces are rough.

(b) Do you think that the mechanical aperture and the hydraulic
aperture of a fracture have the same value? If not, which is greater?

A9.3 (a) When the fracture surfaces are rough, the geometrical aper-
ture will vary all along the fracture. If the aperture geometry were
known, the distribution of geometrical fracture apertures could be gen-
erated, and a mean and standard deviation calculated. However, the
hydraulic aperture will be less than the mean geometrical aperture be-
cause the flow will be controlled by regions of smaller aperture, which
act as bottlenecks to the flow. In 3-D, it is somewhat different because
water flow will occur, along and across the fracture aperture, in the
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higher-aperture channels formed between the fracture surfaces. Thus, an
equivalent hydraulic fracture aperture will be required: the value will
be less than the mean geometrical aperture in 2-D, but could be greater
in 3-D.

(b) When the fracture is subjected to a compressive normal stress, its
aperture reduces. An increasing normal stress is required to continue
reducing the aperture, as indicated in the graph above. The mechanical
aperture is the amount by which the fracture opens when it is unloaded
from a normal stress value equal to the intact rock compressive strength
to zero. Thus, the hydraulic aperture and the mechanical aperture are
governed by different aspects of the geometry in 3-D: the hydraulic
aperture is governed by the channels of aperture spaces, and the mech-
anical aperture by the regions where there is connecting rock, i.e. where
the aperture has zero values. (In 2-D, there can be no fracture flow if
the fracture sides are transmitting normal stress, because the aperture
will be zero in that region and hence the flow channel will be blocked.)
Empirical and back analysis approaches are the only practical methods
of establishing equivalent fracture apertures.

Q9.4 What is meant by the term ‘transmissivity’?

A9.4 The term ‘transmissivity’, T, is used for the product of hydraulic
conductivity and stratum thickness, ¢: T = Kt. This has a meaning for
a continuum, but there are difficulties when the rock mass hydraulic
conductivity is governed by fracture flow. As pointed out in the US
National Committee for Rock Mechanics publication on rock fractures
and fluid flow (Committee on Fracture Characterization and Fluid Flow,
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US National Committee for Rock Mechanics, 19963), packer testing at
one location in a borehole may encounter a single, highly conductive,
extensive, horizontal fracture. When the hydraulic conductivity value
has been determined from such test results, it does not make sense to
say that a 10 m thickness of the rock stratum is twice as transmissive as
a 5 m thickness, when there is only one major fracture conduit present.
For this reason, the term “fracture transmissivity’ is receiving increasing
usage.

Q9.5 The horizontal section below shows two sets of rock fractures
in a 10 m square rock block of unit thickness?. On the left-hand
side, there is a hydraulic head of 3 m; on the right-hand side, the
head is 1 m; and along the top and bottom edges the head linearly
decreases from the left to the right.

& Hydraulic

head of 1 m
b1 on this side

Hydraulic
head of 3 m
on this side

The (x,y) co-ordinates (in m) of the fracture intersections, i.e. the
numbered nodes, relative to an origin at the bottom left of the
diagram, are given in the table below.

1 2 3 4 5 6 7 8 9 10 N 12 13 14 15 16 17 18

0.00 0.00 0.00 2.10 2.74 5.16 6.61 8.06 5.16 6.13 3.06 5.81 6.61 7.42 8.71 10.00 10.00 10.00
6.94 4.19 1.29 5.16 4.52 2.42 1.13 0.00 5.32 2.58 10.00 6.61 5.65 4.84 3.23 1.45 6.94 5.00

Assuming that all the fractures have the same aperture, 0.12 mm,
and that there is no variation in flow throughout the thickness of the
rock block, determine the nodal heads and hence the direction and
magnitude of flow in each fracture segment.

3 Committee on Fracture Characterization and Fluid Flow, US National Committee
for Rock Mechanics, (1996) Rock Fractures and Fluid Flow. National Academy Press,
Washington, DC.

4 This question is based on Example 11.3 in the book Discontinuity Analysis for Rock
Engineering by S. D. Priest, with the numerical values slightly changed.
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A9.5 To solve such network problems, we have to set up and solve a
series of simultaneous equations for the unknown nodal heads. (Because
the network is horizontal, we do not need to know the elevation of
the network above the datum, i.e. the solution is independent of the
elevation head.) We do this by writing an equation for the net flow
at each node in terms of the heads at the adjacent nodes and the
conductances of the connecting channels, using the fact that the net flow
at each node is zero and that the flow in each fracture segment is given
by the product of the conductance of the fracture and the head loss
along it.

The first step is to establish a matrix of apertures for the network
segments linking the various nodes, as follows.

node] 1] 2] 31456 7]8]9]10/11]12]13{14]15{16] 17] 18
0.12
0.12

0.12
0.12 0.12
0.12 0.12
0.12 0.12
0.12 0.12

0.12 0.12

0.12

0.12

0.12

0.12 0.12
0.12 0.12
0.12

JEPG UG [P I PG PG PP Iy PN
m\‘mmhwm_‘o@m\lomhmm—x

In this case, all the apertures are equal, but in the next question, Q9.6,
we will be solving the same network for the case when the fracture
aperture values are different between segments. Note that this matrix is
symmetrical, and we have suppressed the values in the lower left half of
the matrix.

Using this matrix, we now compute the associated matrix of conduct-
ances, using the formula ¢; ; = (geij)/(IZvLi‘j), where ¢; ;, e;; and L,
represent the conductance, aperture and length of the fracture segment
between node i and node j, and where g and v are the acceleration
due to gravity and the kinematic viscosity of water, respectively. The
numerical values of g and v used here are 9.8 m/s? and 1 x 1075 m?/s.
As the length of the channels is given in m, to simplify the handling of
the units, it is convenient to convert the aperture values from mm to m
as well. Once this has been done, and remembering that the block has
a height of 1 m, it is found that the values are as below with units of
conductance in m?/s.

We now determine an equation for each nodal head in the interior of
the network, using the heads of the adjacent nodes. The fundamental
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equation for the head at an interior node is

Zci,jHi

2 e
(see Section 9.4 of ERM 1, where we show how this equation is derived
from the Kirchoff relation for the net flow at a node). Expanding this
equation for node 4 results in
craHy + coqHy + csaHs + cinaHy2
Clat 24+ csa+Croa

Rearranging this to put all of the known heads on the left-hand side of

the equation gives

H; =

Hy =

—c14Hy — couHy = — (C14 + €24 + ¢5.4 + C124) Hy+ cs4Hs + cioa Hya.

Continuing for the remaining nodes gives the following relations

Node5 0=c45H;s— (c45+ c6,5 + ¢9.5)Hs + co5sHg + 9 s Hg
Node 6 —cioHy = csoHs — (c36+ €56+ C16 + C10,6) Ho + 1.6 H7 + c106H1o
Node7 —cg7Hg = c67Hs — (c67 + cg7 + Cr0.7) H7 + cro07Hyo
Nede9 0= cs9Hs — (cso+ cio9+ c139)Hg + cio9Ho + c13.0H13
Node 10 0 = cg,10Hs + c7.10H7 + ¢9,10Ho —

(¢6.10 + €7,10 + 9,10 + C€15.10) Hip + C15.10H15
Node 12 —cy120H 1\ = ca2Hs — (ca2+ i +3a) Hio + 3.2 His
Node 13 —cy7,13H 7 = co,13Hy + c12.13H)2 —

(co13+ cr213 +cua13 +17.13) Hiz + ci413H14
Node 14 —cig14H\3 = c13.1aH13 — (613,14 + C15.14 + C1814) Hia + ¢15,14 Hiis
Node 15 —c\g15Hi6 = ci0.15Hio + c1a05His — (€10,15 + Cla.15 + C16,15) Hys.

These equations are now assembled into a system of ten simultaneous
equations. It is not convenient to solve such a large system by hand,
and so a matrix solution using a computer or appropriate hand-held
calculator should be sought. With this technique, we build and solve the
following matrix equation (note that for the sake of brevity the left-hand
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matrix below is incomplete, although we have included illustrative rows
and columns based on the equations given above).

C Acsa0 0 0 0 cpe0 0 0 | [Hi| [—crsi—coshh]
Ca5 - 0 0 Hs 0
0 ey 0 Hg —c36H;
0 Oce7 B Ocp7 00 0 O H; cg7Hg
0 0 0 Hy 0
0 €7,10 g €15,10 Hypo 0
Ca.12 0 0 Hy, —ciizHy
0 0 0 Hy, —cini3H
0 0 TLCisa His —ci3.14H1g
| 0.0 0 0 Ocioas 0 Ociaus € | | His| | —cieisHis |
where A= —(c14+cra+cs4+cCr24)

B = —(c76+c107), and
C = —(ci0.15 + C14,15)

Substituting all the numerical values given above gives the following
for the complete matrix equation (note that we have divided by a
constant value of 1 x 1077),

-313 166 00 00 00 00 36 00 00 00 Hy -33.3
16.6 —266 43 00 56 00 00 00 00 00 H;s 0.0
00 43 -291 72 00 149 00 00 0.0 00 Hs -8.0
00 00 72 -239 00 88 00 00 00 00 H; —18.8
00 56 00 00 =203 50 00 97 00 00 Hy 0.0
00 00 149 88 50 -342 00 00 0.0 55 ) Hy B 0.0
36 00 00 G0 00 00 —181 113 00 00 Hi; -4.5
00 00 00 00 97 00 113 =357 109 00 Hy; -3.9
00 00 00 00 00 00 00 109 =231 7.1 Hy =52
00 00 00 00 00 55 00 00 7.1 -19.0 His -6.4

With a modern spreadsheet program, the left-hand matrix can be
inverted and hence solved for the unknown nodal heads. Doing this
leads to the following values (where the units are in m).

H, Hs He H, Hqg Hoe Hy, Hs Ha Hgs
2507 2339 2229 2223 1930 2062 1759 1.626 1.438 1472
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Finally, we illustrate these heads in the diagram below, using shading
to identify the various flow channels in the network.

Hydraulic head
3m

Hydraulic head
I m

From this diagram, we can see how the head values generally decrease
from the left- to the right-hand side of the network, with the water flow
always travelling in the direction from the boundary with the highest
head to the boundary with the lowest head. However, the circumstances
may not be so clear if the apertures of the fracture sets are not the same,

as the following question illustrates.

Q9.6 Determine the nodal heads and hence the direction and mag-
nitude of flow in each rock mass fracture segment for the same case
as Q9.5, but with different fracture apertures, as given in the matrix

below.

1 /273 4|5 6|7 /8|9 ]|10]11]12

13

14

15

16

17

18

] 0.07

0.16]

0.24

0.07 0.16

0.07| 0.18

0.07, 0.24

0.07 0.09

©ENPO A WIN -

0.09)

0.18

0.24

0.06]

0.06

0.06/

0.18

0.06

0.13

0.06
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Note that this matrix is symmetric, and we have suppressed the
valuyes in the lower left of the matrix. The units are millimetres.
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A9.6 We can use the same solution procedure as in A9.5 to determine
the nodal head values and hence the flow directions. The aperture values
given in the question lead to the following matrix equation.

-273 33 00 00 00 00 85 00 00 00 H, —46.6
33 -232 09 00 191 00 00 00 00 00 Hs 0.0
00 09 —-1424 14 00 1188 00 00 00 00 H, —63.9
00 00 14 -67 00 37 00 00 00 00 H, -3.7
00 191 00 00 —540 2.1 00 328 00 0.0 Hy| | 00
00 00 1188 37 21 —1689 0.0 0.0 0.0 443 . Ho - 0.0
85 00 00 00 00 00 —-103 14 00 00 H), -0.6
00 00 00 00 328 00 14 —487 14 00 Hs —-13.0
00 00 00 00 00 00 00 14 -89 09 Hy —6.6
00 00 00 00 00 443 00 0.0 09 —460 Hs -0.8

And from this we find the following values for the unknown nodal
heads.

H, Hs Hg H, Hy Hy H, Hjy Hy4 Hgs
2704 1864 2.730 2.631 1.680 2.689 2489 1509 1.240 2.632

These nodal head values are illustrated in the diagram below.

Hydraulic head
1m

Hydraulic head
3m
Node 6- 5 local flow

direction contrary

to the overall trend

Note that there are isolated examples (e.g. node 6—5) of water flows
occurring in a direction contrary to the overall hydraulic head decrease
(which is from the left to the right of the diagram). This is in direct
contrast to the flow regime determined in A9.5, and illustrates the
hazards of assuming regional flow patterns from observations made on
a single fracture.
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Q9.7 The following rock mass hydraulic conductivity data were ob-
tained from four sets of tests on fractured rock samples with volumes
1 m?, 5 m? 10 m?, and 15 m3. In each case it was assumed that
the hydraulic conductivity was a scalar quantity. The data values are
in units of 1 x 107® m/s. As the test volume increased, so did the
difficulty and the cost of the tests, so there are fewer data for the
tests at larger volumes.

Data for test size of 1 m?®

2.122 1.156 3.696 1.165 1.649 2.886 1.652 2.876 1.197
2.593 2.114 2.771 16.214 2.529 1.700 7.658 10.928 0.627
9.854 0.847 0.670 1.623 2.274 5.163 2.209

Data for test size of 5 m®
1.630 1.981 2.436 3.700 1.215 1.767 0.909 0.450 3.512
1.314

Data for test size of 10 m?
1.369 1.188 2.037 1.688

Data for test size of 15 m?®
1.487 1.343 1.473 1.738

Using the data above, estimate the REV value® for the hydraulic
conductivity of the fractured rock mass tested.

A9.7 The rock property data, together with the mean value for each
sample volume, are plotted in the diagram below. We can see that there
is a larger variation for the smaller sample sizes, and that the mean value
progressively decreases as the sample size increases (i.e. from 3.53 x 10°°
m/s, through 1.89 x 107% m/s and 1.57 x 107 m/s to 1.51 x 107® m/s).

20 e T T T — I T T [ I—
zl
E 5
H1S il
=
>
p=
S o Mean value
2ot g B
8
o
2
g § O il
-i o 8
o8 oo g :
0 2 ! i [ | 1 L : —
0 2 4 6 8 10 12 14 16

Size of test sample, m’

Visual inspection of this plot shows that there does seem to be a stable
value for the conductivity at larger volumes, of about 1.5 x 107¢ m/s

5 The REV definition is given in Section 9.1.
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when the REV value is of the order of 8 m®. More mathematical ap-
proaches could be used to evaluate the REV if justified.

We emphasize that the data in this question, and our interpretation,
have been presented to illustrate the concept of the REV. In another case,
the mean might increase, decrease or oscillate as the tested volume in-
creases. Also, if the rock mass is heterogeneous, and hence its measured
value changes with location, it is possible that no REV will be identified
because the rock properties could be changing with location faster than
the REV is being reached by increasing the sampling size. Numerical
simulation of fracture patterns and the associated fracture connectivity
and REVs was pioneered by Long (1983) 6.

Q9.8 The values and directions for the principal hydraulic conduct-
ivities in a dolomitic rock, shown below, were obtained from back
analysis of induced drainage discharges at the Morro da Usina
Mine, Vazante District, State of Minas Gerais, Brazil’. These are
the meaon principal hydraulic conductivities for a rock mass volume
greater than 3 km3. What geological circumstances could cause
these values and orientations?

N

0
330 30

270 % E

240 120

210 150

180
9 K max = 1.596E-4 s
B K min = 3.042E-6 m/s
@ Kint=5927E-6 m/s

$Long J. C. S. (1983) Investigation of equivalent porous medium permeability in networks of
discontinuous fractures. PhD Thesis, University of California, Berkeley.

7 The authors are grateful to Prof. E. Quadros and Dr. F. O. Franciss for permission to
use this example.



Question and answers: permeability 155

A9.8 We note that the maximum principal hydraulic conductivity has a
value of 1.596 x 10~* m/s in a sub-horizonal orientation to the northwest.
The intermediate value is 5.927 x 107 m/s in a sub-horizontal direction
to the northeast, and the minimum value is 3.042 x 107® m/s in a
sub-vertical direction. The maximum value is about 52 times greater
than the minimum value, but the intermediate value is only about twice
the minimum value.

Now consider the geological setting. Dolomitic rock has bedding
planes and often has two sets of joints orthogonal to each other and to the
bedding. The principal hydraulic conductivity values are sub-horizontal
and sub-vertical, indicating that the strata are lying horizontally. Thus,
with no further information, we would predict that there is a hydraul-
ically significant set of vertical fractures striking southeast to northwest
with a less significant vertical set striking northeast to southwest. In fact,
this was the case: the transmissivities of the major northwest fractures
and northeast sheared contacts varied between 0.01 and 0.001 m?/s.

Q9.9 (a) Explain the term “‘effective stress’.

(b) If a fracture contains water under pressure and the stresses at
the fracture surfaces are being considered, what would be the effect
on the normal stress and on the shear stress in the rock of steadily
increasing the water pressure?

A9.9 (a) The term ‘effective stress’, ', was developed by Terzaghi as
the normal stress component, o, minus the water pressure, u: 6’ = o —u.
Goodman (1998) 2 explains that, in 1923, Terzaghi “fully understood now
that the addition of an increment of external pressure to a clay resulted
in a temporary increment of water pressure of equal magnitude ... when
the water pressure in the soil’s pores had a value u, and the external
pressure had a magnitude p, only the value p—u was effective in causing
force between the grains.”

The water pressure is subtracted only from the normal stress com-
ponents because no shear stresses can be sustained in a fluid. In a
non-particulate intact rock, the validity of the use of effective stresses is
not clear, especially given the long periods of time that water pressures
require for dissipation in intact rock, as we saw in A9.1. The concept
is more likely to be valid in fractured rock masses, where the water
pressure in the fractures can exert a definite overall pressure, as shown
in the sketch below.

Rock block 1 Fracture

‘N Water pressure, u

Rock block 2 Rock stress, 6

8See the biography of K. Terzaghi by Goodman R. E. (1998) The Engineer as Artist.
ASCE Press, Reston, VA, 340pp.
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One can imagine that the normal stress component across the fracture
is indeed reduced by the jacking effect of the water.

(b) Unfortunately, the situation is not as simple as may be thought
because the fracture has already disturbed the in situ stress field, rotating
and altering the principal stress components. Also, as the water pressure
is steadily increased, the ratio between the amount of shear stress
and the amount of normal stress that can be transmitted across the
fracture changes, until eventually no shear stress will be transmitted
when the fracture surfaces are separated, and only normal stress can be
transmitted across the fracture, now the same value, u, along the whole
fracture.

In A8.8, we explained that the main difference between soil mechanics
and rock mechanics is that soil is a particulate medium in which the
grains are much smaller than the engineered structure. The effective
stress concept holds in rock mechanics, providing a sufficiently large,
strongly fractured rock mass is being considered, but often the dimen-
sions of the engineered structure are of the same order as the sketch
above and it is the local, not global, conditions that govern engineering
success or failure in rock mechanics.

Q9.10 In the photograph below, the water pressure in a borehole
in marble has been steadily increased. In addition to the normal
pressure created at the rock surface, the water pressure in this
configuration also creates a circumferential tensile stress of the
same magnitude in the rock, as in Q4.6. A crack developed and
was propagated under servo-controlled conditions from A to B. The
water not only penetrated the crack but also the intact marble,
forming the dark inverted V visible in the photograph. How do we
deal with the effective stress under these circumstances?
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A9.10 In view of the complications described in A9.9, plus in this case
the limited crack length, a semi-empirical approach to the inclusion of
the water pressure is the most prudent approach. Haimson (1987) ° uses
the poroelastic equation P, — P, = (T + 30y, — oy — 2P,)/K, where P, is
the critical pressure, P, is the pore pressure, K = 2 — a(1 — 2v)/(1 — v)
where « is the Biot ‘constant’, and 1 > o > 0, hence 2 > K > 1. Readers
are referred to the publications of Haimson for more detailed discussion
of hydraulic fracturing and to Cheng (1998)1° for an explanation of
poroelasticity.

9.3 Additional points

From the information in Section 9.1 and the answers in Section 9.2, we
have highlighted the fact that mechanisms in engineering rock mechan-
ics can be complex, on the small and large scales. It is easy to be critical
of semi-empirical approaches and rock mass classification methods, but
of necessity there are always some types of simplification and approx-
imation being made in engineering rock mechanics. Sometimes these
approximations are not obvious, as in the isotropic assumptions made
in the theory of elasticity which were discussed in Chapter 5; sometimes
they are obvious, as for the case of water flow as discussed in the current
chapter.

The subject of water flow in intact rock and rock masses is one of the
most intractable subjects in engineering rock mechanics. For this reason,
there are many aspects of the subject requiring further research studies.
In the US National Committee on Rock Mechanics book (see Footnote 3
in this chapter) on ‘Rock Fractures and Fluid Flow’, eight research
recommendations are made. These are that the following should be
developed:

e additional in situ research facilities;

o improved conceptual models for fluid flow and transport;

 improved understanding of the origin and development of fracture
systems;

e improved fracture detection methods;

o realistic numerical models;

 understanding of stress, flow, temperature and chemistry coupling;

o further research on waste isolation in fractured rock.

The last two recommendations are included because the subject of water
flow in fractured rocks is particularly important for radioactive waste
disposal. By definition, the waste will have been successfully isolated in
an underground repository only if radionuclides do not migrate in the
groundwater from the repository to the biosphere. However, to make
an engineering prediction for a long period into the future requires ad-

9 Haimson B. C. (1987) Measurement of in situ stress, in Geophysics, Methods of Exper-
imental Physics, Vol. 24B (C. G. Sammis and T. L. Henyey (eds), Academic Press, New
York, pp. 377-408.

19Cheng A. H.-D. (1998) On generalized plane strain poroelasticity. Int. J. Rock Mech.
Min. Sci., 35, 2, 183-193.
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vanced modelling and approximating many thermo-hydro-mechanical
processes (Stephansson et al., 1999 11).

' Stephansson O. Hudson J. A. Tsang C.-F. Jing L. and Andersson J. (1999) DECOVA-
LEX 11 Project. Coupled THM issues related to repository design and performance, task 4. SKI
Report 99:7, Stockholm.



Anisotropy and
inhomogeneity

(i

10.1 Rock masses: order and disorder

“The use of laboratory tests to predict the reaction of a rock massif
encounters three major and inter-related obstacles. The first of these is
the frequent reluctance of the user to recognize and accept the fact that
rock is a heterogeneous material. It seldom is isotropic; it very often
acts as an anelastic medium; it rarely occurs as a continuous medium.
And, all too frequently the rock in situ may have natural stresses that
cannot be quantitatively examined and thus cannot be simulated in the
laboratory. The second major obstacle is that as yet we have no way
to quantitatively assess the influence of gross geological defects such as
faults, joints, fractures, folds, etc. Thus we are unable to simulate their
effects in laboratory testing.”

From the information and philosophy presented so far in this book,
the text in the paragraph above follows naturally and might have been
written recently. In fact, it was the beginning of an article (Judd, 19651!)
by William Judd published in 1965. It is evident that the problems in
engineering rock mechanics have been recognized for a long time and we
hope that the same paragraph will not still be appropriate in, say, 2065.

We have seenin the previous chapters that a rock mass is a complex geo-
metrical and mechanical assemblage. Although specific physical mechan-
isms have created the rock mass in the form we see today, it is difficult
to sample and characterize the geometrical and mechanical complexity
resulting from the superimposition of a sequence of geological processes.
From the engineering point of view, there are two crucial aspects:

(a) we should be aware of this rock mass complexity; and
(b) weshould find ways to characterize the rock adequately for engineer-
ing purposes.

Generally, it is not necessary to interpret the nature of the present-day
rock mass in order to understand exactly which mechanisms left their

Judd W. R. (1965) Some rock mechanics problems in correlating laboratory results
with prototype reactions. Int. |. Rock Mech. Min. Sci., 2, 197-218.
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overlapping footprints in the geometry and mechanical properties that
we see today; this is the realm of structural geology analyses. However,
we do wish to capture the geometrical and mechanical essence of the
rock mass in so far as it is required for engineering. As highlighted by
both William Judd and previous chapters in this book, an understanding
of the geological setting, the in situ stress, strain, the intact rock, the
fractures, the nature of rock masses, and permeability is essential for
engineering analysis.

In this chapter, we now consider the consistency of the rock mass
properties. Is the rock deformability and strength the same everywhere?
Is the rock strength the same when measured in different directions?
Are the fractures in sets of parallel fractures? In short, what is the
orientational and spatial consistency of the rock mass in question, and
how do we characterize any variations that occur? To emphasize the
fact that the rock is not a perfect material for modelling, we use two
acronyms, as introduced in the Frontispiece.

CHILE: Continuous, Homogeneous, Isotropic, Linearly Elastic (a model
material).

DIANE: Discontinuous, Inhomogeneous, Anisotropic, and Not Elastic
(the rock reality).

The terms in these acronyms have the following meanings.

Continuous is mechanically continuous; there can be variations
in the mechanical property values but there are no
mechanical breaks.

Discontinuous does contain mechanical breaks having effectively zero
tensile strength.

Homogeneous? has the same property values at all locations.

Inhomogeneous (or heterogeneous) has different property values at
different locations.

Isotropic? has the same property values in different directions.

Anisotropic has different property values in different directions.

Linearly Elastic the stress—strain curve is a line with a constant slope,
all strains are instantaneous, and all energy can be
recovered.

Not Elastic on unloading not all energy input can be recovered
and strains may be time dependent.

In the past, the rock mass was often modelled as a CHILE material.
Nowadays, there is recognition that the rock reality is DIANE and
that numerical modelling should be able to incorporate all the DIANE
aspects as required by the rock engineering design problem in hand.
Often, the pragmatic approach to characterizing a rock mass is achieved
by dividing the rock mass into structural domains, each having different
property values. These domains can be the lithological domains, or they
can be more detailed and be directly based on geotechnical changes.

2 Greek homos = same, genos = kind, isos = equal, tropos = way.
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The understanding of the correct use of the statistical terms ‘resolu-
tion’, “accuracy’, ‘bias’ and ‘precision’ is helpful for this procedure. We
give examples of their correct use here.

Resolution the number of digits used to specify a value, e.g. the value
of m can be given as 3, 3.1, 3.14, 3.141, etc.

Accuracy the ability to obtain the correct answer on the average,
regardless of the spread of results.

Bias the difference between the sample mean and the true popu-
lation mean.

Precision the spread of results, regardless of whether they are accurate
or not.

The questions in this chapter have been included to emphasize the
anisotropy and inhomogeneity problem and to indicate procedures for
characterizing these features of the rock mass. We emphasize that the
DIANE nature of the rock should not be ignored by simply hoping that
a CHILE model is adequate.

10.2 Questions and answers: anisotropy and
inhomogeneity

Q10.1 On the rock mass photograph below, identify example fea-
tures that indicate that the rock mass is more DIANE than CHILE.
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A10.1 In the picture, the limestone beds have been deformed to a
vertical position. The bedding planes form fractures and there is a
variety of other fractures visible, making the rock mass Discontinuous.
Note that one weak stratum where the engineer is standing has been
eroded by the action of rainwater. Thus, the bedding planes, shear
planes, joints and erosion features form the fractures. The rock mass
is Inhomogeneous because the strata have different property values at
different locations (the eroded material was the weakest).

The rock mass is Anisotropic because the fracture frequency and other
properties in different directions are significantly different. Such clearly
defined fractures will also have a strongly ‘Not Elastic” character.

Q10.2 With reference to the photograph in Q10.1, explain why
inhomogeneity and anisotropy can be related.

A10.2 The diagram to the right shows four strata with different prop-
erties: there is inhomogeneity within
and between the strata.
Assumestrata 1 and 4 are internally &8
homogeneous, but strata 2 and 3 are
internally inhomogeneous. A scanline
perpendicular to all the strata will
therefore give different rock prop-
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erty values depending on where it is located. In any given region, the
property values will also depend on scanline direction because different
amounts of each scanline will occur per metre of an inclined scanline.
Moreover, different types of anisotropy will be experienced at different
locations in the different directions because the strata are inhomogeneous.

Q170.3 The following data are pairs of point load strength (PL) and
uniaxial compressive strength (UCS) values for a particular rock type.

UCS (MPa) 52.4 60.7 44.6 66.6 47.6 56.3 61.5 48.2 49.6 47.2 56.7 48.4 61.5 52.9
PL (MPa) 2.51 2.87 2,14 3.04 2.31 2.64 2.90 2.21 2.25 2.18 2.55 2.23 2.75 2.55

We wish to correlate these strength values, and can do so either in
the form PL =ao. + b or in the form o, = ¢PL + d. On the basis of the
best independent variable, which of these forms is appropriate?

Determine values for the appropriate constants (i.e. either a and
b, or c and d).

A10.3 When a straight line of the form y = mx + ¢ (or any other curve)
is fitted to a set of observations, we are assuming that the x-values
represent the independent variable (i.e. are the known controlled vari-
able), and that the y-values represent the dependent variable. In the
case of the two variables, Point Load strength and Uniaxial Compressive
Strength, we know that the PL values — from an index test — exhibit
a wide spread; whereas the UCS values — from a relatively precise
and direct laboratory procedure — have a much reduced spread. As a
result, and for this case, we can take uniaxial compressive strength as the
independent variable and fit the straight line PL = ao. + b to the data.
Fitting a straight line to the data (taking care to make sure that the line
is constrained to pass through the origin), gives a value of a = 0.0465.
We then rearrange the equation to give the relation
_ 1
0.046532
Had we tried to fit an equation of the form o. = cPL + d to the data,
we would have found that ¢ = 21.48. In this case the difference between
the two coefficients is negligible, and not significant for engineering con-
siderations, but the second method is incorrect and in other cases could
introduce a much greater difference having engineering significance. It
is important to carefully assess which of the variables is the independent
variable and use it appropriately.

PL or oo =2149PL.

(o8

Q10.4 Imagine that a new index test for determining the tensile
strength of specimens of intact rock is under development in the
Rock Mechanics Laboratory at Imperial College. This test involves
bonding a steel rod to the surface of a specimen with high strength
adhesive, and then measuring the tensile load required to pull the
rod together with a small piece of rock away from the main block of
rock. Four test configurations are under consideration, and for each
of these a theoretical relation between rock strength and pull-off
force has been developed. Test results for the four configurations,
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together with the appropriate theoretical relation, are given below.
The first row in each table is the load measured in the new test.
The second row in each table is the tensile strength of the rock as
measured by a standard method.

Classify each configuration in terms of accuracy and precision,
and hence recommend which configuration(s) should be retained
for further development.

Configuration 1: strength = 0.049 x load

Load (N) 67.3 76.8 83.9 104.8 153.7 168.9 191.2 194.7 237.5 258.3
Strength (MPa) 4.2 48 52 6.5 9.6 106 11.7 122 14.6 16.1

Configuration 2: strength = 0.066 x load

Load (N) 68.9 105.3 106.2 120.1 148.5 164.8 197.4 220.5 232.8 236.9
Strength (MPa) 4.7 24 33 74 67 109 63 78 82 7.6

Configuration 3: strength = 0.074 x load
Load (N) 83.5 95.0 111.7 151.6 170.0 189.5 190.2 193.9 201.1 205.3
Strength (MPa) 6.1 7.1 83 114 127 13.8 143 143 149 153

Configuration 4: strength = 0.094 x load
Load (N) 68.9 105.3 106.2 120.1 148.5 164.8 197.4 220.5 232.8 236.9
Strength (MPa) 5.5 10.1 10.5 11.6 144 123 20.1 229 20.9 21.8

A10.4 In each of the test configurations, we should take tensile strength
(as listed in the second row of each table) as the independent variable,
because the load is being measured in the index test and we fit a line
of the form ’load = m x strength’ to the data. If the fitted curve has a
different gradient to the theoretical relation, then the test is inaccurate:
there is bias in the results. If the fitted curve has a low coefficient of
determination, r?, there will be considerable spread about the fitted
curve, and so the test is imprecise. Thus, to classify each configuration a
straight line is fitted to the data, the slope of the line is compared to the
theoretical relation to determine the accuracy and the spread of results is
studied to determine the precision.

The test results are shown graphically below. In these plots the dots
represent the test results and the lines represent the theoretical relations.

Configuration 1: strength = 0.049 x load, or load = 20.41 x strength.
The best fit gives load = 16.10 x strength and r? = 0.999. The significant
difference between the gradients indicates that the test is inaccurate
whereas the large value of r? indicates that it is precise.

Configuration 2: strength = 0.066 x load, or load = 15.15 x strength.
The best fit gives load = 23.37 x strength and r? = 0.221. The test is
inaccurate and imprecise.

Configuration 3: strength = 0.074 x load, or load = 13.51 x strength.
The best fit gives load = 13.47 x strength and r? = 0.999. The test is
accurate and precise.

Configuration 4: strength = 0.094 x load, or load = 10.64 x strength.
The best fit gives load = 10.54 x strength and r? = 0.930. The test is
accurate but not very precise.

Configuration 3 is the best because it is accurate and precise. Configura-
tion 1 is precise, but its inaccuracy means that an adjustment will have to
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Configuration 1 (inaccurate and precise)  Configuration 2 (inaccurate and imprecise)
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be made for the bias. Configuration 2 has hopeless precision and should
be abandoned. Configuration 4 is better, but the imprecision is probably
too large to be worthwhile in comparison to configurations 1 and 3.

Q10.5 A venrtical site investigation borehole intersects a stratum of
sandstone which is dipping at 17°. A length of intact core from
this borehole was taken to the laboratory for hydraulic conduct-
ivity testing, and two small-diameter plugs drilled from it: one
axially and one radially. These plugs were then tested in a per-
meameter, and the values of the hydraulic conductivity were found
to be 1.728 x 107 m/s and 1.557 x 10-% m/s in the axial and the ra-
dial directions, respectively. Stating any assumptions that you make,
compute estimates of the hydraulic conductivity normal and parallel
to the bedding.

A10.5 We have been given hydraulic conductivity values in specific
directions. Assuming that hydraulic conductivity is a tensor quantity, we
can determine the components in any directions and the principal values
using the transformation equations. We know the dip of the bedding
relative to the tested plug directions and we assume that the anisotropy
in conductivity is structurally related (i.e. the principal directions are
normal and parallel to the bedding).

For the axial plug we have k, = 1.728 x 10-7 m/s, and an orientation of
8, = 90 + 17 = 107°. For the radial plug, the orientation is 6, = 17°, with
k. = 1.557 x 1078 m/s. Writing down the transformation equations? for
these conditions, in terms of the principal values &, (normal to bedding)

* Angles: anticlockwise positive, zero being horizontal to the right.
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and k, (parallel to bedding) we obtain
ky =k - cos? 0, + k, - sin® 0, ko =ky- cos’ 0, + k,, - sin’ 6,
which, in matrix form, are
k, cos’H, sin*6, kp
k, cos? 0, sin’0, k,
Solving for k, and k, as the principal values gives k, = 1.7 x 107° m/s
and k, = 3.008 x 107% m/s.
Note that k, > k,, a feature which is common in such rocks. Defining
an anisotropy index in terms of the ratio of these principal values, we
have p = k,/k, and hence p = 56.5. The polar plot equations can be

used to produce a polar plot of the hydraulic conductivity in a section
perpendicular to the bedding, and this is shown below.

270

This illustrates quite clearly the anisotropy of hydraulic conductivity
in this sandstone.

Q10.6 The diagram (see next page) shows a polar plot of the vari-
ation in hydraulic conductivity, K, of a sandstone, with the maximal
and minimal values occurring parallel and perpendicular to the
bedding.

Why is there a cusp in the (K,0) locus on the line representing the
direction normal to the bedding?

A10.6 The occurrence of cusps in rock mechanics loci is not unexpected.
In the fracture frequency formula, A, = Y/, A;[cos6;|, used in A7.6,
there are cusps caused by the absolute value function, i.e. |cos6;|.
However, that is not the case here.
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]

Bedding dipping
at 17°

Question 10.6 is included to test your powers of conviction. A tensor
component can only vary according to the transformation equations,
which are in the form acos?6 + bsin’ 6. Therefore, the maximal and
minimal values, in this case parallel and perpendicular to the bedding,
must have the same form of mathematical variation. The maximum is
not on a cusp, so the minimum cannot be. Therefore, there must be
something about the way the variation is plotted that causes the cusp,
and indeed there is.

In the left-hand diagram below, the variation is shown for the three
cases, Ry, Ry, and Rg, in which the maximal and minimal components
of the hydraulic conductivity tensor are in the ratios 2:1, 4:1, and 8:1,
respectively. It is especially clear in the R, case that there is no cusp at

Linear radial scale Logarithmic radial scale
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the location of the minimum value. Moreover, the plot in the question
is a (logk, ) plot, which accentuates the apparent cusp, as indicated in
the lower-right diagram in which the same information (as given in the
left-hand diagram) is plotted.

Q10.7 What does the term ’structural domain’ mean in the context
of engineering rock mechanics?

A10.7 Because of the complexity of the inhomogeneity and anisotropy
encountered in rock masses, as conceptually illustrated in A10.2, some
kind of simplification is required for engineering modelling. One ap-
proach is to divide the rock mass into volumetric domains, within each
of which the same rock mechanics properties are essentially constant.
The word “essentially’ means that although the properties will be vary-
ing, they can be assumed to be constant for the rock mass and modelling
in hand. Since all rock masses are different, and the purpose and type of
modelling will vary with the project objective, there can be no absolute
rules for choosing structural domains. Often they are chosen according
to the lithological boundaries because the rock mechanics properties can
be strongly related to the geology; but this is not always the case and
the choice can also be made on the basis of site investigation sampling
schemes supported by geostatistical* analyses.

Q10.8 During a site investigation for quarry development, geomet-
rical properties of the fractures on a large surface rock exposure
were measured. Eight sampling squares, each 100 m x 100 m, were
established on the rock exposure. One of the set of statistics pro-
duced during the site investigation was the number of fractures with
a mean aperture exceeding 10 mm in each sampling square. These
results were as follows:

Square: 1 2 3 4 5 6 7 8
461 397 453 362 389 421 382 423
On the basis of these data alone, is there sufficient evidence to

conclude that the sampling squares should be regarded as different
structural domains?

A10.8 The purpose of this question is to highlight the issues and
hazards in choosing structural domains for rock engineering design
purposes. The key issues? are the following:

4 The subject of geostatistics is not just the statistical analysis of geological data, but
a form of statistics in which not only the sample value is used but also the location of
the sample. Geostatistical trend analyses are powerful because they can indicate when
different domains should be used. A good introduction to this concept is found in Davis
(1973), see Footnote 6.

3 The question of whether such variations in data do reflect underlying causes or are a
result of the sampling process pervades much of science and daily life. In 1999, a crime
prevention officer in the Avon and Somerset police in the UK claimed that the sign of the
zodiac under which a person was born indicates how likely their car is to be stolen. This
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(a) establishing the purpose behind identifying such zones;

(b) have the appropriate rock mechanics properties been selected in
conjunction with, say, structural geology information to identify
these domains? and

(c) given the criteria for zoning the rock mass, how do we distinguish
sampling artifacts from real differences in different domains?

To answer the question, it would be necessary to have further in-
formation on the exact purpose of the site investigation and the other
properties measured, but dividing the rock mass into different struc-
tural domains can be useful, e.g. different domains could have different
susceptibilities to slope failure.

Based just on the data given, the question is whether the values indic-
ate a real rock structure difference or whether the variation in the values
could have arisen by the sampling process. If we thought it justified, we
could perform statistical tests to examine whether statistical deficiencies
exist. However, this would not indicate the existence of structural do-
mains; it could be highlighting some attribute of the sampling process.
Moreover, we have not been told the purpose of the project and which
rock mechanics properties will be required in the modelling. Thus, there
is insufficient evidence to conclude from these data alone that structural
domains are required.

Q10.9 The following list of fracture locations, quoted in metres, is
taken from the fracture log of a borehole core which transects a
well known stratigraphic boundary between two units of limestone.
Evidently, this boundary is clear to sedimentologists, but not to
geofechnical engineers.

5.780, 6.391, 6.761, 7.105, 7.180, 7.401, 7.478, 8.142, 8.455, 9.139,
10.072, 10.264, 10.470, 10.539, 10.678, 11.421, 11.541, 12.178,
12.596, 12.620, 12.736, 12.936, 13.134, 13.325, 13.430

Use the concept of moving averages to help locate this boundary.

A10.9 To attempt to find this boundary using moving averages, we
firstly compute the spacing values and then, taking these spacing data
in groups, compute the mean spacing and mid-point distance of the
group. The mean spacing is plotted against mid-point distance, and the

was based on the records of 8698 people who had their car stolen in the area from April
1998 to March 1999. The number of cars stolen versus the star sign data were

May 21-Jun21  Apr21-May 20 Jun 22-Jul 23 Jul24-Aug 23  Mar21-Apr20  Feb 20-Mar 20

Gemini 811 Taurus 794 Cancer 785 Leo 756 Aries 754 Pisces 730
Aug 24-Sep23  Dec23-Jan 20 Sep 24-Oct22  Jan2l-Feb 19  Oct23-Nov22  Nov 23-Dec 22
Virgo 719 Capricorn 696 Libra 686 Aquarius 671  Scorpio 657 Sagittarius 639

Interpretations of these data are, for example, that Geminis are inattentive and leave their
keys in the car, whereas Sagittarians buy their dream car and then ensure that it is secure.
What do you think? Is the adoption of such a predictive model valid, based on the data
alone?



170 Anisotropy and inhomogeneity

process repeated for different size groups of data. The ‘step’ in these
plots indicates the approximate location of the boundary, and possibly
a structural domain boundary. The results of groups of 9, 10, 11, 12, 13,
and 14 values are shown below.

045 T

040 T

035 T

mean spacing, m

030 T —0— 9values --o-- 10 values
—— 11 values --%X-- 12 values
—O0— 13 values -+ 14 values

0.25 ; t t t + {
6.50 7.50 8.50 9.50 10.50 11.50 12,50
location along borehole core, m

It is evident from this graph that there is a definite change in the mean
spacing value at about 11 m: before 11 m, the mean value is about 0.38 m;
after 11 m, the mean value reduces to about 0.26 m. As a result, we can
say that there is some change in the underlying spacing data at about the
11 m position.

One of the features of presenting data smoothed through the use of
moving averages is that there may be a shifting in the peaks and troughs
of the smoothed curves. As Davis (1973) ¢ has noted, ”A moving average
will ‘lead” an upward run in the data; that is, the smoothed curve will
rise at a greater rate than the data themselves. Likewise, the smoothed
curve will ‘trail” a downward run.” Thus, in the curves above we would
anticipate that the stratigraphic boundary will be at a position slightly
less than 11 m. Davis goes on to explain that when such smoothing
techniques are applied to data such as seismic records, the process is
called ‘filtering” and the smoothed logs are often easier to correlate with
geological boundaries. The major, or long-term, features of the record
are emphasized at the expense of short-term variations, known as ‘loss
of high frequencies’. The smoothing is called a ‘low-pass filter’.

For the current question, the identification of a stratigraphic boundary
between two units of limestone, the smoothing process as a low-pass
filter is precisely what is required, and enables the clearer identification
of the boundary, as illustrated. Note that in this question, the spatial
location of the fracture events has been taken into account because we
have explicitly used the position of the fractures. In classical statistical
analysis, such location is not generally taken into account. Because
the spatial information is critical, e.g. for deciding on the location of

5 Davis J. C. (1973) Statistics and Data Analysis in Geology. Wiley, New York, 550pp.
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structural domains, it should be utilized where possible, and is the basis
of the next question.

Q10.10 The subject of geostatistics deals with the variation of prop-
erty values in space, and so anisotropy and inhomogeneity can
be quantitatively studied. The basic device of geostatistics is the
semi-variogram, defined as

n
) =(55) X [P0 -p(crh)
i=1

where y(h) is the semi-variogram statistic for samples distance h
apart, n is the number of sample pairs, p(x) is the rock property
value at location x, and p(x + h) is the value at location x + h.

Using this statistic, a graph can be constructed of y(h) versus h
to indicate the variation in rock property values as a function of
distance between the observations.

y(h) yih) y(h) Y(h)
. Cosil

Case (i) Case (ii) Case (iii) Case (iv)

1

Yoo s 8

h h h h

In the diagram above, there are four examples of such semi-vari-
ogram curves for a rock mass. In each case, the length of the h axis
represents 50 m.

(a) Explain what type of variation in rock property values, or
inhomogeneity, each type of semi-variogram represents.

(b) For each type of semi-variogram behaviour, how far away
from a borehole would you feel confident in extrapolating results
obtained from a borehole core?”’

A10.10 (a) If the rock mass were homogeneous, p(x) and p(x + h)
would always have the same value for all values of x and A, and the
semi-variogram statistic y (k) would be zero for all values of x and A.
However, given the form of the equation for y (4), the statistic will take
on positive values when there are differences between the rock property
values at different sample locations, i.e. when there are differences
between p(x), the rock property value at location x, and p(x 4 &), the
value at location x + 4. Thus, we might expect that as £ is increased,
i.e. the distance between the samples is increased, that y (h) will increase
because the rock properties will have changed by a greater amount over
larger s distances.

The magnitude of y (k) and the way in which y (k) increases is thus
an indication of the type of heterogeneity present in the rock mass.

7 Borehole information represents specific information from within the rock mass; we
have to interpolate between the boreholes to estimate the properties between them.
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Moreover, if the semi-variogram statistic is obtained for different dir-
ections, the anisotropy of the rock mass inhomogeneity can also be
studied.

Case (i): nugget effect. No correlation between sample values. Consist-
ent inhomogeneity across the site. Independent isolated values, like
nuggets. This is the model assumed in conventional statistics.

Case (ii): linear effect. There is some basic variation with repeated samples
(i.e. as evidenced at # = 0). Correlation then linearly decreases with
sample separation distance.

Case (iii): ‘spherical’ semi-variogram. At sample separations less than the
range (the range is the sample separation distance, 4, for which there
is a correlation), there is some correlation between the sample values:
this is the region of correlation. The correlation reduces rapidly as
ncreases.

Case (iv): ‘Gaussian’ semi-variogram. Similar to Case (iii) but the region of
better correlation extends to about half the range.

(b) Case (i): not at all; Case (ii): about 25 m; Case (iii): about 10 m; Case
(1v): about 25 m.

The semi-variogram methodology using data from known locations
and the associated geostatistical techniques such as kriging to predict
rock property values in other locations was originally developed for
characterizing and predicting ore grades for mining. This question and
answer have been included to illustrate the potential value of geostat-
istical techniques for characterizing rock mass property data: it is a tool
ideally suited for rock characterization but currently is under-used.

10.3 Additional points

In terms of the DIANE nature of real rock masses, almost all rock
masses are fractured and hence Discontinuous. The fractures are critical
because mechanical failure usually occurs through the presence of a
major low-strength feature, such as reactivation of movement on a
fracture, rock blocks moving, or the influence of water in the fractures.
We should always assume that the rock mass is fractured.

Similarly, it should be assumed that the rock mass is Inhomogeneous,
unless there is some evidence that the degree of inhomogeneity is not
significant for the rock engineering design study underway. The best
method of characterizing and simplifying inhomogeneity is to divide the
rock mass into structural domains such that the property values can be
assumed essentially constant within a domain, and the best method for
the choosing of structural domains is commonsense geology supported
by sampling and geostatistics.

Remember also that Anisotropy is often ‘built into’ the parameters
being used. We saw that stress and strain, represented by second-order
tensors, have principal axes. Thus, the possibility of an anisotropic stress
state is automatically included in the definition of stress with the three
principal stresses acting in mutually orthogonal directions. Similarly, in
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Chapter 5, we saw how the elastic strain compliance matrix can rep-
resent differing types of anisotropy, and especially transverse isotropy
and orthotropy. In Chapter 9, we discussed permeability and hydraulic
conductivity in terms of the same tensorial representation and in this
chapter we evaluated a directional hydraulic conductivity problem.
When a parameter does not directly incorporate a directional depend-
ency, e.g. the uniaxial compressive strength or the fracture frequency, it
is tempting to ignore any anisotropy that might be present. This tempta-
tion should be resisted: isotropy should only be assumed once there is
evidence that the degree of anisotropy is not significant.

The rock mass will always be ‘Not Elastic’ because there will al-
ways be some time-dependent component to the induced strains,
and loading/unloading curves will always exhibit hysteresis. So, even
though the elastic stress and strain distributions can often be helpful in
understanding the mechanics of a rock mass (e.g. in highly stressed deep
South African gold mines), it should always be remembered that the
rock mass response to engineering perturbations is Not Elastic. Estab-
lishing to what extent the inelastic rock mass response can be adequately
modelled for engineering purposes by an elastic model is part of the art
of engineering rock mechanics.
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11.1 Rock properties

The term ‘rock properties’ refers here to those intact rock or rock
mass properties that are needed for engineering design purposes. For
example, the rock properties may be used to

« obtain a general impression of the mechanical nature of the rock
mass, e.g. the rock is strong because it has a compressive strength of
300 MPa,

« compare the rock properties with a previous project where the rock
properties were also obtained, e.g. this rock is stronger than the one
we had at the Golconda Mine,

» generate a rock mass classification scheme value, e.g. the RQD is
needed for the Rock Mass Rating (RMR) scheme, see Chapter 12, or

» support numerical modelling, e.g. the shear stiffness of fractures is
required for a distinct element numerical code.

Many of the required rock properties can be categorized according to the

subjects of the earlier chapters, as shown in Table 11.1.

Strictly speaking, in situ stress is a site property rather than a rock
property, but testing techniques are required to determine the in situ
stress and so it is one of the categories below. The ‘permeability’ could
be included as a separate item under each of the “intact rock’, ‘fractures’
and ‘rock mass’, but we prefer to consider the property in a separate
category because the subject involves the connectivity of the rock mass
fractures. In each case, there should be information about any variation
in these properties across the site, which was the theme of Chapter 10.

Table 11.1 Examples of rock properties measured in a site investigation programme

In sity stress Intact rock Fractures Rock mass Permeability
Magnijtudes and  Deformation, Geometrical Deformation, Nature of any
directions of the  strength and occurrence and  strength and flow through
three principal failure mechanical failure the intact rock

stresses properties properties properties and rock mass
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The structural geology and hydrogeological setting information will be
strategically helpful for this purpose.

The rock properties can be measured directly or indirectly. For ex-
ample, in Q10.3, the uniaxial compression test and point load test values
were compared. Because the uniaxial compression test provides a dir-
ect value for the compressive strength, it is a direct test. On the other
hand, because the point load test gives an index value which is used
to indicate the uniaxial compressive strength via a correlation factor, the
point load test is an index test. There are many possibilities for such
indirect tests in rock mechanics and an advantage of them is that they
can provide many more results than direct tests, more rapidly and more
cheaply. Their disadvantage is a possible lack of precision and knowing
whether or not there is any bias in the values. To make decisions about
which type of test to use, one has to recall why the rock properties are
required and the resources available, and hence whether direct tests,
indirect tests, or a mix of the two types are best suited to the project in
hand.

In the questions that follow in Section 11.2, we provide a flavour of the
nature of site investigation and how some of the testing problems are
solved. This chapter is the first where we link the rock mechanics with
the rock engineering. It is important when practising rock engineering
to understand the rock mechanics concepts first — which has been our
aim in Chapters 1-10. Now, we highlight the engineering thinking that
is required to assess and measure the rock properties.

11.2 Questions and answers: testing techniques

Q11.1 The section of site investigation borehole core shown in the
photograph on the next page is from a vertical borehole and con-
tains three stress-induced fractures. The top of the core is a stress
fracture of the same kind. The bottom end is a drilling break. As-
suming that the strip of translucent tape (adjacent to the numbers
written on the core in the p.hoio- Direction of drilling

graph) is on the northern side of |

the core, in which horizontal dir- — | S
ections do you think the major and ¢

minor principal stresses act?

AT1.1 The three central fractures
and the top end of the core sec-

East —p»
tion are all fractures caused by the a West
North Oy
|

in situ stresses being concentrated at
the end of the borehole during core T
drilling with a hollow drill bit, see Maximum principal
diagram to right (Haimson, 1997 }; stress | to b/h axis

! Haimson B. (1997) Borehole Breakouts and Core Disking as Tools for Estimating In
Situ Stress in Deep Holes, in Proc. of the Rock Stress Conference (K. Sugawara and Obara Y.,
eds). Balkema, Rotterdam, pp. 35-42.
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Bankwitz and Bankwitz, 19952). The direction of the trough in the disc
indicates the E-W direction of the oy major horizontal principal stress
because the discs form in a similar way to the Brazilian tensile test failure
— initiating on the diameter corresponding to the primary loading direc-
tion and propagating perpendicular to the least stress (which is vertical).
The saddle shape occurs because the failure propagation follows the

025

S

015 |

o.10L

3 020 i

LI L L B B

030

LB IR ma

Westerly granite

6h =30 MPa
oh =40 MPa

140 160 180

O} (MPa)

Example of the relation be-
tween core disk thickness
(normalized by the core dia-
meter) and oy for given oy
and o,, from Haimson, 1997.

2 Bankwitz P. and Bankwitz E. (1995) Fractographic Features on Joints of KTB Drill
Cores (Bavaria, Germany), in Fractography, Fracture Topography as a Tool in Fracture Mech-
anics and Stress Analysis (M. S. Ameen, ed.). Geological Society Special Publication No. 92,

pp- 39-58.
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line of least resistance, rising towards the lower stressed region in the
drill core. Thus, the major principal stress, oy, acts E-W and the minor
principal stress, oy, acts N-S. The ratio of disc thickness to diameter
indicates (according to the diagram included above from Haimson, 1997)
that the local oy could be about 120 MPa.

Q11.2 With reference to fracture property measurements made dur-
ing a site investigation

- on borehole rock core,

- on the borehole walls, and

- on rock exposures.

Complete the table below indicating your opinion of how well you
think that the listed fracture properties can be measured or es-
timated. The first column of the table represents the ten fracture
measurements recommended by the ISRM, as in Fig. 7.7. Use the

letters G for Good, M for Medium, and P for Poor.

Characteristic | Measurement method | Core | B/H wall | Exposure
Orientation Compass-clinometer
Spacing Measuring tape

Persistence

Measuring tape

Roughness

Against reference chart

Wall strength

Schmidt hammer

Aperture Feeler gauge
Filling Visual
Seepage Timed observations

Number of sets

Stereographic projection

Block size

3-D fracture frequency

A11.2 The completed table follows. These measurements cover a wide
range of attributes — rock mass geometry, intact rock strength and

Characteristic Measurement method Core | B/Hwall | Exposure
Orientation Compass-clinometer M G G
Spacing Measuring tape G G G
Persistence Measuring tape P P G/M
Roughness Against reference chart M P G
Wall strength Schmidt hammer M P G
Aperture Feeler gauge P M G
Filling Visual P P G
Seepage Timed observations P P/M G
Number of sets | Stereographic projection M G G
Block size 3-D fracture frequency P P G




Questions and answers: testing techniques 179

hydrogeological properties. Also, some of the measurements are more
easily performed during one type of site investigation than another.
Although there is, therefore, some subjectivity in the G, M, P quality
coding, the completed table should be of this general form.

Q11.3 The results of a series of scanline surveys at a particular site
are as follows:

Scanline trend (°) 000 355 085 153 216 271
Scanline plunge (°) 920 35 28 51 05 12
Fracture frequency (m~') 5.54 7.93 6.02 7.00 6.99 7.65

Analysis of the fractures intersected by the scanlines has
shown that the rock mass contains four fracture sets, with orienta-
tions 145/08, 148/88,021/76 and 087/69 (given as dip direction/dip
angle). What is the best estimate of the frequency of each fracture
set?

AT11.3 For the situation when we know the orientation and fracture
frequency of each of the four fracture sets, then the fracture frequency
along a scanline in any particular direction, A, is given by (see A7.6)

As = X1|cosbs1| + Azfcos O + Az cosB| + Aqf cOS By

where 6, is the angle between the normal to Set 1 and the direction in
which we are interested, and the other angles are similarly defined.

If we write out this equation for each scanline, and arrange the results
in matrix form, we obtain

(Al (Icoseul fcosbp| -+ [cosOul | | A
Ay lcosfy| |cosbrp| -+ |cosOxul| (i
= . . . . or A= X
Ag |cosBg1] |cosBg| -+ |cosOgyl AU

Hence, for the case when the vector A is known (i.e. the scanline
results) and the vector A is unknown (i.e. the fracture set frequencies),
we need to solve this matrix equation for A. However, as the matrix @
has more rows than columns, it cannot be simply inverted, and so the
best estimate for X is given by the least-squares solution,

r=(27-)7 (27 4).

In order to evaluate this equation, we firstly determine the angles
between the individual scanlines and the normals to the fracture sets.
These angles can either be computed using vector methods, or measured
on the hemispherical projection. Using the former method leads to the
following results for the angles:
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Set1l Set2 Set3 Setd

Scanlinel 80 8.0 760 690
Scanline2 482 415 1251 76.6
Scanline3 662 1126 1052 131.0
Scanline4 469 1268 534 877
Scanline5 876 111.7 173 519
Scanline6 734 573 680 9.8

and from this we obtain the matrix of | cos 8| values,
(0990 0.035 0.242 0.358 ]
0.667 0.749 0.576 0.232
0.403 0384 0.262 0.656
0.683 0.599 0.597 0.040
0.041 0.370 0.955 0.617
| 0.286 0.540 0.375 0.985 |
As a result, the frequencies of the fracture sets are found to be

r=(@r9) (@7 4) =

2138 1268 1.283 1.108 20.457 3.42
1268 1.498 1454 1222 19360 | |391] _
1283 1454 1867 1374|  |21200| |354|
1108 1222 1374 1.965 19.899 3.29

Knowing the fracture frequencies of the sets enables the calculation of
the fracture frequencies along lines of any orientation in a rock mass, as

required in the next question in which the fracture frequencies have been
slightly changed.

Q11.4 As part of a site investigation study, a rock mass was found to
contain four fracture sets with dip/dip direction and frequencies as
follows (see figure on next page):

Set 1: 08/145, 3.48/m

Set 2: 88/148,3.91/m

Set 3: 76/021, 3.58/m

Set 4: 69/087, 3.26/m
In order to establish in which directions through the rock mass an
excavation will encounter the minimal and maximal numbers of
fractures, the fracture frequency in different directions through the
rock mass, 15, was calculated using the formula A, = Y 7_;|}; cosd;]|
(see Q7.6 and A7.6). The resulls are presented below on a hemi-
spherical projection, with the contouring corresponding to the frac-
ture frequency values in the different directions.

Explain from first principles why the directions of the minimal and
maximal frequencies occur where they do.
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A11.4 Minimal value. In any given rock mass, the minimum fracture
frequency lies along a direction that is formed by the intersection of
two fracture sets. This is because no fractures from the relevant frac-
ture sets will be intersected along such a direction. To identify the
global frequency minimum we therefore need to determine the direc-
tion of the intersection of each pair of fractures, and then compute the
fracture frequency in that direction. The directions of the various in-
tersections, and the frequency computed along those directions, are as
follows:

Setsland 2 Setsland 3 Sets1and4 Sets2and 3 Sets2 and 4 Sets 3 and 4

058/00 109/07 174707 064/71 063/67 072/68
542 m™! 5.68 m™! 6.65m™! 34 m™! 3.36m! 3.38 m™!

The global minimum is therefore in the direction of the intersection of
Sets 2 and 4, and has a magnitude of 3.36 m~!. Notice that the minima in
the directions of the intersections of Sets 2 and 3, Sets 2 and 4, and Sets 3
and 4 are all similar in magnitude. This is because the directions of these
intersections are all similar.

Maximal value. Although the directions of the various minima coincide
with the directions of fracture set intersections, the directions of the vari-
ous maxima are not so well defined and can only be found by rigorous
computation. The maximal value occurs where the sum of the fracture
contributions from all intersected sets is maximized, and an approximate
value could be found by simply scanning all the fracture frequency
values used to generate the contoured hemispherical projection to find
the maximum value.
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A more elegant method utilizes the vector-like nature of fracture
frequency (i.e. it has both a magnitude and a direction): the maximal
fracture frequency is found as the resultant of the individual set fre-
quencies. However, because the maximal frequency for each fracture set
occurs in two opposite directions (e.g. for a horizontal set the maximal
frequency occurs in both a vertical upward and a vertical downward
direction), the resultant formed from either of these directions must be
considered.

Clearly, therefore, a number of candidates for the overall maximum
will be found using this procedure. In fact, these will either be the vari-
ous local maxima that can be seen in each zone of the projection bounded
by great circles, or maxima that — whilst mathematically valid — do not
physically exist. To identify which is which, the actual frequency in the
direction of a mathematical maximum is computed and the two results
compared; they are equal for maxima that physically exist.

In order to investigate the various maxima shown on the projection,
we start by computing the Cartesian components of the normal to each
fracture set. For a right-handed set of axes with x directed east, y
directed north and z directed upwards, these components are given by
ny = sin(@,) cos (B,), n, = cos(a,) cos (B,) and n, = —sin(B,), where o,
and B, are the trend and plunge of the normal. For the fracture sets used
here, these are as follows:

a B ay Bn ny ny n,
145 08 325 82 —0.080 0114 -0.990
148 88 328 (02 -0.530 0.848 -0.035

021 76 201 14 -—-0348 0906 —0.242
087 69 267 21 -0932 -0.049 -0.358

These values represent downward-directed normals, and to convert
them to upwards-directed normals we simply multiply each component
by —1. The components of each of the various resultants are then given
asry = ;Sing, ry =, sn, and r, =), sin,, where each s; takes the
value £1 in order to cycle through all candidate resultants. Applying
these to the data used here results in the table given below.

Candidate s, s; s3 s3 ry= Zs,-n,,. ry = Zs,-ny‘. r, = Zs,-nzi Resultant
i i i

1 1 1 1 1 —6.633 0.308 -5.617 8.697
2 1 1 1-1 —0.554 0.627 -3.280 3.385
3 1 1-1 1 —4.143 6.794 —3.885 8.855
4 1 1 -1 -1 1.936 7.113 —-1.548 7.532
5 1 -1 1 1 —2.491 —6.319 -5.344 8.643
6 1 -1 1-1 3.587 —6.001 -3.007 7.611
7 1 -1 -1 1 —0.002 0.167 -3.612 3.616
8 1 -1 -1 -1 6.077 0.485 -1.275 6.228

The Cartesian components of each candidate are found by normalizing
each resultant in the table above to a magnitude of unity. If we represent
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these Cartesian components by (m,, m,, m.), they are used in the usual
formula of

Ay = Z Ailcos(6;) | = Z Ajlmyny, +myny, +m,n, |
i i

i

to compute the actual frequency in the direction they represent. This
computation, together with the magnitude of the resultant shown above,
is given below.

Candidate m, m, m, A]cos(8))] Azl cos (8;) | Az| cos (83) | Ayl cos (6s) | A, m~! Resultant
1 —0.763 0.035 —0.646  2.452 1.785 1.394 3.067 8.697  8.697
2 -0.164 0.185 -0.969 3.458 1.085 0.442 1.600 6.585 3.385
3 —-0468 0767 —0.439 1.946 3.571 1.526 1.812 8855 8.855
4 0257 0944 —0.206 1.012 2.625 3.204 0.691 7532  7.532
5 —0.288 —0.731 —0.618 1.921 1.742 3.265 1.715 8.643  8.643
6 0.471 —0.788 —0.395  0.918 3.535 2.312 0.845 7611  7.611
7 0.000 0.046 —0.999 3.461 0.290 0.716 1.161 5.628 3.616
8 0976 0.078 —0.205 0.465 1.734 1.290 2.739 6.228  6.228

This shows that candidates 2 and 7 do not physically exist. Of the
remaining candidates, their orientations are found from their Cartesian
components to be 273/40, 329/26, 015/12, 202/38, 149/23, and 085/12. Of
these, the global maximum is at 329/26 with a magnitude of 8.855 m~".

This answer illustrates an important point: the directions correspond-
ing to the minimal and maximal numbers of intersected fractures are
not perpendicular. The reason why this is important is that it raises
questions about the validity of tensor representations of rock mass prop-
erties, in which the principal directions corresponding to the extreme
values are orthogonal, as is the case for stress, strain and permeability.
For example, we saw in Q8.3 and A8.3 that the directions of minimal and
maximal rock mass deformability modulus may not be perpendicular.

QI1.5 When cyclic deformabil- dine modu /

ity tests are conducted on rock Hosal unioading modulus T

masses, the ical force-dis- £ ‘ 4

placem’ent cu?vpe is as shown © o ’eloadmgmwwus\/‘/ '

-

to the right (Schneider, 19673; /L///”

Goodmun, 1989)' Overall loading modulus 7
Explain why, with cycles of re- s

peated unloading and reload- 7

ing, the curve manifests dif- 4

ferent unloading and reload- //

ing moduli, permanent defor-

/ 7 .
. / Displacement
mations and hysteresis. '°p 4

3 Schneider B. (1967) Moyens Nouveaux de Reconnaissance des Massifs Rocheux. Supp.
to Annales de Ulnst. Tech. de Batiment et des Travaux Publics, 20, 235-236, 1055-1093 (as
illustrated in Goodman R. E. (1989) Infroduction to Rock Mechanics, 2nd edn., John Wiley
and Sons, New York, 562pp).



184 Testing techniques

A11.5 The mechanical behaviour of a rock mass is dominated by the
fractures, which significantly reduce the modulus from the intact rock
value. The deformation modulus of a rock mass is often only about one
tenth that of the intact rock modulus. Thus, we would expect that the
idiosyncrasies of the force—displacement curve above are caused by the
fractures. Indeed, when fractures are compressed, they have a non-linear
behaviour as the asperities are deformed and crushed. However, when
the fractures are subsequently unloaded, the behaviour will be more
linearly elastic and stiffer, because the asperities have been crushed. This
is also the reason for the permanent deformation and the hysteresis that
occurs on initial loading and unloading. After one or two cycles of such
loading and unloading, the fracture surfaces in the rock mass have been
sufficiently disturbed to make the rock mass modulus higher and it
responds in a more reproducible manner. The site investigation question
is which modulus the design calculations require — and this will depend
on whether the rock mass will be repeatedly loaded during engineering
operations.

Q11.6 The tensile strength of an architectural granite was measured
to ensure that the granite would be strong enough to form the
structural elements of a pedestrian bridge in a shopping mali. Ten
specimens were tested in each of four test configurations (illustrated
in A6.9), and the values obtained were as follows.

Type of test Mean value Standard deviation
(MPq) (MPq)

Direct tension test 8.4 3.2

Point load test 9.6 3.8

Beam test 104 4.5

Ring test 12.9 6.7

Are these results consistent with what you know about tensile
strength variation and which value would you use for the structural
calculations?

A11.6 We expect tensile strength variation (see A6.9) both within and
between tests. The tensile strength increases with (a) a lower test volume
subjected to the high stress, and (b) a higher tensile stress gradient.
We note that the different tensile strength test configurations have the
following characteristics.

Direct tension test. The whole test volume is subject to the same high
tensile stress and there is no tensile stress gradient. This indicates a low
measured strength.

Point load test. The region of the specimen between the loading platens
is subjected to a high tensile stress, and there is no significant tensile
stress gradient.

Beam test. It is only the region at the opposite face of the beam from
the loading point that is subjected to the high tensile stress, where there
is a linear tensile stress gradient.
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Ring test. Only the regions on the inner surface in line with the loading
are subjected to the high tensile stress, where there is a steep tensile
stress gradient. This results in a high measured strength.

Thus, the mean values and standard deviations of the test results are
entirely consistent with our understanding of tensile strength variation.
For the structural calculations, we should use the value obtained in a
similar configuration to the design configuration, i.e. the beam test. We
should also obtain an estimate of any scale effect in moving up to the
size of the bridge elements, and apply a safety factor.

Q11.7 The following table shows data obtained from a single-stage
triaxial compression test on a cylindrical rock sample, conducted
with closed-loop servo-control, at a confining stress of 10.0 MPa,
and at zero pore pressure.

Total axial load Sample height Sample diameter

(kN) (mm) (mm)
0.00 100.84 50.20
19.89 100.80 50.20
39.60 100.77 50.20
63.40 100.74 50.20
88.67 100.71 50.21
116.18 100.68 50.21
144.68 100.65 50.22
162.38 100.63 50.22
185.23 100.58 50.24
190.62 100.56 50.25
191.99 100.54 50.25
180.22 100.52 50.26
137.56 100.49 50.26
115.79 100.46 50.27
101.93 100.43 50.28
97.97 100.40 50.28
96.98 100.37 50.28

Estimate volues for the following:

(i) yield strength o ;

(ii) peak strength omax;

(iii) residual strength o, ;

(iv) tangent Young’s modulus E,,, at 50% peak axial stress; and
(v) tangent Poisson’s ratio v,,, at 50% peak axial stress.

A11.7 From the test data recorded, we compute the axial stress, axial
strain and diametral strain in order to plot the axial stress—axial strain
and diametral strain-axial strain curves and to visually estimate the
various strength parameters. The stress and strain values are given in
the table below. Note that the axial strain values are positive (because the
convention of contraction positive is being used), but the diametral strain
values are negative (because the specimen expands circumferentially
during the compression test).
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The curves associated with these results are shown [ axial Axial Diametral
above. The strength parameters are read from these | Stress strain _strain
curves, and have the following values: 000 0000 0.000
(i) yield strength o, ~ 83 MPa (this is where the | 1005 0397 -0020

axial stress—axial strain curve becomes visibly 20010684 ~0.060

. 3203 0992 —0.100

. non-linear); . 4479 1289 —0.159
(ii) peak strength opa =~ 97 MPa (this is the max- | o |y 0230
imum axial stress the specimen sustained); 73.05 1884 —0319

(iii) residual strength o, ~ 49 MPa (this is the final | g 97 2083 0438
stress value given, which may have reduced 0345 2578 —0.717
further had the test been continued); 96.13 2777 —0916

(iv) tangent Young’'s modulus En, at 50% peak | 9%.80 2975 -1.056
axial stress is computed from the axial stress | 90.85 3.173 -1.155
and axial strain values immediately above and | 69.32 3471 -1.29
below 50% of the peak axial stress. The valueis | 5834 3768 -14l4

given by 5134 4.066 1534
49.34 4363 —1653
5870 —44.80 139 _ 50.00 GPa. o5t tee1 1o

1.171 - 0.893 ~ 0.278
In practice, we would compute this value from
several ranges of values to estimate any vari-
ation.

(v) tangent Poisson’s ratio v, at 50% peak axial stress is similarly
computed from the diametral and axial strain values immediately
above and below 50% of the peak axial stress. It is given by

0.159 —0.100 _ 0.059

= =(0.21.
1.171 —0.893  0.278 0

Q11.8 Explain why the introduction of servo-controlled testing ma-
chines in the early 1970s revolutionized rock mechanics laboratory
testing, and why we are now able to test rocks under virtually any
loading conditions.

A11.8 The principle of a servo-controlled testing machine is that a
feedback signal representing some experimental value is continuously
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compared with a program signal representing the desired value: any
discrepancy is corrected with only a 5 millisecond response time. This is
known as a closed-loop control system.

Two complete stress—strain curves for rock are shown in the plot to the
right. The pre-peak portion is the region OA. The two types of curve are
categorized in terms of the characteristic of the post-peak region: either
the curve monotonically increases in axial strain (the thick curve) or it
does not (the thinner curve). The former, is termed a Class I curve; the
latter is termed a Class II curve (Fairhurst and Hudson, 1999 4).

\ A
@
e C Class |
»
B
Class Il D E N
0 Strain g

It is important to understand these two types of curve in order to
optimize the control of rock failure. Cylindrical specimens that exhibit
Class I behaviour tend to be somewhat ductile in nature when loaded
axially, whereas specimens that exhibit Class II behaviour respond in a
brittle fashion to axial loading. A test conducted in axial strain control
is generally sulfficient to obtain the complete stress—strain curve of spe-
cimens exhibiting Class I behaviour, but alternative control techniques,
such as using circumferential strain as the independent (or control)
variable, are necessary when testing specimens that exhibit Class II be-
haviour because the stress—strain curve does not then monotonically
increase in axial strain. Note that the shaded area ABDCA is the surplus
energy which would be supplied by a rigid machine (one with infinite

4 Fairhurst C. E. and Hudson J. A. (1999) Draft ISRM suggested method for the
complete stress—strain curve for intact rock in uniaxial compression. Int. J. Rock Mech.
Min. Sci., 36, 3, 279-289.
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stiffness indicated by the line AD) or a servo-controlled machine with
axial strain control — both leading to uncontrolled failure — and so
energy has to be withdrawn from the specimen to sustain continued
controlled failure. It is an awesome experience to stand next to a granite
specimen being tested under such controlled conditions and watch it
quietly change from solid rock to fragmented grains and dust particles.

In a uniaxial compression test, one could, for example, control the stress
rate, the strain rate, the energy input rate, the pore pressure, or the acoustic
emission output rate. Servo-control can be used in any testing configura-
tion and this type of testing machine is limited only by one’s imagination.
That is why such machines have revolutionized rock testing and enable
virtually any test to be servo-controlled. Also, more realistic loading con-
ditions can be applied, so that the rock can be tested in the same way that
it is loaded in the engineering scheme. We anticipate that the next phase
of development will be the use of servo-control in field tests.

Q11.9 (a) The results in the table below represent shear displace-
ment and shear stress recorded during a direct shear test on a
fracture in slate. The shear displacement range was from 0 to 15
mm as shown in the table below. The normal stress during the test
was 0.34 MPa.

Shear displacement (mm) 0.0 0.5 1.0 1.5 20 25 3.0 3.5

Shear stress (kPa) 0 281 344 344 328 281 281 297
Shear displacement (mm) 4.0 4.5 5.0 55 60 65 7.0 7.5
Shear stress (kPa) 281 281 266 266 266 281 281 281
Shear displacement (mm) 8.0 85 9.0 9.5 10.0 10.5 11.0 11.5
Shear stress (kPa) 297 297 297 313 313 313 313 313
Shear displacement (mm) 12.0 12.5 13.0 13.5 14.0 14.5 15.0

Shear stress (kPa) 313 313 313 313 313 313 313

Use these results to determine the residual shear strength of the
fracture.

(b) A series of direct shear tests was undertaken at different
normal stress values on samples from the fracture, and the peak
shear stress encountered during each test was recorded, as shown
in the table below.

Normal stress (kPa) 336 648 961 1273 1586
Peak shear stress (kPa) 344 516 719 953 1156

Use these results to determine the basic friction angle, ¢, and the
asperity angle, i, for the fracture. Also comment on the validity of
the bi-linear approximation for the failure locus.

A11.9 This question has been included to illustrate typical laboratory
testing results and their interpretation. Such laboratory testing is invari-
ably conducted if specific properties are required for an analytical or
numerical model. It is therefore essential that we know how to extract
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such values from test results — which is sometimes straightforward, and
sometimes open to interpretation.

<,

T
=

Schematic cross-section
of the direct shear test

——

(a) Plotting the displacement and stress results for the shear test,
illustrated above, generates the diagram shown below. There is a well-
defined peak strength, followed by a poorly defined residual strength.
By poorly defined, we mean that a residual strength is encountered
at a displacement of about 6 mm, but should the residual strength be
this or the one reached at a larger maximum displacement? Although,
by definition, we regard the residual strength as that reached at large
displacements, this may not be appropriate if the fracture has failed at
some intermediate lower strength — before reaching the higher strength
attained at a larger displacement.

By analogy with the complete stress—strain curve in compression,
the in situ stability of the fracture depends on the stiffness of the
loading system (i.e. the engineering structure for a field project), and
the appropriate value for the residual strength can only be chosen given
the engineering circumstances. Thus, it may be that the appropriate
residual shear strength is either about 260 kPa or about 310 kPa. If a
shear displacement of more than 8 mm is sufficient to cause catastrophic
collapse of a structure, it is of no value to know what the strength would
be at subsequent, higher, shear displacement values.
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(b) Plotting the normal stress and peak shear stress values provides a
failure locus, and the values lie close to a straight line, as shown below.
The basic friction angle is given by the slope of this straight line, 33.4°.
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The asperity angle /

The bi-linear approximation to the failure locus requires that the initial
portion of the locus emanates from the origin. However, there is no way
of determining where this initial portion intersects the measured failure
locus — we have assumed it to be where the locus intersects the normal
stress used in the first test. The dashed extension of the measured failure
locus is fictitious, and is sometimes used to determine an ‘apparent
cohesion’. To compute the asperity angle, i, we take the gradient of
the initial segment of the locus, ¢ + i, which has a value of 44°, and
subtract from it the basic friction angle ¢, to give an asperity angle of
44° — 33.4° = 10.6°.

All five of the test results lie close to a straight line, and hence indicate
that any bi-linear behaviour would occur at a normal stress value lower
than the smallest one used here. We have assumed that the initial part
of the bi-linear approximation extends between the origin and the first
test result, but there is no means of establishing this on the basis of the
results given.
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Q11.10 The diagram below shows example results from using a
numerical modelling code for predicting the elastic displacements
(indicated by the arrows) of a 2-D assemblage of distinct rock blocks
through which a tunnel has been excavated. The plot shows the
displacement vectors.

(a) Write down a list of rock properties that you think would be
required as input to such a modelling exercise.
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(b) Indicate which of these are likely to be practicably measure-
able.

Al11.10 (a) There are many possible answers to this question, but the
rock parameters actually used by the UDEC code which generated the
results are:

- the magnitudes and directions of the in situ principal stresses;

» Young’s modulus and Poisson’s ratio of the intact rock;

o the number of fracture sets and;

« for each fracture set, the orientation, frequency, persistence, cohesion,
angle of friction, normal stiffness, shear stiffness, and dilation angle.
(b) The in situ stress state and intact rock parameters can usually

be established fairly well, assuming homogeneity across the region of
interest. The number of fracture sets is sometimes clear, but sometimes
not in complex circumstances. Given that fracture sets have in fact been
established, the orientation and frequency are relatively easy to specify,
but the persistence is impossible to measure completely and hence to
specify. The cohesion and angle of friction are also relatively easy to
measure or estimate, but establishing values for the normal stiffness,
shear stiffness and dilation angle that represent the in situ fractures is
much more difficult.

Thus we see that a disadvantage of such numerical modelling is that a
large proportion of the required input parameters may not be obtainable.
However, the advantage of the numerical modelling approach is that the
sensitivity of the instability mechanisms to the input parameters can
be studied in detail. Thus, it is better to use numerical modelling for a
parametric study of the overall rock mass behaviour, rather than trying
to establish specific values at specific points in the rock mass.
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11.3 Additional points

We emphasize that it is not possible to specify the components of a
site investigation and the associated testing programme that will be
universally appropriate for all rock engineering projects. This is because
different projects have different objectives (e.g. the objective of mining
engineering is to obtain the rock, whereas the objective of civil engineer-
ing is to utilize the space created). Thus, it is necessary to understand
the complexities of the rock mass geometry and mechanical properties in
order to make sensible decisions on the optimal site investigation given
a specific engineering objective.

Sometimes, even the most basic parameters cannot be measured dir-
ectly. For example, assume that you have been contracted to measure
the rock stresses during a site investigation. The client, who takes an
interest in rock mechanics, visits your measurement site. He is watching
you using the flatjack technique — measuring the normal rock stress
components. You have installed two pins in a rock wall, measured the
distance between them, cut a slot in the rock wall between the pins,
cemented a ’flatjack’ into the slot, and hydraulically inflated the jack
until the original distance between the pins is re-established, giving the
normal stress component perpendicular to the flatjack. The client asks
you how many measurements you are going to make. You explain that
there will be six such normal rock stress measurements at each test loca-
tion, using six flatjacks at six orientations, so that the six normal stresses
can be used to establish the three normal stresses and three shear stresses
of the rock stress matrix. Suddenly, the client has an inspiration, “Surely,
it would be better and more elegant to measure the three normal stresses
and the three shear stresses directly, rather than measuring six normal
stresses?” The client’s inspiration is a good idea but, unfortunately, no
one has yet found a way to measure a shear stress directly.

For standardization, it is necessary to have guidance on how to estab-
lish specific rock parameters. The International Society for Rock Mech-
anics (ISRM) and the American Society for Testing Materials (ASTM)
publish recommended procedures for establishing a wide range of para-
meters. We gave lists of these in Chapter 11 of ERM 1. Starting in 1998, a
second series of ISRM Suggested Methods has been under development;
these can be found in the issues of the International Journal of Rock
Mechanics and Mining Sciences from 1999 onwards (e.g. see Fairhurst
and Hudson, 1999).



Rock mass
classification

12.1 Rock parameters and classification schemes

The purpose of rock mass classification is to establish the quality of a
particular rock mass (or part of a rock mass) by assigning rating values
to a set of rock parameters. Webster’s dictionary defines ‘classification’
as “the act of classifying or forming into a class or classes, so as
to bring together those beings or things which most resemble each
other, and to separate those that differ”. This definition immediately
highlights two main issues in rock mass classification: the purpose of the
classification has to be established and the method of classification has
to be commensurate with the purpose.

For example, if we only used the uniaxial compressive strength of
the intact rock and the fracture frequency of the rock mass, we could
generate a rock mass classification scheme for characterizing sections of
rock in a tunnel as shown in Table 12.1.

On the basis of this scheme, all rock masses must then be one of the
categories, A1, A2, B, B2. We could call this a Rock Index and assign the
words ‘Good’ to A1, ‘Fair’ to A2 and B1, and ‘Poor’ to B2. But what is the
purpose of this classification? Perhaps, the Rock Index would indicate
the excavatability and stability of the rock masses in each category. If so,
is the classification the best one for that purpose?

There are four main steps in the development of any rock mass
classification scheme:

o decide on the objective of the rock mass classification scheme;
o decide on the parameters to be used, their ranges and ratings;
o decide on the algebra to be used for the rock index (e.g. do we simply

Table 12.1 Illustrative simple rock mass classification scheme

Parameter Ratings, R

Uniaxial compressive strength, o, Ifo. > 100 MPa, R = A Ifo. < 100MPa, R=8B
Fracture frequency, A Ifx<4/m R=1 IfA>4/m, R=2
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select values from a table, do we add rating values together, do we

multiply ratings together, or something else?); and
» calibrate the rock index value against the objective.

The advantage of using a rock mass classification scheme is that it
is a simple and effective way of representing rock mass quality and of
encapsulating precedent practice. The disadvantage is that one cannot
use it for a different objective or in significantly new circumstances.

The rock mass classifications that have been developed to date follow
this basic approach, but include more parameters and use a greater
number of classes than the simple ‘good’, ‘fair’, ‘poor’ example we gave
above. For example, by adding a third parameter to the classification
given in Table 12.1, ‘thickness of the layers’, and using more rating values
(Vervoort and de Wit, 1997'), a useful rock index for rock dredging
has been developed. By judicious choice of the relevant parameters,
such rock mass classification schemes can be a powerful tool for rock
engineering,.

The two main classification systems, Rock Mass Rating and Tunnelling
Quality Index (RMR and Q), have both been widely applied and there
is now a large database of projects where they have been used as the
main indicator of rock stabilization requirements in rock tunnelling.
The systems provide a coherent method of using precedent practice
experience and can now be linked to numerical analysis approaches.

With all schemes, the key issues are the objective of the classification
system, choice of the optimal parameters, assigning numerical ratings to
parameter values, the algebraic manipulation of the parameter ratings,
and drawing conclusions from the mean and variation of the overall
rock quality index values.

12.2 Questions and answers: rock mass classification

Rock mass classification schemes are designed to be used in the field,
but it is possible to apply them in the office, given a description of
the rock mass. Indeed, they are often used in this way, especially as
they can be a means of translating a site investigation report into an
input for design. In the following questions, you are asked to apply
rock mass classification schemes given a description of two rock masses
(Bieniawski, 1989).

Q1712.1 A mudstone rock mass at a depth of 200 m contains three
fracture sets. One set comprises bedding planes; these are highly
weathered, slightly rough surfaces, and are continuous with an ori-
entation of 180/10. Another set is jointing; these joints are slightly
weathered, slightly rough, and have an orientation of 185/75. The

! Vervoort A. and de Wit K. (1997) Use of rock mass classifications for dredging. Int. J.
Rock Mech. Min. Sci., 34, 5, 859-864.

2To answer Q12.1-12.5, it is necessary to use the RMR and Q rock mass classification
tables in Appendix 3 of this book. Further explanation of these tables is presented in
Bieniawski Z. T. (1989) Engineering Rock Mass Classifications. Wiley, New York, 251pp.
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third set is also jointing; again, the joints are slightly weathered
and slightly rough, and have an orientation of 090/80. The strength
of the intact rock has been assessed as 55 MPa, and values for the
RQ@D and mean fracture spacing are reported as 60% and 0.4 m,
respectively.

Use the RMR system to classify this rock mass, and assess the
stability of a 10 m wide excavation being driven from east to west.

Al12.1 In order to apply the RMR system, five principal parameters are
assessed: intact rock strength, groundwater conditions, RQD, fracture
spacing, and fracture condition. This provides the basic RMR value for the
rock mass. The orientation of the fractures is then accounted for through
the use of rating adjustment factors to determine the final RMR value.

In the example here we have three sets of fractures, and so we will
need to apply the RMR system to each set in turn, and hence identify
the set that is most critical for this particular excavation. Of course,
the classification parameters of intact rock strength and groundwater
conditions relate to the rock mass as a whole, rather than to specific
fracture sets, and are applied identically to each set. Here, the values
for RQD and mean fracture spacing are reported generally, rather than
for specific sets, and so these will be applied equally. We will assess all
of these parameters first, and then move on to the parameters that are
specific to the fracture sets.

Overall rock mass
The strength of the intact rock has been assessed as 55 MPa, and so a
conservative value for the strength rating is 6. The excavation is situated
at a depth of 200 m, and the rock mass is a mudstone. At a depth of
200 m, the vertical stress component will be in the region of 5 MPa
(assuming a unit weight of rock of 25 kN/m?), and this stress will
probably be sufficient to keep the fractures tightly closed. Taken together
with the fact that mudstones have very low primary and secondary
permeability, we can infer that the groundwater conditions will probably
be in the range of damp to wet, with rating values ranging from 7 to 10.
For an average RQD value of 60%, the rating value is about 12, and
for a mean fracture spacing of 0.4 m the rating value is about 10. Adding
these four ratings together gives a total rating value of
6+ (7to 10) + 12+ 10 = 35 to 38.

Classification using Set 1

These bedding planes are highly weathered, with slightly rough surfaces,
and are continuous. The rating values for these specific attributes are
1, 3 and 0, respectively. An assessment of aperture can be made on the
basis of the in situ stress state at the location of the excavation: a stress
of 5 MPa will mean that the aperture is low, and so a reasonable rating
value is 5. We have no information regarding infilling but, as there is no
evidence to suggest the presence of any, we can assume a rating value of
6. The total rating value for these fracturesisthen 1 +3+0+5+6 = 15.
The dip direction of the bedding is 180°, and so the excavation is being
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driven along the strike. This is considered to result in ‘fair” conditions,
with a corresponding rating adjustment value of —5.

Thus, the overall RMR value based on Set 1 is (35 to 38) + 15 = 50 to
53, which is classified as ‘fair rock’. Taking into account the orientation
rating adjustment of —5, the RMR value is reduced to 45 to 48, but this
does not alter the classification.

Classification using Set 2

We know that this jointing is slightly weathered, slightly rough, and
has an orientation of 185/75. We can therefore assign rating values of 5,
3 and —12 to these attributes. Knowing that the fractures are joints in
a mudstone, their persistence will probably be in the range of 1 m to
2 m, and an appropriate rating value for this is 2. As with Set 1, we can
assign rating values for the aperture and infilling of 5 and 6, respectively.
The total rating value for these fractures is then 5 +3+2+5+6 =21,
giving an overall RMR value of (35 to 38) + 21 = 56 to 59. Again, this is
classified as ’fair rock’. Taking the orientation rating adjustment of —12
into account reduces the RMR value to 44 to 47.

Classification using Set 3

The jointing representing Set 3 has identical mechanical characteristics to
Set 2, and so has a rating value of 21, giving an overall RMR value of 56
to 59 and a classification of ‘fair rock’. The orientation rating adjustment
is now —5 (the strike is perpendicular to the excavation axis, and we
are driving against the dip which is classed as ‘fair’), which reduces the
RMR value to 51 to 54.

Overall assessment

We can see that Set 2 leads to the most critical classification, with a
range of probable RMR values of 44 to 47. Using a chart linking RMR
and excavation span to stand-up time shows that an excavation 10 m
wide in such a rock mass would suffer from immediate collapse, and
so we can see that the engineering design will need to incorporate rock
stabilization measures (i.e. support or reinforcement). In addition, some
form of staged excavation may also be necessary, whereby a small pilot
excavation is formed and then systematically opened out to the full size
as the engineering behaviour of the rock mass is steadily improved as
the stabilization measures are applied.

Q12.2 A 7-m-diameter tunnel is to be driven through a sequence
of shale and basalt rock at a maximum depth of 61 m. The shales
dip towards the east, and the basalts form sub-vertical dykes. The
bedding dips between 15° and 20°, the joints dip between 70° and
90°. The joints in the shale are rough, and most of them are thin and
healed with calcite, but overall the rock is described as ‘blocky and
seamy’. The groundwater level is about 50 m above the invert of the
tunnel. The average uniaxial compressive strength of the shale is 53
MPaq, of the basalt it is 71 MPa. The vertical stress is about 1.0 MPaq,
and the horizontal stress is about 3.4 MPa. The snaking nature of
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the tunnel’s route means that at some place along its length it will
head in all directions between 090° and 180°.

Use the RMR system to predict how the rock will behave in the
excavation.

A12.2 This is an example of a commonly occurring problem where, at
first sight, much useful information is given but, when we investigate
further, we find that there is little on which to base a rock mass
classification. Often we are not able to obtain further information, and
so it is necessary to carefully consider what are the appropriate rating
values. Also, there may be dispute about the rating values we select,
and so it is prudent to investigate the sensitivity of the rating value
assessments to these values.

Overall environmental conditions

As the groundwater level is 50 m above the tunnel invert, a water
pressure of 0.5 MPa will be induced at the tunnel level. The major
principal stress is 3.4 MPa acting horizontally, and so the ratio of water
pressure to major principal stress is 0.5/3.4 & 0.15, which is regarded as
‘wet” and therefore attracts a rating value of 7.

Shale
The shale is described as ‘blocky and seamy’ and, although descriptions
do not enter into the RMR assessment directly, they can be used to
help assess the RQD and fracture spacing values. Shales are sedimentary
rocks, and tend to form distinct beds. The description ‘blocky and seamy’
allows us to picture a rock mass that splits easily along the bedding, but
is broken into blocks by the joints. Thus, it is likely that both the RQD
and the mean fracture spacing values will be low for such a rock, and so
we may select rating values of, say, 10 and 8 for these two parameters.

We are told that the ‘joints in the shale are rough, and most of them are
thin and healed with calcite’. We do not know whether this description
is just for the joints, or for the joints and bedding planes. If we assume
it is for the joints only, then how do we assess the bedding planes?
Bedding planes tend to be extensive, and in a shale will be smooth.
Joints on the other hand will probably have a persistence of no more
than a few metres. We can use this understanding to make preliminary
rating assessments. The fact that the joints are ‘thin and healed with
calcite’ allows us to assess the aperture rating as being about 5, and the
infilling as about 5 as well. Finally, the tunnel is to be excavated at quite a
shallow depth — no more than about 60 m — and on this basis it would
be prudent to assume that some weathering will have taken place. A
rating value of 4 for weathering is therefore suggested.

We can now assess these fracture sets as follows:

Persistence Aperture Roughness Infilling Weathering Total

Bedding 0 5 1 5 4 15
Joints 5 5 5 5 4 24
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This shows that the rating value for the bedding is much lower than that
of the jointing, and so it is likely that the bedding will be the most critical
fracture set for determining tunnel stability. As the dip of the bedding is
no more than 20° this is considered to result in ‘fair” conditions, and so
the rating adjustment for orientation will be —5. Note that if we consider
the joints, then when the tunnel is heading south these features will give
rise to ‘very unfavourable’ conditions, with a rating adjustment of —12.
Combining the fracture assessment and the rating adjustment for the
bedding gives a value of 15 — 5 = 10, and for the joints gives a value of
24 — 12 = 12. This shows that the bedding is, as we surmised above, the
most critical feature, but there is little difference between the joints and
the bedding,.

Finally, we know the strength of the shale is 53 MPa, and this gives
a rating value of about 5. The basic RMR value for the shale is then as
follows:

Strength  Groundwater RQD  Spacing Fracture Condition Total
5 7 10 8 15 45

Taking the rating adjustment for orientation into account reduces this
to 40.

Basalt dykes
We are given no definite geomechanical data regarding the basalt dykes,
other than that they are sub-vertical features. We need to turn to our
geological knowledge in order to make an assessment of this rock type.
Firstly, we can assume that these dykes will be of limited thickness, say,
no more than 5 m. As the cooling joints in a dyke run across the plane of
the dyke — rather than parallel to it — this will set a maximum fracture
persistence of 5 m, giving a rating value of 2. The aperture of these
cooling joints could be as large as 1 mm, giving a rating value of about
3. The joints are liable to be “slightly rough’, with no infilling and only
slight weathering. The rating values for these attributes are 3, 6 and 5,
respectively. The overall assessment for the joints in the dykes is then 2 +
3+3+46+45 = 19. The rating adjustment for the orientation of these joints
is difficult to assess but, given the limited extent of the joints, we can
perhaps assign an effect of ‘fair” and a corresponding rating value of —5.

The RQD of the dykes will probably be high, and a rating value of
around 15 will be suitable. The mean fracture spacing may be of the
order of 0.5 m, and the rating value for this is 10. Finally, the strength of
the basalt is 71 MPa, and the corresponding rating value is about 7.

The basic RMR value for the dykes is then as follows:

Strength  Groundwater RQD Spacing Fracture condition Total
7 7 15 10 19 58

Taking the rating adjustment for orientation into account reduces this
to 53.

We must bear in mind that the dykes may have been acting as conduits
for groundwater flow for a long time, and may be highly weathered.
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If there is any evidence for such weathering, then another assessment
should be made taking this into account.

Overall assessment

The overall RMR values for the two rock types are 40 for the shale and
53 for the basalt dykes. For a 7-m-diameter tunnel, we find that the shale
will suffer immediate collapse, whereas the basalt will be able to stand
unsupported for around 1 week. We can now suggest that the tunnel
excavation should be carried out using some form of shield or tunnel
boring machine to offer continuous support, followed by the installation
of an immediate support system such as a pre-cast concrete lining. This
overall system may not work well when a dyke is encountered (the rock
may be too strong to excavate mechanically), but the additional stand-up
time available in this material will allow the use of a different support or
reinforcement system, say, shotcrete or rockbolts.

Q12.3 Use the Q system to assess the stability of the rock mass as
described in Q12.1.

AT12.3 In order to determine the Q value for a rock mass, we need
to determine rating values for each of six parameters: RQD, joint set
number, joint roughness number, joint alteration number, joint water
reduction factor, and stress reduction factor.

RQD rating
The average RQD value is 60%, and hence the rating value is 60.

Joint set number (J,)
As there are three sets of fractures, the appropriate value for this
parameter is 9.

Joint roughness number (J;)

The bedding planes are slightly rough, continuous surfaces. No single
rating entry fits this description exactly, but that of ‘rough or irregular,
planar’ seems most appropriate for such a large-scale feature as a
bedding plane. The rating value is then 1.5.

The jointing is slightly weathered and slightly rough. Joints are likely
to be relatively small-scale features (persistence of the order of 1 m to 2
m) and so a realistic rating value is 3, appropriate for ‘rough or irregular,
undulating’ features.

Although we could perform two calculations and use both of these
values in turn, it is only appropriate to use the one that represents the
most critical fracture set. Thus, as the rock is a mudstone, we should take
particular account of the highly continuous bedding planes, and hence
use the value of 1.5.

Joint alteration number (J,)
Although we know that the bedding planes are highly weathered and
that the jointing is slightly weathered, we have no information regarding
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fracture infilling materials. However, the general description of the
geological environment would suggest that the fracture surfaces are
in contact. This, taken in conjunction with the fact that the rock type
is a mudstone, leads to the selection of ’...low-friction clay mineral
coatings...” as the most appropriate entry for joint alteration, giving a
rating value of 4.0. It is worthwhile noting that, had we selected entries
for ‘rock wall contact before 10 cm shear’, we may have felt that the
entry for ‘clay mineral fillings (continuous, <5 mm in thickness)” was
the most appropriate, giving a rating value of 8.0. We should bear this
in mind and examine the final classification for sensitivity to this rating
value.

Joint water reduction factor (J,,)

The presence of water has not been noted in the description and,
given the low primary and secondary permeability of mudstone, it is
reasonable to select ‘dry excavations or minor inflow, e.g. 51/min locally’
for this parameter, and set the rating value to 1.0.

Stress reduction factor (SRF)

The tunnel is to be excavated at a depth of 200 m in a rock with a
compressive strength of 55 MPa. The vertical stress at this depth will be
in the order of 5 MPa (assuming a unit weight of rock of 25 kN/m?),
and assuming that this will be the major principal stress leading to a
strength /stress ratio of 55/5 = 11. However, at this depth it is possible
that the major principal stress could be horizontal with a magnitude
twice that of the vertical stress, which will lead to a strength/stress ratio
of 5.5. Taking these two results together indicates that we should regard
this environment as ‘high-stress, very tight structure (usually favourable
to stability, may be unfavourable for wall stability)” and take the rating
for SRF to lie in the range of 0.5 to 2.0. An initial assessment can be made
using a value of 1.0, but we should be prepared to investigate the effect
of varying this rating.

0 value and assessment
The Q value for the rock mass is now computed as

o_ROD J  Jw 60 15 10

X — X — = X — X — &
Ja Jo SRF 9 40 1.0

for which the classification is ‘poor’. If, as was noted above, we in-

vestigate the sensitivity of Q to our uncertainty by increasing the joint

alteration number to 8.0 and increasing the stress reduction factor to 2.0,

then we obtain a value of

0= ROD  J; Ju 60 1.5 1.0

h 7 CSRET 9 X307 2070°
which is regarded as ‘very poor’.

In order to determine the engineering ramifications of these assess-
ments, we now need to determine the ‘equivalent dimension’ of the
excavation. This is the actual size of the excavation scaled to account
for the degree of security we require in our assessment (i.e. reducing

2.5
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the size gives us less required security, and is appropriate for temporary
mine openings; increasing the size increases the required security and is
appropriate for openings to which the general public have access). Here,
we have no information on which to compute the equivalent dimension,
and so we take it as the actual size, i.e. 10 m. Charts and tables are avail-
able that show how the reinforcement and support requirements vary
for various combinations of Q and equivalent dimension, and using
such aids leads to the following assessment for a 10 m span:

Poor rock Untensioned rockbolts, at 1 m to 1.5 m spacings, together
with mesh-reinforced shotcrete applied to a thickness of 5
cm to 10 cm.

Very poor rock Untensioned rockbolts, at 1 m spacings, together with
mesh-reinforced shotcrete applied to a thickness of 5 cm
to 7.5 cm.

The similarity between these schemes would allow us to develop a
flexible system for application underground, such that the inevitable
variations in rock mass quality encountered during construction could
be dealt with easily. It is interesting to see that the shotcrete thickness
is lower for the very poor rock than for the poor rock. This is because
the rockbolt spacing is also lower, and so the shotcrete spans smaller
distances.

Q12.4 Use the Q system to assess the stability of the rock mass
described in Q12.2.

A12.4 In this example we will need to assess the two principal rock
types — shale and basalt dykes — separately. The lack of geomechanical
data means that we will need to apply a good deal of judgement in order
to generate a classification for the rock mass.

In order to determine the Q value for a rock mass, we need to
determine rating values for each of six parameters: RQD, joint set
number, joint roughness number, joint alteration number, joint water
reduction factor, and stress reduction factor.

RQD rating

No values for RQD are given, but using the values determined as part of
our assessment using RMR gives a rating of 50 for the shale and 75 for
the basalt dykes.

Joint set number

It is appropriate to assume that the shale contains three fracture sets, for
which the joint set number is 9, and to assume that the cooling joints in
the dykes can best be described as ’...four or more joint sets, random,
heavily jointed. . ./, for which the rating value is 15.

Joint roughness number
The bedding in the shale is likely to be a particularly extensive feature,
and may therefore be the most critical feature. For a large-scale feature
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such as a bedding plane, the description that best fits this is ‘rough or
irregular, planar’, and hence the rating value is 1.5.

In the basalt dykes the joints will tend to be discontinuous, small-scale
features, and the appropriate rating value for them will be 4, although
the slightly lower value of 3 may be suitable.

Joint alteration number
The joints in the shale are quoted as ’‘thin and healed with calcite’,
and so an appropriate classification for these is ‘tightly healed, hard,
non-softening, impermeable filling, i.e. quartz or epidote” which gives
a rating value of 0.75. However, it is possible that the shale may
degrade readily, and so we should consider the classification ‘softening
or low-friction clay mineral coatings’, for which the rating value is 4.0.
For the basalt, a prudent classification would be ‘slightly altered joint
walls’, giving a rating value of 2.0.

Joint water reduction factor

The groundwater level is about 50 m above the tunnel invert, and so this
could lead to a water pressure of 5 kg/cm?, for which the rating value
is 0.5.

Stress reduction factor

The average uniaxial compressive strength of the shale is 53 MPa, and of
the basalt it is 71 MPa. The vertical stress is about 1.0 MPa, and the hori-
zontal stress is about 3.4 MPa. The major principal stress is horizontal with
amagnitude of 3.4 MPa, and the compressive strength of the rock types is
53 MPa for the shale and 71 MPa for the basalt. The strength/stress ratio
for these two cases is then 53/3.4 = 15.6 and 71/3.4 = 20.9, respectively,
and so for both of them the stress reduction factor is 1.0.

Q value and assessment
The Q value for the shale is now computed as
RQD J, Ju 50 1.5 05

= v =2 w2 xse
O=—"*7 *SRE— 9 075 X 10

for which the classification is fair’, and the Q value for the basalt is
0= ROD Jw 75 3 05

e L CSRET T2 %1078
for which the classification is ‘poor’. We noted above that for the shale
a value for J, of 4.0 may be more suitable than 0.75, and adopting this
value reduces Q for the shale to 1.0, which is on the boundary of 'very
poor’ and ‘poor’ rock.

If we take the ‘equivalent dimension’ of the excavation to be its
actual dimension, i.e. 7 m, then by reference to charts and tables of
reinforcement and support requirements we find that the following are
appropriate:

Fair rock Untensioned rockbolts at 1 m to 1.5 m spacings, together
with mesh.
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Poor rock Shotcrete applied to a thickness of 2.5 cm to 7.5 cm, or
untensioned rockbolts at 1 m to 1.5 m spacings, together
with mesh-reinforced shotcrete applied to a thickness of 5
cm to 10 cm.

Very poor rock Untensioned rockbolts, at 1 m spacings, together with
mesh-reinforced shotcrete applied to a thickness of 5 cm
to 7.5 cm.

Note how the stabilization systems become heavier as the quality of
the rock reduces. Once again, we will be able to exploit the similarity
between these schemes to develop a flexible system for use in the tunnel,
such that the inevitable variations in rock mass quality encountered
during construction could be dealt with easily.

Q12.5 Using your assessments of RMR and Q for questions Q12.1,
Q12.2, Q12.3 and Q12.4, investigate the relation between the Q and
RMR values. Do your results correspond with a generally accepted
relation, RMR =9InQ 4 44?

A12.5 From answers A12.1-A12.4, we now have the following informa-

tion:
Project RMR Q
Excavation in mudstone 44-47 0.6-2.5
Tunnel in shale 40 1-5.6
Tunnel in basalt dykes 53 3.8

These results, together with the relation RMR = 9 In (Q) + 44, are plotted
below:
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Notice that a box has been plotted for the excavation in mudstone,
as we have a range of values for both @ and RMR. For the tunnel in
shale, we have a range of values for Q and a single value for RMR and
s0 a line has been plotted, and for the tunnel in basalt we have a single



204 Rock mass classification

value for both Q and RMR, which means that only a single point is
plotted.

This plot shows that the values we have determined in Q12.1-Q12.4
plot close to the line representing the empirical relation between @ and
RMR, despite the fact that we had to use judgement to determine many
of the various rating values. This highlights one of the strengths of rock
mass classification systems: they are really quite robust in application.
However, it is important not to attempt to be too precise when using
them. For example, trying to distinguish between Q values of, say, 1.2
and 1.3 is not a useful exercise.

Q12.6 The diagram below (Singh and Goel, 1999°) shows RMR-Q
correlations for case studies in India, Scandinavia, UK and USA.
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The suggested RMR-Q correlation lines shown on the diagram are

A RMR=9InQ+44

B RMR=59InQ+43

C RMR=54InQ+55.2
D RMR=5InQ+ 60.8

E RMR=10.5InQ+41.8

For a rock engineering design project where a correlation between
RMR and Q is required to support the design, which of the correla-
tions would you choose?

AT2.6 In A12.1-A124, it is evident that the assessments of RMR and
Q require some experience and engineering judgement. Moreover, the
ratings apply for the specific rock mass at the site and to the pro-
ject in hand. Therefore, it is better to try to extract more information
from the site for direct assessment of RMR and @ than to use the
correlation lines. However, if there are reasons for using a correlation

* The information in this question is from pp. 93-94 in Singh B. and Goel R. K. (1999)
Rock Mass Classification. Elsevier, Oxford, 267pp.
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line, then RMR =91n Q + 44 is the most well known line, although
RMR = 5.91n Q + 43 has the highest correlation coefficient for the 115
case studies used by Singh and Goel which include 34 from India. Singh
and Goel (1999) also indicate how to improve the correlation by using a
rock condition rating and a rock mass number.
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The RMR and Q values given in A12.1-A12.4 are plotted on the
diagram above. Line A is the one plotted in A12.5.

Q12.7 Imagine that a rock mass classification system is required
to assess the instability of natural slopes in the Italian Alps. List
15-25 parameters that you think would be most useful for such a
classification scheme.

A12.7 A scheme that was developed for this purpose (Mazzoccola and
Hudson, 1996 ) included the following nineteen parameters.

Geology Folds Faults Rainfall Freeze/thaw
Previous Fracture intact Weathering ~ Number of Fracture
instability ~ wall strength fracture sets  orientation
Fracture Fracture Fracture Mechanical ~ Rock mass
aperture persistence spacing properties strength
Hydraulic  Slope Slope In situ stress

conditions  orientation dimensions

When a standard scheme, such as the RMR or Q system, is being
used, the results can be compared with extensive previous experience
(Q and A 12.5 and 12.6) and conclusions drawn about engineering
design. In the case of a new classification for a new purpose — in
this case a natural slope instability classification — this is not possible,
although there is the advantage that we can include all the paramet-

4Mazzoccola D. E and Hudson J. A. (1996). A comprehensive method of rock mass
characterization for indicating natural slope instability. Q. J. Eng. Geol., 29, 37-56.
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ers that we consider essential. However, there is the disadvantage that
a priori assignments of ratings for the parameter values encountered
on site are not straightforward (because the values have not yet been
measured) and questions about the range and sensitivity of the para-
meter ratings can only be answered after the measurements have been
made.

Nevertheless, the exercise of creating a new scheme is worthwhile
because it will indicate the relative nature or quality of different sites.
In the case of the Italian Alps work, it was possible to establish the
relative instability of twenty natural slopes, which directly indicates
which slopes are the most hazardous. The paper by Mazzoccola and
Hudson (1996) also demonstrates how to establish weighting factors for
the parameter ratings for any given rock mechanics or rock engineering
objective.

Q12.8 A rock mass classification system is required for assessing
the svitability of different rock formations for storing compressed
domestic gas in unlined rock caverns along the route of a main gas
transmission line. List the rock parameters that you would use in
a rock mass-rock engineering classification scheme for this objec-
tive.

A12.8 The principal rock engineer-
ing objective is to reduce potential
gas leakage to an acceptably low
level. The primary gas leakage path-
way is via rock fractures, and pos-
sibly also the intact rock. Therefore,
the following parameters should be
included in a rock mass classification
scheme tailored to this engineering °
objective.

— Minimum principal stress value,
a3, because the gas pressure can
open fractures.

— Compressive strength of the rock, o, because the cavern should be
stable and the compressive strength indicates the intact rock quality.

— Groundwater pressure at cavern crown level (before cavern excava-
tion), pw, because the gas has to pass through the water-filled rock
fractures.

— Stress anisotropy ratio, (o,/03) = oy, because anisotropic stress con-
ditions are destabilizing to an excavation.

— Maximal stored gas pressure, p,, because the ‘rock mass—rock en-
gineering’ composite conditions are a function of this engineering
variable.

— Fracture frequency, 1, because the number of fractures will affect
leakage.

— Fracture aperture, e, because the aperture will also affect leakage
potential.

Rock
fractures

Gas
pressure

¥ Gas
 leakage
through
rock
fractures
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The next step is to establish whether an increase in each of these
seven parameters is good or bad in the context of a classification
index in which higher values indicate improved engineering circum-
stances.

Minimum principal stress value o3 an increase is good
Compressive strength of the [ an increase is good
rock

Groundwater pressure at cavern Pu an increase is good
crown level (before cavern

excavation)

Stress anisotropy ratio (01/03) = og  an increase is bad
Maximal stored gas pressure Pe an increase is bad
Fracture frequency ps an increase is bad
Fracture aperture e an increase is bad

To develop a ‘Gas Cavern Tightness Index’ (GCTI), the parameters
or parameter ratings have to be algebraically arranged so that vari-
ations in the parameter values are correctly reflected in the GCTI index
according to the table above. If we use the same approach as the Q
system, in which the quotients have an interpretation, a suitable GCTI
would be

o3

GCTI= = x 2 x Pv.
or  Ae? p,
The individual quotients can then be interpreted as follows:
[oF

—  is related to the stability of the intact rock around the cavern;
OR

O
)\—31 is related to the resistance to gas leakage; and
2
Pw is related to the effectiveness of the groundwater confinement.
Pq

The reader can no doubt think of improvements to this initial index.
Our intention here is only to provide an example of the principles used
in developing new rock mass classification indices.

Q12.9 The following parameter values have been determined for
three rock mass types found along the route of a major new highway
tunnel that passes at a high level through the flank of a mountain
range:

Strength RQD Mean fracture
(MPa) (%) spacing (m)
Sandstone 80 45 0.4

Mudstone 20 75 0.3
Syenite intrusions 250 10 0.2
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The fractures within each rock mass type have the properties
shown in the following table:

Persistence Aperture Roughness Infilling Weathering

(m) (mm)
Sandstone 5-8 ~1.5 rough none none
Mudstone 1.5-2.5 ~0.5 slight none slight
Syenite 2 ~6 very none none

Write down a description for each of these three rock mass types,
and describe their likely engineering behaviour.

Then apply the RMR system to these rock mass types, and compare
the assessment of their engineering behaviour made in this way
with the description you wrote down earlier.

What do you conclude from this exercise about the ability of RMR to
discriminate between the engineering behaviour of these particular
rock mass types?

A12.9 Descriptions of the rock mass types.
On the basis of the rating summaries given we can describe each rock
type as follows.

Sandstone

A strong rock, probably with extensive bedding planes that cause the
rock to break into beds that are on average 0.4 m thick. The moderately
low RQD indicates that a large number of these units will be thinner
than 0.1 m, and so a slabby structure should be expected. The roughness
of the fractures, together with the appreciable apertures, indicates that
the rock mass may be loose.

Mudstone

Very weak, but no evidence of extensive bedding planes. The fractures
are tight and only slightly rough, and taken together with the RQD of
75% this indicates that the rock mass is not highly fractured — it is
probably blocky, with most of the blocks being around 0.3 m in size.

Syenite intrusions

A very strong rock, but with very low RQD and mean spacing values.
The fractures are very rough but have large aperture. The rock mass
probably has a ‘sugar cube’ type appearance, but may have a high
degree of mechanical interlock.

In summary, we have one rock that is very strong but highly broken
(syenite), another that is weak but comprising reasonably large blocks
(mudstone), with the third somewhere in between (sandstone).

RMR ratings
The RMR rating values associated with the fracture summaries for each

of the three rock types in the Question are presented in the table below
(rating values are given between parentheses).
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Persistence Aperture Roughness Infilling Weathering Total

(m) (mm)
Sandstone 5-8 (2) ~15(3) rough(5) none(6) none (6) (22)
Mudstone 15-2.5(4) ~05(4) slight(3) none(6) slight(5) (22)
Syenite 2 (4) ~6 (0) very (6) none (6) none (6) (22)

As we can see, the very different fracture descriptions have led to an
identical rating value of 22 across all rock types.

Before continuing to determine the basic RMR value for each rock
type, we need to assess the groundwater conditions. We know that the
tunnel passes high through the flank of a mountain range, and from
this we can infer that it will probably be located above the groundwater
level. Accordingly, we can assess the conditions as ‘damp’ and assign a
rating value of 10 to the groundwater.

Taking the information we have been given about the strength and
degree of fracturing, together with the fracture condition and ground-
water rating values, we can now obtain the basic RMR for each rock type
(rating values are given between parentheses):

Strength RQD Fracture Fracture Ground- Total
(MPa) (%) spacing (m) condition water  rating

Sandstone  80(8) 45(9) 0.4 (10) 22) 10) (59
Mudstone 20(3) 75(15) 03 (9) 22) 10)  (59)
Syenite 250 (15) 10(4)  02(8) (22) (10)  (59)

The basic RMR rating of 59 is the same for all three rock types. This
value of 59 classifies each rock type as being on the boundary of ‘fair
rock” and ‘good rock’.

Rock type comparisons

These three rock types which, on the basis of their descriptions, should
display very different engineering behaviour, all score the same RMR
value. It appears therefore that RMR is not a good discriminator of
engineering behaviour for these rock types.

This is not a deficiency with the RMR system in itself, but is more to
do with the use of addition to compute a single overall value of RMR.
This is demonstrated if we examine the ratings associated with strength,
RQD and fracture spacing for these rock types. It is reasonable to assume
that RQD and fracture spacing are related to each other, and that they are
essentially independent of rock strength. On this basis we can produce
the table given below, and then plot the results as shown in the figure.

Strength  RQD + fracture spacing  Partial rating

Sandstone 8 19 27
Mudstone 3 24 27
Syenite 15 12 27

Geometrically, the use of addition to combine values induces what is
known as the ’city block metric’, so called because it reflects the lengths
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of the routes one can walk through a city that is built on a rectangular
grid. In the example here, for the partial RMR rating value of 27, i.e. a
path length of 27 units, there are many paths of this length formed from
a combination of a horizontal distance (i.e. combined RQD and fracture
spacing rating) and a vertical distance (i.e. strength rating), represented
by the solid line in the figure. Within the limit of acceptable values for
the strength rating (0 to 15), the end points of these paths are shown as
the solid line.

The figure shows that the rating value locus of 27 extends from ex-
tremely strong and highly fractured rock through to very weak and
unfractured rock and, as a result, it is not possible to discriminate
between these rock types using RMR. In fact, this is true for all clas-
sification schemes that depend on a single classification value com-
puted using simple arithmetic; we have chosen RMR as the example
here.

A technique to overcome this difficulty is to quote classification values
as a vector: for RMR, there are five parameters and so it would be a
five-dimensional vector, and for Q it would be a six-dimensional vector.
However, one of the problems of adopting such a technique is that it
would require the rock engineering community to reinterpret the large
database of projects on which these schemes had been used.

Q172.10 The following measurements of mean fracture spacing (in
metres) have been made on core from 12 boreholes as part of a site
investigation project:

0.259 0.304 0.875 0.292 0.467 0.412 0.350 0.368 0.438 0.389 0.280 0.318

As the rock mass is to be characterized using the Q system, the

following parameters have also been determined: J,, = 9; J, = 1.5;

Jo=2;SRF=2.5;and J,, = 1.

(a) Using the frequency measurements to determine RQD values
and thence Q values with the additional parameters given,
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comment on the inhomogeneity of the rock mass in terms of
(i) fracture frequency and (ii) Q.

(b) A technique for increasing the range of RQD values in a given
rock mass is to adopt a different RQD threshold value (from the
usual value of 0.1 m) computed using
t* = 2In (xmax/xmln)/(xmax - Avmin)l
where Amax and Anin are the extreme values of the fracture fre-
quency occurring in the rock mass. Use this technique to compute
new values of Q, and compare the results with those found in Part

{a).

A12.10 (a) In order to compute Q we use the relation

0 = (RQD/J,) x (J;/J) x (SRF/J), and to determine values for RQD
we use the relation RQD = 100 (A¢ + 1) exp(—At¢), where X, the fracture
frequency, is given by the reciprocal of the mean spacing. In this relation
for RQD, the threshold value ¢ is taken to be 0.1 m. The results of the cal-
culations are given in the following table and plotted in the figure below.

Borehole 1 2 3 4 5 6 7 8 9 10 1 12

Spacing (m) 0.259 0.304 0.875 0.292 0.467 0.412 0.350 0.368 0.438 0.389 0.280 0.318
Frequency (m~') 3.861 3.289 1.143 3.425 2.141 2.427 2.857 2.717 2.283 2.571 3.571 3.145

RQD (%) 942 956 994 953 98.0 975 96.6 969 978 972 950 96.0
Q 19.6 199 207 199 204 203 20.1 202 204 203 198 200
25.07 7 5.00

O RQD threshold=0.1 m ® frequency ]
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We can see immediately from the plot that the rock mass is signific-
antly inhomogeneous in terms of fracture frequency (for these data, the
ratio of maximal frequency to minimal frequency is 3.38), and that this
information is lost when we consider @ values (the ratio of maximal
Q to minimal Q is only 1.06). Clearly, Q is not sensitive to changes in
fracture frequency (or its reciprocal fracture spacing).

(b) On the basis of the site investigation results, the minimal and
maximal values of fracture frequency in the rock mass are 1.143 m™!
and 3.861 m™!, respectively, and from these we find that the appropriate
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value of RQD threshold is

2 Am: 2 .
1= In{ 22 ) = In 3861 =0.90m
Amax — Amin Amin 3.861 — 1.143 1.143

The new values of RQD and Q — called RQD* and Q* to distinguish them
from the customary formulations — are as shown in the following table.

Borehole 1 2 3 4 5 6 7 8 9 10 11 12

Spacing (m) 0.259 0.304 0.875 0.292 0.467 0.412 0.350 0.368 0.438 0.389 0.280 0.318
Frequency (m~!) 3.861 3.289 1.143 3.425 2.141 2.427 2.857 2.717 2.283 2.571 3.571 3.145
RQD* (%) 140 207 727 189 429 361 275 30.1 394 330 171 228
o 29 43 151 39 89 75 57 63 82 69 36 48

These results for Q*, together with the results from the earlier calcula-
tion, are plotted in the figure below. We can see from this that Q* has a
greater discrimination than Q with regard to the inhomogeneity, at the
expense of much reduced values.

25.0 1 5.00
LIRQD threshold=0.1 m MRQD threshold=0.90 m @ frequency |

. _ |
20.0 . = B o W g T 400
o T ] | be & |
E * % T e
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2 ' - ’ : | 3
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2 100 -200 &
> ]
| 1
' |
5.0+ 1.00
0.0 {1, - . N T =8 0.00
1 2 3 4 5 6 7 8 9 10 11 12

borehole number

Although this technique has improved the sensitivity of the classific-
ation values, the reduced values of Q* in comparison to Q show that
we have effectively developed a completely new classification scheme,
and as such we cannot use any of the customary correlations between
Q and engineering behaviour. Thus, this technique must only be used to
improve the sensitivity of a classification scheme when the scheme itself
is being used to delineate different zones of rock properties, and not yet,
for example, for selection of support and reinforcement.

12.3 Additional points

A substantial extension to the RMR system has been made by Romana
(1993) ® with his SMR system for assessing slope stability. The SMR value

SRomana M. R. (1993) A geomechanical classification for slopes: slope mass rating,
in Comprehensive Rock Engineering, Vol. 3, Ch. 23 (J. A. Hudson, ed.), Pergamon Press,
Oxford, pp. 575-599.
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can be written in the form
SMR = RMR — F, + F,

where F, is a factor representing the geometry of the potential instability
present in a rock slope, and F. is a factor corresponding to the excavation
method. Geometries that are intrinsically more unstable have higher
values of F, (and hence reduce SMR), and excavation methods that
induce little perturbation in the rock mass have high values of F. (and
hence increase SMR).

Additional work on applying classification systems to slope stability
has been reported by Sonmez and Ulusay (1999)¢. In this paper, it is
noted that the rock mass classification should refer not to the rock mass
in its undisturbed condition but to the excavation-disturbed rock mass
— which is the one that hosts the rock engineering structure. The authors
suggest methods for assessing the excavation disturbance effect on rock
mass classification values.

The advantages of using rock mass classification systems are that
e the rock mass quality can be assessed simply, rapidly and continu-

ously,

o the classification values can be established by trained site personnel
(i.e. a high level of general engineering expertise is not required),

« continuous rock mass assessment using logging sheets will alert con-
tractors and consulting engineers to significant changes in rock condi-
tions, and

o engineering design is coherently based on previous experience.

The disadvantages of using a rock mass classification system are that
« the systems currently in use are historical and idiosyncratic,

« the algebra and ratings values of the systems have not been scientific-
ally considered, and

« they cannot be used for the full range of engineering objectives.

6Sonmez H. and Ulusay R. (1999) Modifications to the geological strength index (GSI)
and their applicability to stability of Slopes. Int. J. Rock Mech. Min. Sci., 36, 743-760.
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13.1 Strain rates

Rock behaviour mechanisms can occur at significantly different rates:
during the excavation of rock using explosives, rock failure occurs in
milliseconds; a rock block can slip out of a cavern roof in a second; a
shaft might take a day to fill up with water; a chalk or mudstone face
can deteriorate in a few days. It may take months or years for water
to move through a granitic rock mass and, during the 120 years design
life of an unlined rock cavern for civil engineering purposes, creep
processes could lead to roof collapse. Some geological processes occur
over millions of years.

In view of this time dependency over a wide time range, it is con-
venient to consider the rate at which such processes occur in terms of
strain rate. Consider a rock cylinder subjected to uniaxial compression
along its axis and that the rock’s compressive strength is reached at 0.5%
strain, i.e. 0.005 or 5 x 1073 strain. At a strain rate of 1 x 1073 s~1, the rock
specimen will fail in 5 s. At a strain rate of 1 x 10~* s~ 1, the rock specimen
will fail in 50 s. For explosive failure in 2 ms, the strain rate would be
5% 1073/2x 1073 = 2.5 or 2.5 x 10° s71. Note that there are four orders of
magnitude difference between the slowest and fastest of these examples.

A range of strain rates is shown in Fig. 13.1. These are the strain rates
per second, and above the strain rate scale some failure times for the
rock specimen are shown.

Example times to failure for a laboratory specimen of rock
that fails at a strain of 0.5%
2 months 3 hours 1 minute 1 millisecond
s 1 1 1 1 1 ! 1 1 { I 1 ]
I1x10771x107#1x 107" 1x107¢1x 1075 1x107*1x 10 *1x1021x 107" 1x10° 1x10' 1x10? 1x10}

‘Quasi-static’ conditions Rock dynamics

Time dependency

Figure 13.1 Range of strain rates
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The distinction between ‘quasi-static’ and ‘dynamic’ shown in Fig. 13.1
is arbitrary, although the realm of rock dynamics is usually regarded
as being those strain rates at which ‘quasi-static’ laboratory tests are
impractical and where vibrations will occur, above, say, 1 x 1073 s~L,
Note, however, that the phenomenon of time dependency occurs over
the full spectrum of strain rates.

We emphasized in ERM 1, and in the questions in earlier chapters
of this book, that there is no time component in elasticity: the relations
between stress and strain are not a function of time. Hence, rather than
say that elasticity occurs at an infinite strain rate, it is better to say that
elasticity is independent of time. However, for the high strain rates, we
can discuss the velocities of propagation of stress waves in elastic rocks,
which can be determined as a consequence of Hooke’s Law and the
equations of motion. In A3.11 we showed that the sum of the rates of
changes of the stress components in a given direction is zero when no

. . 00y dTyx ATy _
force is applied, e.g. o T ol 0. When the sum of these
rates of change is not zero (meaning that a net force is applied), then
2
force = mass x acceleration, or 90 + 9ty | 0T = p?——u. This is for
dx dx dx 912

equilibrium in the x-direction, where p is the rock density and u is
displacement in the x-direction.

Considering a one-dimensional situation, for example, stress waves

. a 2
travelling along a rod, this equation of motion reduces to —* = pa—:.
stress du du 3%u 3%u
Because E = =0, — |, = FE—,and hence E— = p—.
swrain = 7/ 53 ) o= = By N R T Pan
. .. %u 3% 3%u . .
Rearranging this gives — = . =p which shows that this

p a2 du o
relation corresponds to a longitudinal stress wave velocity of V, = ./ —.
p

In the two-dimensional case for an isotropic material, the longitud-

E
p(1—v2)’
Ve = \/ Ed = v) The longitudinal stress waves are also referred

PV b — 29 vy & )
to as dilatational, compressive, or primary waves.

The transverse stress wave, which has a different velocity from the
longitudinal stress wave, can also be referred to as a distortional, shear,
or secondary wave. There are also longitudinal surface (or Rayleigh)
waves, transverse surface (or Love) waves, and Stoneley waves which
occur at the boundary of two connected elastic rock strata.

There is a variety of time-dependent effects at lower strain rates. Creep
occurs when the stress is held constant and the strain changes. Relaxation
occurs when the strain is held constant and the stress changes. Fatigue

inal velocity in a plate is V,, = and in three dimensions,
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occurs when there is increasing strain during stress cycling. When the
complete stress—strain curve is obtained in uniaxial compression at strain
rates of, for example, 1 x 1073 s71, 1 x 107 s7!, and 1 x 10~ s}, the
results will be strain rate-dependent: the compressive strength might be
20% higher at a strain rate of 1 x 1073 s~! compared to the compressive
strength obtained at a strain rate of 1 x 107> s71; and the shape of the
post-peak curve will be influenced by time-dependent processes.

Thus, time-dependent phenomena are important for both the discip-
line of rock mechanics and the rock engineering applications. Many
rocks exhibit significant time dependency, yet we do not have such com-
prehensive methods of characterizing and predicting time-dependent
behaviour as compared to either elastic or plastic behaviour.

13.2 Questions and answers: rock dynamics and time
dependency

Q13.1 There is no time component in the theory of elasticity. Why
then does Young’s modulus, expressed in units of stress, have time
in its dimensions: L-'MT-2?

A13.1 Although it is correct that the relation between stress and strain is
independent of time, the units contain the time dimension because stress
is defined as force/area and force is defined using Newton’s second
law which contains acceleration. Young’s modulus is expressed as E =
stress/strain = (F/A)/strain = (kg m s~%/m?)/strain = kg m~! s72/strain,
and hence we see that Young’s modulus involves time. The dimensions
of Young’s modulus are L~'MT2, as given in the units section at the
beginning of this book.

The SI force unit, the newton, is defined as the force required to
accelerate a mass of one kilogram at a rate of one metre per second
per second — hence involving time. Note that all derived SI units are
developed via some physical relation using the three base units of metre,
kilogram and second.

Q13.2 A 10-mm-diameter core of intact marble is carefully drilled
out to a length of 1 m. The core is suspended horizontally by steel
wires and then struck gently at one end to produce a longitudinal
stress wave through the bar, as shown below. This is known as the
Hopkinson bar experiment, used to study the transmission of stress
waves.

Marble rod
Suspension wires

< >
<—lmpulse
(a) If Young’s modulus of the marble is 50 GPa and the unit weight

is 27 kN/m3, estimate the time taken for the longitudinal stress
wave to travel from one end of the core to the other.
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(b) Given that marble has a sufficiently high compressive strength
to sustain the compressive wave but has a low tensile strength,
where will the bar break, and why?

A13.2 (a) We assume that the longitudinal velocity in the core is given
by V, = VE/p, where E is Young’s modulus and p is the density.
For a unit weight of 27 kN/m® and an acceleration due to gravity
of 10 m/s?, the density is 27 x 10°/10 = 2700 kg/m>. Thus, we find
Vo, = /50 x 10°/2700 = 4300 m/s. As the bar has a length of 1 m, the
wave will therefore take 1/4300 = 2.32 x 107* s, or 232 us to travel
along it.

(b) The compressive wave travels down the core but is reflected at the
free end as a tensile wave.

 Portion of tensile wave sufficient to reach |

_the tensile strength of the rock |

Compression T T

Tensnon

Piece of
core flies«
off

Hopkinson bar

Once the absolute amplitude of the reflected tensile wave is sufficiently
greater than the absolute amplitude of the incident compressive wave,
the tensile strength will be reached and a piece will fly off the end of the
length of core.

Q13.3 What is the ratio V2/V2 in terms of the elastic rock constants
and what is the specific value of the expression for a rock with
v =0.27?

A13.3 WehaveV, = VE(I —v)/p(1 =2v)(1 +v)and V; = /E/2p(1 + ),
and so sz/ V2 =2(1-v)/(1 —2v). This is a useful relation for seismic rock
mass investigations enabling easier evaluation of the dynamic elastic con-
stants. For a rock with v = 0.27, V’/V? = 2(1 = 0.27)/(1 - 0.54) = 3.174.
Thus, we see that longitudinal waves propagate faster than shear waves.

If the density is known, Poisson’s ratio can be estimated from V?/V?
and then the dynamic Young modulus estimated from V. Also, the
relations between V,, V; and the elastic constants mean that rock masses
can be classified using the values of V, and V.

Q13.4 A 100-mm-long rock specimen is to be tested in uniaxial com-
pression using strain control in a servo-controlled testing machine.
The Young’s modulus of the rock is 60 GPa and the compress-
ive strength is 200 MPa. We should like to reach the compressive
strength in the test in about 10 minutes. What displacement rate
should be used for the testing machine program, and what is the
corresponding rock strain rate?

A13.4 Firstly, we have to calculate the rock specimen displacement
at the compressive strength. The strain at the compressive strength
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is stress/E = 200/60000 = 0.0033. For a specimen 100 mm long,
this is 100 x 0.0033 = 0.33 mm displacement. To reach this displace-
ment in 10 minutes requires a displacement rate of 0.33/600 mm/s =
0.00055 mm/s or 5.5 x 1077 m/s. This is equivalent to a strain rate of
0.00055/100 per s = 0.0000055 s~ = 5.5 x 1076 57!

The displacement rate used in practice would have to be slightly faster
than the calculated value of 5.5 x 1077 m/s because the stress—strain
curve will have a lower slope than 60 GPa both in the initial portion,
when ‘bedding down” occurs, and near the peak stress, when cracking
occurs.

Q13.5 The results in the table below show the axial displacement
and radial strain induced in a cylindrical specimen of weak chalk
during a uniaxial creep test. In this test, the specimen was initially
250 mm high and was subjected to an axial stress of 55 MPa. After
3 hours the test was stopped, at which stage creep had ceased and
the displacement had become constant at 0.4545 mm.

Time (min): 0 1 2 3 4q 5 6 7
Axial displacement

(mm): 0.409 0.414 0.419 0.423 0.427 0.430 0.433 0.435
Radial strain

(x10-%): —451 —-461 —-471 —-479 —-487 -493 —-499 -504
Time (min): 8 9 10 11 12 13 14 15
Axial displacement

(mm): 0.438 0.440 0.441 0.443 0.444 0.445 0.447 0.447
Radial strain

(x107%): -509 -513 -516 -519 -522 524 -526 -528

On the basis of these results, select a simple viscoelastic model for
the rock, and determine values for the various viscoelastic constants.

A13.5 Simple viscoelastic models are built up from elastic (spring) and
viscous (dashpot) elements connected in series, parallel or a combination
of both. In order to decide on a likely model, we start by computing the
axial strain from these data, and then plotting the results (see next page)
in order to visualize the behaviour of the specimen.

Time (min): 0 1 2 3 4 5 6 7
Axial strain (x1073): 1.635 1.656 1.675 1.692 1.707 1.720 1.731 1.742
Time (min): 8 9 10 11 12 13 14 15 180

Axial strain (x1073): 1.751 1.759 1.766 1.772 1.777 1.782 1.786 1.790 1.818

From this we see that the specimen displays an immediate elastic
response when the axial stress is applied, indicating that the viscoelastic
model we choose must have an elastic element directly in series with the
applied stress. Also, because the viscous creep of the material stops after
a definite time, then the viscous element must be connected in parallel
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with another spring element. Assembling these elements results in a
generalized Kelvin material, which is shown schematically below.

{/' G 1 T \"\
|
|

G,

O | ] O}
S W —e <2

In this model, the elastic element with stiffness G, is responsible for
the immediate elastic response. If we consider the part of the model
within the dotted line, then immediately after the loading is applied
the stress is borne by the viscous element, but as time passes the stress
is eventually borne entirely by the elastic element. Thus the viscous
element, with viscosity #;, is responsible for the creep and the elastic
element, with stiffness G,, is responsible for causing the creep to cease.

Viscoelastic materials are usually assumed to act elastically when
subjected to a hydrostatic stress state (if this were not true, viscoelastic
materials would creep when submerged in water), and creep only when
subjected to a stress state that causes distortion. For a material that acts
as a generalized Kelvin material in distortion and as an elastic material
in hydrostatic compression, the constitutive equation for a uniaxial stress
state is (Jaeger and Cook, 1979; Goodman, 1989) !

=212 L (-G
=313k TG, T G, PUT

! Techniques for deriving such constitutive relations are given by Jaeger J. C. and Cook
N. G. W. (1979) Fundamentals of Rock Mechanics. Chapman and Hall, London, 3rd edn.,
593pp. and Goodman R. E. (1989) Introduction to Rock Mechanics. Wiley, Chichester, 2nd
edn., 562pp.
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At = oo this reduces to
sl(oo)=ﬁ[i+i+i]
313k G, G,
and so the difference between the long-term strain and the strain de-
veloped at time ¢ is

g1 (00) — g, () = Ae ol

- = = —{—explt——1)¢-
! l 3G, P m
Rearranging this leads to

Gl g1
In(Ag) = ——1t+1In <—) ,
i 3G,

which is the equation of a straight line, and shows how we can obtain
values for G, and 7.

The table below shows the data required to plot this straight line, and
the plot is given below.

t(s): 0 60 120 180 240 300 360 420
In(Ag) -25.33 -2545 -—-2558 -25.70 —-2583 -2595 -26.08 -—26.20
t (s): 480 540 600 660 720 780 840 900

In(As) -2633 -—-2645 -2658 -26.70 -2683 -2695 -27.08 -27.20

time, seconds
250 T - - v ———— —
0 100 200 300 400 500 600 700 800 900
q
-25.5
in ;7.16
o
-26.0-
-26.5
-27.01
-27.54

At time ¢ = 0 we have
3G,
from which we obtain G; = 0,/3A¢ = 55.0 x 10%/(3-1.833 x 107%) =
100 GPa. The best-fit straight line through the data has a gradient of
—2.083 x 1073, from which we obtain
m = G,;/2.083 x 1073 = 100 x 10°/2.083 x 10~3 = 48000 MPas.

For small strains the volumetric strain in the uniaxial test may be
computed from

Ag

Ey = €&} +2€3,
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and so the bulk modulus is given by

_ meanstress  j(@i+otoy) o
"~ volumetric strain ey T 3(e1 +263)
Rearranging this gives
N
= —2¢ —
€ 3t 3K

which shows how the bulk modulus may be found from the intercept
of a plot of axial strain versus radial strain. This plot is shown below,
and its intercept has been calculated as 733 x 1075, from which we
obtain K = 01/ (3733 x 107%) = 55 x 10°/ (3 - 733 x 107} = 25.0 GPa.
Notice that a large amount of extrapolation is required to find the bulk
modulus, indicating that this is liable to be an inaccurate technique.
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Finally, at 1 = 0 the constitutive equation for the material reduces to
o [ 2 1
£ (0) = 3 [3_K + G
and rearranging this leads to
1
38 1 (0) _2 i
(o4} 3 K
from which, by substituting values given above, we obtain G, = 16.0 GPa.

G, =

Q13.6 On a sketch of the complete stress-strain curve for rock in

vniaxial compression, draw lines illustrating creep, relaxation and

intermediate time-dependent straining along a line of slope —K

(a) on the ascending and descending sides of the curve, and

(b) then comment on the significance of your diagram for rock mass
stability during time-dependent deformations for a single rock
pillar of intact rock and for an abandoned chalk mine excavation
(Smith and Rosenbaum, 19932) as shown below.

2Smith G. J. and Rosenbaum M. S. (1993) Recent underground investigations of
abandoned chalk mine workings beneath Norwich City, Norfolk. Eng. Geol., 36, 37-78.
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A13.6 (a) Creep is defined as continuing increase in strain at constant
stress; relaxation is defined as stress reduction at constant strain. This
results in the creep, relaxation and —K lines shown on the diagram
below.

Stress —
A
Relaxati -K -K T
Unloading along a
-K stiffness line Pors
— Strain

The significance of the diagram for the stability of the two rock masses
referred to in the question is that the time-dependent effects of creep,
relaxation and intermediate —K creep-relaxation are all stable on the
ascending side of the complete stress—strain curve. An exception is when
the creep occurs near the top of the curve, so that the rock strains across
the stress—strain curve, beneath the peak, to the descending portion
whereupon it becomes unstable.

The —K line is important because, in practical cases, the rock mass
load is being applied by another part of the rock mass along this line,
see sketch to the right. For dead weight loading, —K will be zero,
represented by a horizontal line on the stress—strain diagram; if the
loading system is rigid, —K tends to infinity, represented by a vertical
line.

(b) The significance of the diagram for the stability of the two rock
masses referred to in the question is that the time-dependent effects
of creep and intermediate —K creep-relaxation can lead to sudden
collapse, depending on the value of —K and the rock mass condition at
any particular point on the complete stress—strain curve. The diagram of
the rock pillar shown here was also shown in Q5.10, where the question
was whether stress or strain was the cause of rock failure. We see from
the —K line in the first diagram above that, with a specified rock mass
unloading stiffness, the cause of sudden failure will be a combination of
stress and strain. In other words, and as indicated in the sketch on the
next page, the failure of the pillar will be

N

/[\

Unloading
__stiffness, -K, of
surrounding rock
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» early and sudden if soft loading is applied, such as through soft rock
strata (because the —K line is above the descending portion of the
complete stress—strain curve and hence applying more energy than
the pillar can absorb as it fails), or

» later and more slowly for stiffer loading, such as through stiff strata,
providing explosive phenomena such as rockbursts do not occur
(because the —K line will continue to be below the descending por-
tion of the complete stress-strain curve for increasing strain val-
ues).

Loading through soft strata Loading through stiff strata

Stiff strata
o

Soft strata
r's

Stress 4 Stress 4

Unloading along a
stiff -X line e
» Strain =t = —— Strain

Moreover, such time-dependent effects in situ will be exacerbated by
general degradation and weathering effects. The diagram to the right
in the question illustrates progressive chalk mass deterioration in an
underground excavation dating from Victorian times. Here there are
several degradation mechanisms operating. The more weathering that
occurs in the fractures, the softer and weaker the rock mass will become.
Loose blocks fall out, and any bed separation causes the K value
to reduce to close to zero. Smith and Rosenbaum also highlight the
importance of groundwater flow on the deterioration mechanisms.

Another more general point is that the designers of Victorian rock
engineering structures, e.g. for mining or for fresh and waste water
systems, could not have anticipated the development of civilization
and the current pounding of the ground surface by heavy traffic. So,
in addition to all the factors mentioned, there are also the vibrations
introduced by modern-day activities, whether as sudden damage due
to high-intensity proximate rock blasting or the long-term cumulative
effect of vibrations manifested as fatigue failure.

Q13.7 Laboratory fatigue testing resulis (Ray et al., 1999°3) for intact
Chunar sandstone from the lower Gondwana formation gave the
following data.

3Ray S. K., Sarkar M. and Singh T. N. (1999) Effect of cyclic loading and strain rate on
the mechanical behaviour of sandstone. Int. |. Rock Mech. Min. Sci., 36, 543-549.
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Number of cycles Uniaxial compressive
from 0 to 50 MPa strength (MPa)

0 99.5
100 90.1
200 771
300 71.6
400 67.6
500 65.9
600 65.1

The rock samples were cycled for the number of times given in
the left-hand column, and then tested for their uniaxial compressive
strength, giving the values in the right-hand column.

Plot these results (number of cycles on x-axis, UCS on y-axis) and
comment on the trend.

A13.7 As the number of cycles increases, so we see that the strength of
the rock decreases. The effect of the cycling is therefore to damage the
sandstone through fatigue.
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The initial cycles cause the most damage in terms of a percentage
strength reduction, and the implication is that the rock is sensitive to
such disturbances, despite the low level of stress cycling.

Q13.8 How do fractures respond
to stress waves? What do you think
are the influences of a dynamic
load on the fracture shear beha-
viour? What happens if the frac-
tures pictured to the right are sub-
jected to repeated shear move-
ments?

A13.8 Giani (1992)* has collated the
influences of dynamic loading on
fractures. Some of these are:

4 Giani G. P. (1992) Rock Slope Stability Analysis. Balkema, Rotterdam, 361pp.
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» shear resistance decreases with the number of forward and reverse
fatigue loading cycles (in a directly analogous way to the results given
in Q13.7);

» peak shear resistance increases for smooth fracture surfaces with
increased loading application frequency;

» the contact area between opposing fracture surfaces increases with
contact time;

» the friction angle of weak rocks increases for low normal loads up
to a critical loading velocity factor; beyond this value, the friction
angle remains constant up to a second critical loading velocity, beyond
which shear resistance decreases.

The properties of the fractures in the rock slope will be modified by
repeated application of dynamic loads and, in general, the modifications
will weaken the rock mass and exacerbate slope instability. However, it
is not possible to include all the detailed mechanisms directly into rock
engineering design models, which is why we approximate such effects
through ‘effective rock properties’.

a longwall mining face, bedded exlensile strain
rock strata adjacent to the coal
mine are being subjected to an
extensile strain rate of |
1x10-5 s-1 normal to the bed- S
ding planes. Assume that all the = —

strain accumulated in the rock D"feguon —aid
mass is concentrated in opening oL o
the bedding planes. How long l

Q13.9 During the progression of T Direction of

will it be before the flow of wa-
ter along the bedding planes is
doubled?

A13.9 Using the cubic law for water flow, we can assume that the flow
of water is proportional to the cube of the bedding plane apertures. Then,
for an initial aperture of ¢; and a final aperture of ce;, (cep)’ = 2(e)?,
from which we find ¢* = 2 and hence ¢ = 1.26. Thus, the aperture must
increase in size from a value of 1 unit to a value of 1.26 units — in other
words, the strain has to be 0.26 which will occur in

0.26/1 x 1075 s=26000s = 7.2 h.

Q13.10 The diagram (Tan, 1993)° on the next page illustrates de-
formations in two mine rail tunnels (originally horseshoe-shaped)
in China, which are located at 430 m depth in strongly fractured
granite.

Sfrom Tan T. J. (1993) The importance of creep and time-dependent dilatancy as
revealed from case records in China, in Comprehensive Rock Engineering (J. A. Hudson,
ed.). Vol. 3, Ch. 31, 709-744.
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Concrete block lining Pebble backfill

Horizontal fault

The tunnel axes are oriented perpendicular to the high intraplate
horizontal tectonic stress, oy. The tunnel deformations have been
described? as follows:

“Directly after excavation, the sidewalls started to bulge, hori-
zontal cracks occurred which were growing in width and length;
bottom heave was obvious. These processes increased in intensity
with time. Void formation in the dilatancy process increasing with
time leads to serious overall weakening of the rock structure; in ad-
dition it is aggravated by the suction and seepage of underground
water. The horizontal displacements... were in the order of 50 cm
within 90-150 days with an average rate of 5.4 mm/day. Usually
the inwards motion of the corner areas near the bottom are largest,
whereas the roof-top moved upwards so gradually the tunnel cross-
section is squeezed into the ‘peach’ form... Bottom upheavals at
some locations were about 40 cm within 131 days. Serious lateral
motions of one sidewall have been observed.”

Explain these observations in terms of the basic mechanisms
involved.

A13.10 The observations are explained as follows.

“Directly after excavation, the sidewalls started to bulge, horizontal cracks
occurred which were growing in width and length; bottom heave was obvious.”

Firstly, consider the basic circumstances. The tunnels are located at
430 m depth so, knowing that 40 m depth =~ 1 MPa, the vertical stress
component will be about 430/40 ~ 11 MPa. Also, we know that the tun-
nel axes are perpendicular to the maximal horizontal stress component,
an orientation which causes the highest stress concentrations around the
boundary of the excavations. Moreover, we can expect the maximal ho-
rizontal stress component to have a significantly greater value than the
vertical stress component, thus causing the highest compressive stress
concentrations to be located in the roof and floor.

Clearly, the ratio of rock stress to rock strength is high enough to cause
significant displacements. The use of the words ‘bulge’” and ‘bottom
heave’ to describe the sidewall and floor movements before the lining
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was installed implies that the rock was being squeezed en masse into the
excavation. The horizontal cracks could have developed as a result of
the granite structure, or because the horizontal stress was so high that a
tensile stress developed at the axis level (although such tensile stresses
in fractured rock are unlikely).

“These processes increased in intensity with time. Void formation in the
dilatancy process increasing with time leads to serious overall weakening of
the rock structure; in addition it is aggravated by the suction and seepage of
underground water. The horizontal displacements. . . were in the order of 50 cm
within 90-150 days with an average rate of 5.4 mm/day.”

The fact that the processes increased in intensity with time implies
that the rock mass in the direct vicinity of the tunnels was deteriorating
and hence becoming even more susceptible to the action of the rock
stresses. The rock mass — composed of heavily fractured granite and
containing faults — is below the water table, which means that water
will readily flow into the tunnels. The tunnels themselves have a concrete
block lining with pebble backfill, which will be relatively permeable and
so will not prevent this water flow. The movement of ground water
through the rock mass towards the tunnels would therefore aggravate
the time-dependent degradation.

“Usually the inwards motion of the corner areas near the bottom are largest,
whereas the roof-top moved upwards so gradually the tunnel cross-section is
squeezed into the ‘peach’ form... Bottom upheavals at some locations were
about 40 cm within 131 days. Serious lateral motions of one sidewall have been
observed.”

The inward motion of the corner areas near the bottom was largest
because the major principal stress is acting horizontally and the lining
is not continuous across the floor of the tunnels. If the tunnels had been
unlined, the roof would probably have been squeezed downwards, i.e.
into the excavation, in the same way as the floor was being squeezed
upwards. Thus, the lining must be having a significant effect in trans-
ferring the lateral force resulting from the horizontal stress into the
roof and floor: the roof is pushed upwards, and the corner at the floor
is pushed inwards. If the tunnels are not behaving symmetrically, as
evidenced by the fact that serious lateral motions of one sidewall have
been observed, it is likely that the fracturing in the granite is neither
homogeneous nor isotropic, and that the rock mass is weaker on one
side of the tunnels.

13.3 Additional points

All the subjects that have been covered in Chapters 4-13 — in situ
stress, elasticity, the deformability, strength and failure of intact rock,
fractures and rock masses, permeability, anisotropy and inhomogeneity,
rock mass classification, and time dependency — can be incorporated
into numerical programs, as demonstrated by the finite element stability
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analyses (Wittke, 1999¢) for the tunnels of the high-speed German
railway line in which the elastoviscoplastic behaviour of both intact rock
and fractures was incorporated. However, time dependency is a difficult
subject and, although other programs can potentially incorporate time
dependency, such as the ‘tunnel support modeller” add-on to the FLAC
program 7 which uses the Panet (1993) 8 convergence-confinement tunnel
analysis, time-dependent behaviour is difficult to incorporate into rock
mechanics modelling and is generally ignored. For example, the value
of the design life, say 120 years, is not explicitly used in modelling
calculations.

The reasons for the difficulty in incorporating time dependency into
modelling for rock engineering design are that the mechanics involved
in the rheology of rocks and rock masses is not fully understood, the
range of strain rates in engineering applications is wide, ranging from
blasting strain rates to creep strain rates, and it is difficult to establish the
parameters associated with time-dependent behaviour.

S Wittke W. (1999) Stability analysis of tunnels of the new high speed Cologne-
Rhine/Main Railway Line. ISRM News Journal, 5, 3, 26-33.

7 Distributed by ITASCA, software@itascag.com and www.itasca.com

8 Panet M. (1993) Understanding Deformations in Tunnels, in Comprehensive Rock En-
gineering (J. A. Hudson, ed.). Vol. 1, Ch. 27, pp. 663-690.






Rock mechanics
interactions and rock
engineering systems

14.1 Interactions

When designing a structure to be built on or in a rock mass, it is
necessary not only to consider individual factors such as the intact rock,
fractures, rock stress, permeability, excavation and support, but also how
these all interact together. As a means of linking the rock mechanics
principles to the rock engineering applications, it is appropriate to
consider how such interactions can be characterized. For rock mechanics
modelling and rock engineering design for a specific project, we need
to be able to identify the relevant physical variables and the linking
mechanisms, and then consider their combined operation. Also, we
need to ensure that all the relevant factors and their interactions will be
taken into account.

For example, it may be determined that for a particular slope stability
study the influence of changes in rock stress on fracture aperture and
hence water flow does not need to be considered, and that the influence
of water pressure and open fractures on the rock stress is not significant
either. Thus, this aspect of hydro-mechanical coupling in the rock mass
would not be considered in the design. The key point is that we should be
aware that hydro-mechanical couplings and other interactions exist, and
make an appropriate decision about whether to consider them or not.

A systematic method for thinking about all the interactions is to list
them in a matrix. This is the basic device used by the rock engineering
systems (RES) approach (Hudson, 1992 !; Hudson and Jiao, 20002). The
principal factors considered relevant to the problem are listed along the
leading diagonal of a square matrix (top left to bottom right) and the in-
teractions between pairs of principal factors form the off-diagonal terms.

For example, in the case of just the two principal factors, Rock Stress
(X) and Water Flow (Y), there are two interactions.

'"Hudson ]J. A. (1992) Rock Engineering Systems: Theory and Practice. Ellis-Horwood,
Chichester, 185pp.

2Hudson J. A. and Jiao Y. (2000) Analysis of Rock Engineering Projects. Imperial College
Press, London (in preparation).
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Interaction XY: the influence of rock stress
on water flow, which is mainly by changing ROCK :

! . STRESS Interaction
the apertures of water-bearing fractures. * XY
Interaction YX: the influence of water flow | Principal
on rock stress, which is mainly through the Factor, X )
water pressure reducing the normal rock i‘ '.'
stress components in the vicinity of water- | WATER
bearing fractures. | Interaction ﬁ FLOW

This 2 x 2 interaction matrix can be ex- I‘ YX Principal
tended to any size matrix by adding further | Factor, Y

leading diagonal factors or variables and
considering all the interactions. Because Interaction XY is not the same
as Interaction Y X, it is important to consider the cause and the effect in
each case. For Interaction XY, principal factor X is influencing principal
factor Y, whereas for Interaction Y X, principal factor Y is influencing
principal factor X. The way in which the rock stress affects the water
flow is not the same as the way water flow affects rock stress. Thus, there
will be pairs of complementary interactions, and a clockwise influencing
convention has been used in the matrix presentation. A composite
mechanism involving more than two principal factors is a series of paths
through an interaction matrix with the appropriate numbers of principal
factors included on the leading diagonal. Tracing these paths is a useful
means of understanding the composite mechanisms, and we give an
example in Q14.6.

Given that the interaction matrix (or some other presentational device)
enables a systematic tabulation of the principal factors and their inter-
actions, a technical audit of the content of an analysis and the analysis
procedures can then be conducted to ensure that the analysis is adequate.
Fig. 14.1 shows a three-level technical audit.

First-level audit

The first step is to ensure that the principal factors required to capture
the essence of the problem are included in the modelling procedures.
These are the leading diagonal terms of the interaction matrix. Then, the
mechanisms linking the principal values are identified as the off-diag-
onal components. This provides the structure of the system. For example,
if the principal factors are the physical variables involved, x;, x5, ... , x,,
then the interactions between pairs of variables can be established, as
indicated in the top part of the diagram (Fig. 14.1).

Second-level audit
The second step is to consider how the system components are linked,
either via the interaction matrix or as shown in the middle part of the
diagram (Fig. 14.1).

Using an appropriate model, the system operation is modelled in this
step so that an estimate can be made of the values of those parameters
relating to the design criteria, e.g. the stress should not exceed 100 MPa,
the displacement should not exceed 10 mm, the excavation overbreak
should be less than, say, 5%, and so on.
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First level audit:
Variables and components

Second level audit:
System operation

Internal operation

Input i s e Output

Third level audit:
Monitoring and back analysis

Components e
‘ . "
s
a ey, T g Monitoring
i'.‘_.' _g_-a;\ “ -:IL, Lo
s - * and back analysis

Figure 14.1 Stages in the technical auditing of rock mechanics modelling and rock
engineering design.

Third-level audit

The third step is to monitor the actual operation of the system (the labor-
atory test, the in situ test, the construction process, the longer-term beha-
viour) which is the rock reality and compare the results with those indic-
ated by the second step, as indicated in the lower part of the diagram. In
this step, it is also advantageous to use back analysis procedures.

Currently, there is no formal requirement for technical auditing of
either rock mechanics modelling or rock engineering design. Quality
Assurance (QA) procedures are in use, but these refer only to the correct
execution of the work, given specified site investigation, modelling and
construction procedures. If critical components are missing from the
modelling, and hence the rock engineering design, following a QA
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procedure will not prevent a disaster. Both the technical audit and the
QA are required, and they must be performed in that order.

We anticipate greater emphasis on both the technical auditing and QA
aspects in the years ahead. The questions and answers in this chapter are
designed to highlight the process of thinking about the total problem,
whether this is for rock mechanics modelling only or for modelling in or-
der to develop a practical rock engineering design. It is of critical import-
ance in engineering to have a predictive capability, and this can only be
achieved if all the appropriate factors have been taken into account.

14.2 Questions and answers: rock mechanics
interactions and rock engineering systems

Q14.1 Explain with a one-sentence answer how, in a rock mass,
(a) the rock stress can affect water flow in fractures,

(b) the water pressure in fractures can affect the rock stress,

(c) the fractures can affect water flow,

(d) water flow can affect the fractures,

(e) the fractures can affect rock stress, and

(f) the rock stress can affect the fractures.

Al4.1

(a) Changes in rock stress open and close fractures, and the resulting
changes in fracture aperture affect the water flow through the frac-
tures.

(b) When water in fractures exerts a pressure on the fracture walls, the
rock stress acting normal to the fractures is reduced by the value of
the water pressure, which is the principle of effective stress.

(c) Water flows mainly through the fractures rather than the intact rock,
because the hydraulic conductivity of a fracture is usually much
greater than that of the intact rock.

(d) Continued water flow can either erode the fracture walls or cause
other materials to block up the fractures, resulting in either increased
or reduced water flow.

(e) Surfaces of open fractures are principal stress planes (because the
air or water between cannot sustain a shear stress) and so the stress
state in the rock adjacent to a fracture surface will be changed in both
magnitude and orientation.

(f) Rock stresses can cause normal and shear fracture displacements and
damage to fracture walls.

Q14.2 Draw an interaction matrix having Fractures, Rock Stress, and
Water Flow as the leading diagonal terms. Insert the letters repres-
enting the six mechanisms in Q14.1 in the appropriate off-diagonal
boxes of the interaction matrix.

A14.2 The required matrix is shown below. This is one example of a
simple interaction matrix.
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Letter indicates the mechanism listed in
FRACT- | | J/QM |
UHES .
IFw _

Letters indicate interaction between two
principal factors

Letter indicates the principal factor

Note that the principal factors, Fractures, Rock Stress and Water Flow,
could have different positions on the leading diagonal of the interaction
matrix and the specific interactions would then be located in different
off-diagonal positions. However, this would not alter the information
contained in the interaction matrix.

Q14.3 Under what conditions is a matrix symmetrical? Why will
almost all rock mechanics interaction matrices be asymmetrical?

A14.3 A matrix is symmetrical if the complementary off-diagonal terms
are equal. For example, the matrix in A14.2 would be symmetrical if

Interaction FS were equal to Interaction SE, and
Interaction FW were equal to Interaction WEF, and
Interaction SW were equal to Interaction WS.

Most rock mechanics interaction matrices will not be symmetrical
because the influence of a principal factor X on a principal factor ¥ will
not generally be the same as the complementary influence of principal
factor Y on principal factor X. This is evidenced by the complementary
interactions described in Al4.1 and illustrated in the matrix in A14.2,
which are clearly not the same.

Q14.4 In order to consider also the interaction of rock engineering
activities with the rock mechanics factors, extend the 3 x 3 inter-
action matrix of Q14.2 to a 4 x 4 interaction matrix by adding the
extra leading diagonal term CONSTRUCTION. Write a one-phrase
explanation of the content of each of the six extra off-diagonal in-
teraction boxes introduced by adding the leading diagonal term,
CONSTRUCTION.

A14.4 The required 4 x 4 interaction matrix is shown below. The “one-
phrase explanation’ in the boxes in the fourth column and fourth row
are examples of potential interactions that might be involved; other
examples are possible.

Note that the boxes in the fourth column represent influences that
the rock mechanics factors have on construction, either in terms of
the engineering design or the events that occur on site during rock
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excavation. The boxes in the fourth row represent the complementary
influences that the construction has on the rock mechanics factors.

Q14.5 The use of the interaction matrix is helpful for thinking
about any problem involving manifold factors. The principal factors,
located on the leading diagonal, are established first. Then, the
interactions, i.e. the mechanisms linking the principal factors, are
considered in the off-diagonal positions.

For example, when studying natural fractures in the rock mass,
assume that we are interested in the four parameters? of fracture
orientation, spacing, extent (or persistence) and roughness. Using
these four parameters as the leading diagonal terms of a 4 x 4
interaction matrix, identify the content of the 12 off-diagonal boxes
and hence show that the parameters are likely to be related.

A14.5 Example content for the off-diagonal boxes is shown in the matrix
to the right. Note that the interactions listed are of several forms: direct
cause and effect, commonly observed correlations, and effects caused by
sampling. The existence of the interactions indicates that there will be
relations between the orientations, spacings, extents and roughnesses of
fractures in a given rock mass.

3The correct use of the terms ‘parameter’ and ‘variable’ is as follows. The term
‘parameter’ refers to the a, b and ¢ in an expression such as ax + by = ¢, ie. the
coefficients making the relation specific. The term ‘variable’ refers to the unspecified,
unknown x and y in the equation. However, these terms are used interchangeably in
engineering literature. We have used the term ‘parameters’ here for the principal factors
or leading terms of the interaction matrix following historical usage of the word, but the
term ‘variable’ is more appropriate in some cases.
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Q14.6 Each off-diagonal term in the interaction matrix represents
a mechanism linking two principal factors. If a mechanism involves
three or more principal factors, their combined interaction is repres-
ented by pathways through the interaction matrix. With reference to
the interaction matrix required by Q14.4, show the example path-
way representing how Construction blasting affects the Rock Stress
around an excavation, which allows Fractures to open, leading to
increased Water Flow which then affects Construction.

Al4.6 The required pathway is shown in the interaction matrix to the
left below, which is an abstracted representation of the matrix to the
right below, i.e. the one developed for A14.4.
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Many such mechanism pathways link the principal factors. Consider-
ation of these pathways and how they might be inhibited by engineering

237
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actions can provide a systematic approach to hazard analysis and hence
to the establishment of optimal construction sequences.

Q14.7 Assume that you have been asked to undertake a technical
audit of a rock engineering design for a DIANE rock mass, where a
CHILE numerical code has been used 1o determine the elastic rock
stresses and displacements around an underground excavation. List
briefly the likely sources of error in the determination of the rock
stresses and displacements.

A14.7 We recall the meaning of the two acronyms, DIANE and CHILE:

DIANE: Discontinuous, Inhomogeneous, Anisotropic, and Not-Elastic
CHILE: Continuous, Homogeneous, Isotropic, and Linearly Elastic

The sources of error in modelling a DIANE rock with a CHILE numerical
code will be the following.

(1) Specific influences of fractures are not taken into account: the rock
has been assumed to be continuous when it is not.

(2) Variations in intact rock properties with location are not taken into
account, e.g. in bedded strata.

(3) Variations of rock properties in different directions are not taken
into account.

(4) Differences between the mechanical properties of the rock mass
when it is being subjected to loading or unloading cycles are
not taken into account, nor are time-dependent effects taken into
account, such as strain rate, creep, relaxation and fatigue.

Thus, we can see that the rock stresses and displacements are not
likely to be correct. There may well be other factors, such as the influence
of water, which have not been taken into account and which will lead to
further errors.

The engineering question is whether such CHILE solutions are of
assistance for engineering design. Do they provide information and un-
derstanding compatible with the available resources and the engineering
design objective? Are they a sufficiently good approximation for the
problem in hand? Much of the seminal book by Jaeger and Cook (1979) 4
is based on the CHILE theory of elasticity and the associated applications
have been successful, especially in those excavations around the world
where at depth high rock stresses have closed the fractures and the rock
mass is relatively homogeneous and isotropic. However, in near-surface
excavations, where the rock stresses are lower, the fractures more fre-
quent, and the strata more disturbed and weathered, there should be
more concern about the validity of a CHILE model.

In short, algorithms in numerical codes should include the necessary
interactions required to capture the essence of the problem as required
by the engineering objective.

4Jaeger J. C. and Cook N. G. W. (1979) Fundamentals of Rock Mechanics. Chapman and
Hall, London, 3rd edn., 593pp.
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Q174.8 Assume that the interactions in the matrix required by Q14.4
(which has the principal factors of Fractures, Rock Stress, Water Flow,
and Construction) have been considered for a specific rock mass
and engineering objective. Each interaction has been assigned a
number according to the following scheme:

0 - no interaction;

1 - weak interaction; :3':; s 1 W 4 B 1
2 - medium inferaction; E I 4 ]
3 - strong interaction; e —x — = "
4 - critical interaction. I _| rock | [ | [
These numbers are shown in the {o| STRESS |0 2 i 1
matrix to the right. l__ S | I
For each principal factor, de- & —
velop its ‘Cause-Effect’ (CE) co- 1 & 2 || v:g:an 3 |
ordinates. These are the sums of " 1w | |
the values in the row and column —= r— —g—

through each principal factor. [ | ‘ | [consr-
For example, the (C,E) co-ordin- ‘ 2 2 r. 3 s RUCTION
ates for principal factor F are l 1 | ¢
C=1+4+1=6and
E=1+1+2=4,i.e. (6,4). Hence establish the interaction intensity,
C+E, and dominance, € —E, of each principal factor in the interactive
system. Then plot the four principal factors using Cause and Effect
axes.

A14.8 The required values are given in the following table.

Principal Factor C FE C+E C—-E
interactive intensity ~dominance
Fractures, F 6 4 10 2
Rock Stress, S 4 5 9 -1
Water Flow, W 6 9 15 -3
Construction,C 7 5 12 2
The principal factors, F S, W and 12, I TI7
C are plotted in Cause—Effect space in § ?'—-'IA;
the diagram to the right. (111 ﬁ:f []
For this example, which is included .. . '|
to illustrate the Cause—-Effect co-ordin- T N
ates for principal factors in the inter- il ]
action matrix, the maximum possible S ¢
values of the co-ordinates are (12,12). E
Thus, the co-ordinate values of F(6,4), ] ’ .
S(4,5), W(6,9) and C(7,5) indicate that oA LTI
the interaction matrix system struc- 0 6 12
ture has a medium interactive intens- Cause, €

ity. The principal factor W, Water Flow,
has the greatest interactive intensity, represented by a C + E value of 15.
In the plot above, more interactive factors plot further along the C = E
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line, with W being the furthest having the highest C 4+ E value. The
dominant factors, C > E, plot to the right of the C = E line, as is the case
for Fand C.

The overall conclusion is that we have a moderately interactive system
structure in which Water Flow has the strongest interaction. Fractures
and Construction slightly dominate the system (being slightly to the
right of the C = E line) and Rock Stress and Water Flow are slightly
dominated by the system (being slightly to the left of the C = E line).
These conclusions depend, of course, on the values assigned to the
interactions.

Q14.9 In developing a rock mass classification system for estimating
the relative instability of natural rock slopes in the ltalian Alps
(Mazzoccola and Hudson, 1996°), the following parameters were
chosen.

P1. Geology P2. Folds P3. Favults P4, Rainfall

P5. Freeze P6. Previous P7. Intact rock P8. Weathering
and thaw instability strength

P9. Number P10. Orientation P11. Aperture P12, Persistence
of sets

P13. Spacing P14. Mechanical P15. Rock mass P16. Hydraulic

properties strength conditions

P17. Slope P18. Slope P19. In situ P20. Potential

orientation dimensions stress instability

The 20th parameter, ‘Potential instability’, was added in a similar
way to the Construction term in Q14.4 in order to consider the effects
of the parameters on potential instabillty.

An interaction matrix was generated using these 20 parameters
as the leading diagonal terms. The interactions in the off-diagonal
terms were then assigned a value according to the same scheme as
in Q14.8:

0 - no interaction; 1 - weak interaction; 2 - medium interaction;

3 - strong interaction; 4 - critical interaction.

This gave (C,E) co-ordinates and values of € + E and € — E as follows.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

C 24 34 52 17 21 22 15 9 24 28
E 5 4 3 4 17 42 8 27 13 12
C+E 29 38 55 21 38 64 23 36 37 40
C-E 19 30 49 13 4 -20 7 -18 1 16

P11 P12 P13 P14 P15 P16 P17 P18 P19 P20
C 27 26 18 9 9 21 21 8 18 0
E 22 19 20 26 40 29 17 19 16 60
C+E 49 45 38 35 49 50 38 27 44 60
C-E 5 7 -2 =17 -3 -8 4 -1 2 -60

5 Mazzoccola D. F. and Hudson J. A. (1996) A comprehensive method of rock mass
characterization for indicating natural slope instability. Q. J. Eng. Geol., 29, 37-56.
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Plot the 20 parameters using C-E axes, and hence determine
for the natural slope system which three parameters are the most
interactive, which three are the most dominant, and which three are
the most subordinate.

A14.9 The parameters are plotted in C-E space below. Note that,
although the maximum possible (C, E) parameter co-ordinates in this
example are (19 x4, 19 x 4) = (76, 76), it has not been necessary to extend
the axes beyond (60,60).

\ PARAMETERS

. Geology

Folds

Faults

. Rainfall

Frecze and thaw

. Previous instability

. Intact rock strength
. Weathering

. Number of sets

10. Orientation

11. Aperture

12. Persistence

13. Spacing

1 4. Mechanical properties
15. Rock mass strength
16. Hydraulic conditions
17. Slope orientation
18. Slopec dimensions
19. In situ stress

3 20. Potential instability

More
interactive

40

VONOCUAWN —

effect

10

interactive
4 .1\ 2u
N N .
T L
20 30

t
0 10

f
40 50 60
cause

The most interactive parameters are those with the highest C + E val-
ues. The three most interactive parameters are: P6, Previous Instability,
with C + E = 64; P20, Potential Instability, with C + E = 60; and P3,
Faults, with C + E = 55. Parameters with higher C + E values plot
further away from the origin along the direction of the main diagonal
from (0,0) to (60,60).

Dominant parameters have positive C — E values because their C value
is greater than their E value, i.e. they have a greater effect on the system
than the system has on them. The three most dominant parameters are:
P3, Faults, with C — E = 49; P2, Folds, with C — E = 30; and P’1, Geology,
with € — E = 19. Dominant parameters, having a positive C — E value,
will plot to the right of the main diagonal.

Subordinate parameters have negative C — E values because their
E value is greater than their C value, ie. they are affected more by
the system than the system affects them. The three most subordinate
parameters are: P20, Potential Instability, with C — E = —60 (this para-
meter was introduced originally as the purpose of the study); P15, Rock
Mass Strength, with C — E = —31; and P6, Previous Instability, with
C — E = —20. Subordinate parameters, having a negative C — E value,
will plot to the left of the main diagonal.
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This type of study for a rock mechanics problem with many interacting
parameters helps to clarify the circumstances, can give direct guidance
for establishing a tailor-made rock mass classification, and will indicate
the possibilities of applying a coupled mathematical model to represent
the system (which for this example are remote because of the difficulty of
representing all the interactions by explicit mathematical formulae). The
analysis presented here was used to establish the parameter weighting
factors in a rock mass classification scheme for assessing the relative
instability of 20 natural slopes (Mazzoccola and Hudson, 1996).

Note that the approach considers the system structure, rather than the
system operation, and therefore represents a simple first-level audit, as
indicated in the top part of Fig. 14.1.

Q14.10 One of the most important aspects of the systems approach
is establishing when positive feedback in the system can occur,
because positive feedback loops can cause instabilities.

(a) Explain the meaning of the terms ‘negative feedback’ and
‘positive feedback’, and give examples of each in engineering rock
mechanics.

(b) Also explain how engineering actions can mitigate or eliminate
positive feedback (equivalent to altering the mechanisms in the
off-diagonal boxes of the interaction matrix).

matrix mechanism path shown to the | @ ==
right (from A14.6, but this could be [T
any interaction matrix). A disturb- : ==
ance or perturbation at the Start posi- . Y

1

A14.10 (a) Consider the interaction ' F l

tion travels through the loop of mech-
anisms and arrives back at the Start
position. |

Negative feedback: the effects of the
intervening mechanisms reduce the - = I
perturbation. [ ]

Positive feedback: the effects of the
intervening mechanisms increase the
perturbation.

In engineering rock mechanics, most mechanisms reduce such per-
turbations, and mechanism loops are generally associated with negative
feedback. Generally, disturbances attenuate and die out. However, mech-
anism loops with positive feedback can occur. Because the disturbance is
then enhanced through the operation of the feedback loop, instabilities
can occur.

START

Examples of cases which can have either negative or positive feedbacks

Consider the three cases illustrated below: a rock block on a slope
begins to slide, energy is released during rock failure around an ex-
cavation, and water is flowing through a rock fracture. There could be
negative or positive feedback in each of these cases.
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W :

r‘.,,.-\‘ I =L ‘
/ A

Rock block Strain energy ) Water flows
staris to slide is released through a fracture

Rock block. If, as the block begins to slide, the irregularities of the rock
block and rock slope surfaces tend to inhibit further movement, there
is negative feedback. If, on the other hand, the block movement tends
to remove such irregularities and reduce the interface friction, there is
positive feedback and the block will accelerate.

Failure around an excavation. Assume that the stresses around an ex-
cavation are causing rock failure. If the rock failure causes a reduction
in the stress concentrations and the energy released is absorbed in the
rock failure process, then there is negative feedback and the process is
self-stabilizing. If, however, the rock failure causes an increase in the
stress concentration and not all the energy released is absorbed in the
rock failure process, there is positive feedback which could lead to a
rockburst.

Water flowing through a fracture. When water flows through a fracture
over a period of time, it could deposit sediment in the fracture reducing
the water flow. This is an example of negative feedback. Conversely, the
action of the water could erode the fracture walls enabling more water
to flow through the fracture. This is an example of positive feedback:
an increase in water flow in the rock fracture will enlarge the fracture
further, which in turn allows more water to flow, which could enlarge
the aperture even further. . ..

Most rock mechanics mechanisms are of the attenuating or self-stabil-
izing type with negative feedback or a small positive feedback; if they
were not, the actions of rock engineers would lead to mayhem because
any type of engineering work would immediately run out of control.
The art in rock engineering awareness is recognizing when positive
feedbacks might occur and then avoiding them.

(b) The key engineering action
. . . . 7 ractures
is to identify the interactions as- Y
sociated with such positive feed- J
backs and to mitigate their effects. '
For example, if the mechanism S S eas
path in the matrix to the right X 1
is associated with positive feed- |_
back, the mechanism path can be - R
blocked by eliminating any of the .

mechanisms marked with an 'x’. X
In the case of the specific mechan-

ism path in A14.5, the best option Construction
would probably be to grout the X o
fractures (the black box). Other in- START

hibiting actions, such as reinforce-
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ment or providing drains, will be appropriate to other circumstances
depending on the system being studied.

This type of instability inhibition through identification and mitigation
of the key mechanisms in potential positive feedback loops in the sys-
tem structure will be effective in reducing engineering hazards. However,
a complete study of all the positive feedback effects requires an under-
standing of the operation of the complete system. The off-diagonal terms
in the interaction matrices presented so far represent the structure of the
system, i.e. the interactions in isolation before the system is ‘switched on’.
For a linear system, it is possible to establish the coupled interactions (Jiao
and Hudson, 1998 ), i.e. the interaction between two principal factors or
variables when all interactions are operating and influencing one another.
These coupled interactions are not the same as the isolated interactions.

14.3 Additional points

Once the variables and mechanisms required to capture the essence
of a problem have been identified, modelling procedures, potential
numerical codes available for use, and rock engineering designs can
be technically audited for their content. Note that there can be no
standardized modelling procedures, nor standardized site investigation
and designs, because both will depend on the modelling and design
objectives. Indeed the very essence of good modelling and design is to
be flexible and adapt to the project circumstances. The result is that all
projects are different and it is by no means clear in many cases that all
the factors have been adequately taken into account in the design.

Thus, the implementation of technical auditing for all these purposes
is to establish whether a model, particular numerical code, or design has
incorporated the required variables and mechanisms needed to model
the project circumstances. The principles of technical auditing are as
follows (Hudson, 1999 7).

(1) Technical Auditing (TA) is the process of establishing whether
rock engineering measurements, statements and conclusions can be
considered to be valid.

(2) There is a requirement for a TA if there is a need to establish
the reliability and credibility of information, or if there is a public
interest dimension requiring public accountability.

(3) TA differs from Quality Assurance (QA) because QA per se is only
concerned with following pre-determined procedures, regardless
of whether the procedures are right or wrong. TA checks that
the technical content is adequate for the purpose and hence is a
pre-cursor to establishing the appropriate QA procedures.

¢ The methodology used for this technique is described in Jiao Y. and Hudson J. A.
(1998) Identifying the critical mechanisms for rock engineering design. Géotechnique, 48,
3, 319~335.

" Hudson J. A. (1999) Keynote lecture: technical auditing of rock mechanics modelling
and rock engineering design, in Proc. 37th US Rock Mechanics Symposium held at Vail, CO,
1999 (B. Amadei, R. L. Kranz, G. A. Scott and P. H. Smeallie, Eds). Balkema, Rotterdam,
pp. 3-12.
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(4) The TA is made according to evidence, known criteria and the
current scientific framework. The result is an opinion based on
persuasive evidence.

(5) Materiality is the significance of any potentially relevant subject.
Materiality determines the nature, quality and quantity of evidence
required concerning any matter. Its expression will depend on the
project being audited and the audit objective.

(6) The TA involves verification by evidence. It should have an inde-
pendent status, be free from investigatory and reporting constraints,
produce a benefit, and result in a report.

(7) The TA result will always be an opinion, thus the auditing must
carry authority.

Understanding the rock mechanics and rock engineering system, with
all its variables, interactions and operation, is crucial to establishing
an adequate predictive modelling capability and hence establishing an
adequate rock engineering design. We know that a simple CHILE model
may not be enough. We know that we do not yet have fully coupled
thermo-hydro-mechanico-chemical numerical codes. Thus, the ability to
present all the potential variables and interactions and then winnow out
those that we regard as relevant to the engineering design in hand is
one of the ways forward and provides the necessary foundation for the
technical auditing.






5 Excavation principles

15.1 Rock excavation

The objectives in excavating rock for civil, mining and petroleum pro-
jects are different, as indicated by the examples in Fig. 15.1.

In civil engineering, the objective is to support loads and to create
surface or underground space for a specific engineering purpose, e.g.
a foundation, a cutting for a road, a shaft for a hydroelectric scheme,
a railway tunnel, a repository for disposing of radioactive waste. In
mining engineering, the objective is to obtain the rock itself, either
in bulk or for the minerals it contains. For example, in the case of a
surface quarry or underground mine for limestone, most of the mined
rock can be used, whereas in the case of an open-pit mine or under-
ground mine for, say, copper or gold, the mined rock has to be crushed
to release the mineral grains, a process known as comminution. In
petroleum engineering, the objective is to transport the oil from the
petroleum reservoir to the ground surface through boreholes, and there
is a variety of associated rock mechanics problems such as enhancing
flow from the reservoir into the boreholes and storing oil and gas in rock
caverns.

Thus, for civil engineering, the rock only needs to be broken up
sufficiently for the underground space to be created and for the rock
to be removed. For mining engineering, the rock itself is required
and the process of excavation is the first stage of comminution. For
petroleum engineering, the main issues are drilling and maintaining
open boreholes, and maximizing oil flow into the wellbores.

This leads to different design approaches for civil and mining engin-
eering, and special problems for petroleum engineering in weak rocks
and at significant depths. The geometry of a civil engineering excavation
is usually clearly defined and subject to definite constraints. There has
to be a clear design with a project lifetime of, say, 120 years. If possible,
safety factors are established. All this significantly constrains the rock
engineering design options. In mining, whilst the overall geometry of
the mining will be determined by the orebody and mining leases, the
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Civil Mining Petroleum
Engineering Engineering Engineering
Objective: Creation of| | Objective: Obtaining Objective:

underground space

the excavated rock

Transporting oil

“Tunnel

@

Mine stope

‘Berehele

Geometry specified
by engineering
function and location
with emphasis on
integrity of remaining

rock. Limited scope
for design.

Mine geometry
specified by orebody,
with emphasis on
excavated rock - but
many mining meth-
ods possible. Large
scope for design.

Borehole
cross-section dictated
by rotary drilling;
depth and orientation
determined by oilfield
access and productiory

strategy. Limited
scope for design

Figure 15.1 The differing objectives of civil, mining and petroleum engineering.

internal geometry can be specified by mining engineers. Also, the design
life of different parts of a mine can vary from a few days (e.g. for a
temporary access) to a hundred years (for the main access). This leads to
many potential methods of excavating the rock in a mine, with different
methods being suited to different circumstances. Many elegant mining
methods have been developed, such as the ‘longwall method’, which
consists essentially of a laterally moving tunnel. In a similar way, there
can be considerable design flexibility in the quantity and orientation of
wellbores used in petroleum engineering, but the remote access limits

the design scope.

A

100

% passing 7

(% below distribution
size on
X-axis) Excavation
process

Excavated
fragment size

b\

Pre-existing, natural
block size distribution

0.001m’

1m’
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Figure 15.2 The process of rock excavation changes the pre-existing, natural, rock block
size distribution to the excavated fragment size distribution.
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The fundamental process of excavation, for civil or mining engin-
eering, is to alter the rock block size distribution from the natural,
pre-existing rock blocks to the fragments required for excavation, as
indicated in Fig. 15.2. The energy required for this process is the energy
required to create the new fracture surfaces, together with energy lost in,
for example, stress waves and heat.

Rock can be excavated by explosives or by machines. With explosives
(Fig. 15.3a) the excavation process is cyclical: the energy is put into the
rock in seconds via detonation of the explosives, the gases have to be

Figure 15.3 (a) Blasted rock at quarry face. (b) Tunnel bored by machine.
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cleared, the broken rock is removed, the next series of blastholes are
drilled, and then charged with explosive, the explosives are detonated
again, and so on. A typical cycle time is about 8 h.

Using a machine for excavation, say a bulldozer with a ripping attach-
ment or a partial face or full-face tunnel boring machine (Fig. 15.3b), the
energy is input to the rock at a much lower rate, but essentially con-
tinuously when the machine is cutting. Although neither the breakage of
rock by explosives nor the breakage of rock by rock cutters is fully un-
derstood, we can apply basic mechanics and empirical rules remarkably
effectively.

15.2 Questions and answers: excavation principles

Q15.1 The complete stress-strain curve has been obtained for a
cylindrical specimen of intact granite tested in uniaxial compression.
The specimen is 100 mm long and 50 mm in diameter. Assume that,
for the purposes of calculation, the curve can be approximated to the
bilinear form below. The uniaxial compressive strength is reached at
0.1% strain and 200 MPa stress. When the curve reaches 0.2% strain,
the rock microstructure has been destroyed and all that remains are
small flakes of crushed mineral grains.

(a) Calculate the energy un- Stress l
der the equivalent complete
force-displacement curve. This T
is the energy required to com- 200 —-ooooioooee ﬁ
pletely destroy the rock speci- MP2 ( : i
men. Express your answer in : 1\
joules.

(b) For how long would a do-
mestic 100-W light bulb have
to be illuminated to use up the 0 0.1 . 0.2
same amount of energy? Strain, %

(c) What is the specific energy of the rock, i.e. the energy required/
unit volume to pulverize the rock?

A15.1 (a) The area under the complete stress—strain curve is equivalent
to the product of the stress at failure and the strain at failure, because
the two triangles have the same area as the dashed square. Similarly, the
area under the complete load—-displacement curve is the product of the
load at failure and the displacement at failure.

The load at failure = stress at failure x cross-sectional area =
200000000 x 7 x (50/2 x 1000)* = 392699 N. The displacement at failure
= strain at failure x specimen length = 0.001 x 0.1 = 0.0001 m. Thus, the
energy used 392699 x 0.0001 = 3.93 x 10° = 39 Nm. A joule is defined as
the energy expended by 1 N moving through 1 m,or 1] = 1 Nm, so the
energy required = 39 J.

(b) To establish for how long a domestic 100-W light bulb has to be
illuminated in order to expend the same amount of energy, we need to
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express the energy in wattseconds. A joule is also the energy expended
by 1 Wfor1s,or1]=1Ws. Hence, 39 ] is equivalent to 39 W's, and so
the 100-W light bulb has to be illuminated for 39/100 s = 0.4 s.

Notice that if the compression test is conducted at a strain rate of
5 x 107% 571, the test will take 0.002/5 x 10™® = 400 s, or just less than
7 minutes, to complete, representing a power requirement of 39/400 =
0.098 W, which is about the same as a small battery-powered radio.

(c) The specific energy is the energy required to pulverize the rock/
unit volume = 39 J/(the volume of rock specimen). The volume is
7 x (0.05/2)> x 0.1 = 2 x 10~ m3. Therefore, the specific energy! is
39/(2x 107%) = 19.9 x 10* J/m3 = 0.20 MJ/m®.

Q15.2 During bench blasting in a quarry, it was found that 48.5
kg of explosive is required to break 125 m? of marble. Given that
the explosive used was ammonium nitrate-fuel oil (ANFO) with an
explosive energy of 3.92 MJ/kg, calculate the specific energy for
these circumstances, state whether this is greater or less than the
answer to Q15.1, and explain why there is a difference.

A15.2 The amount of energy used is 48.5 x 3.92 = 190 MJ. The
amount of rock removed is 125 m>. Therefore, the specific energy
is 190/125 = 1.52 MJ/m3, which is about 8 times greater than the
0.20 MJ/m? value obtained in A15.1.

The difference in the specific energies calculated in A15.1 and in this
answer, results from the losses that are incurred in blasting. In the com-
pression test, we anticipate that most of the energy used for the test will
be absorbed in specimen degradation but, in any case, the energy actually
absorbed by the specimen was used for the calculation, i.e. the energy
represented by the area beneath the complete stress—strain curve. For the
blasting calculation, the total energy was used, and much of this energy
will be lost in the form of gas pressure and stress wave dissipation.

Q15.3 A 5-m-diameter tunnel is being excavated in limestone by a
full-face tunnel boring machine (TBM), which operates by exerting a
torque and a thrust.

(a) Calculate the specific energy required to break the rock in the

circumstances given by the data in (i) and (ii) below.

(i) For the case where the TBM has four 500 V electrical motors
providing the torque to drive the cutting head. Each motor
uses 10 A when rotating freely, and 110 A when the head is
cutting. Neglect the thrust for this case and take the cutting
rate as 3 m/h.

(ii) For the same cutting information in part (i) but with an ad-
ditional continuous thrust of 2.7 MN and an increased cutting
rate of 3.6 m/h.

' Note that the specific energy computed here applies to this particular testing configur-
ation and rock type. A change to the testing regime with the same rock type would result
in a changed specific energy. Thus, specific energy is not an intrinsic material property.
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(b) Does the work associated with the thrust contribute greatly to
the specific energy required?

A15.3 (a) (i) As the cutting rate is 3 m/h, during a 1-m tunnel advance
the TBM operates for 1/3 h or 1200 s. The amount of energy used
over the 1-m advance is number of motors x volts x amps x time =
4 x 500 x 100 x 1200 Ws = 2.4 x 10 Ws. Since 1] =1 W's, we find that
the amount of energy used over the 1-m advance is then

2.4 x 108 =240 MJ.

The volume of rock cut by the TBM during the 1-m advance is
1x7 % (5/2) = 19.63 m3. Thus, the specific energy = energy used/volume
removed = 240/19.63 = 12.22 MJ/m3,

(ii) The calculation of specific energy should also include the compon-
ent supplied by the TBM thrust, which we now include. At the new
cutting rate, the same calculation procedure as above gives the spe-
cific energy due to the cutting torque as 10.19 MJ/m?. The thrust of
2.7 MN provides an additional 2.7 MN m of energy when applied over
the 1-m advance. Since 1 Nm = 1 ], this energy is 2.7 MJ. The extra spe-
cific energy related to the thrust is therefore 2.7/19.63 = 0.137 MJ/m?,
which gives a total specific energy when the thrust is included of
10.19 + 0.14 = 10.33 MJ/m?®.

(b) From the figures in the answer above, the energy input via the
thrust is only 0.14/10.33 = 0.01, or 1%, of the total energy required.
It does not therefore contribute greatly to the specific energy required.
It is interesting, however, that the provision of significant thrust has
increased the cutting speed, which has had the effect of reducing the
overall specific energy. In practice, we find that for a given TBM and
rock condition there is an optimal balance between the torque and
thrust which minimizes both the energy requirements and the ma-
chine vibrations, helping to prolong the machine life. At thrust force
magnitudes greater or lower than the optimum, the cutters will, re-
spectively, stall or not operate efficiently as they skid over the rock
surface.

Q15.4 Comment on the magnitudes of the specific energy values
obtained in Q15.1, Q15.2 and Q15.3 for the different circumstances
of a laboratory compression test, blasting, and using a tunnel boring
machine?

A15.4 Laboratory compression test: 0.20 MJ/m?>. This represents extreme
microstructure degradation, but with few energy losses in the test. Note
that a compressive strength of 200 MPa represents a strong rock.
Blasting: 1.52 M]/m>. The object of blasting is to change the pre-existing
natural block size distribution to the required fragment distribution, but
it is difficult to blast so that the breakage is uniform: thus, the specific
energy is an average value. Also, there will be high energy losses in the
components of the stress waves and gas pressure effects not contributing
to rock breakage, although the blasting fracturing is far less dense
than in the laboratory test which requires less energy. The rock type
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is a marble, and so it is probable that this will be a medium strength
rock.

Tunnel boring machine: 10.33 MJ/m?. More fracturing is required to
chip and remove the rock with a TBM than with blasting, and there
is potential for large energy losses during rotation of the head through
friction and vibrations. Limestone is usually a medium strength rock.

Ovwerall comments. In the uniaxial compression test there are few energy
losses. So, although a high microcrack density has been generated at the
completion of the test, the specific energy is lowest because of the high
energy transfer efficiency. In blasting and cutting by TBM, there are large
energy losses: in both cases, the majority of the energy does not go into
breaking the rock, i.e. in creating new fracture surfaces, but is lost in
heat, sound, stress waves, kinetic energy, etc. This is why these specific
energies are higher than for the laboratory test. The blasting is more
efficient in terms of specific energy than the TBM because, inter alia, less
fracturing of the rock takes place.

We would not have expected the specific energy for the three cases to
be the same because different rock types and different systems of fracture
development are involved. Thus, the term ’specific energy’ should be
suitably qualified to indicate the configuration and scale under which
it is determined (which is similar to the tensile strength discussed
in A6.9).

Q15.5 The objective of ‘pre-splitting’ when blasting is to create a
continvous new fracture plane through the rock mass (which will
become the final rock surface) before bulk blasting removes the
rock up to the pre-split plane.

Pre-splitplane Blasthole

\ This rock removed up
™~ to the pre-split plane
N\

(a) List the most important factors that need to be controlled to
ensure that the pre-split blasting techniques will indeed create a
continuous pre-split fracture.

(b) The three photographs below show different rock slopes that
have been pre-split. The pre-split plane has been created first;
then bulk blasting has removed the rock up to the pre-split plane,
as indicated in the sketch above. Thus, the photographs show one
side of the pre-split ‘plane’ which is the final slope. Each of the
photographs illustrates one of the following:

e an acceptable pre-split rock face;

e a pre-split face where the fractures have adversely affected the
pre-=-splitting; and

e a pre-split rock face where one or more of the necessary factors
intimated in (a) above has not been properly controlled.

Which photograph is which case?
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A15.5 (a) The key requirements for ensuring a good pre-split face?

(Langefors and Kihlstrém, 1963) are explained in ERM 1 as:

» the blastholes must be parallel and locally coplanar in order to form a
plane;

o the blastholes should be closely spaced (distance between them should
not be more than 10x blasthole diameter) in order to allow fractures
driven by gas pressure to link the holes together;

« the blastholes should be lightly charged and the charges decoupled
from the blasthole wall in order to avoid pulverizing the rock around
the boreholes and to maximize the gas pressure effect; and

« the blastholes should be detonated simultaneously in order to maxim-
ize borehole interactions.

If these requirements are followed, the pre-split blasting will usually be
successful: in fact, the technique is remarkably robust and a successful
pre-split face can be achieved even under difficult conditions.

(b) Photo 1 is an example where the guidelines have not been followed.
The holes are clearly not parallel even over a short distance, and it is
not certain that all the holes contained explosive. So, regardless of the
fact that the presence of rock fractures can adversely affect the pre-split
plane, insufficient care has been taken.

Photo 2 is an example of a rock face where the pre-existing fractures
have adversely affected the pre-splitting. The large pre-existing fracture
occurs at an orientation which has had an effect on the drilling of the
blastholes, in that the holes have deviated from their intended direction
to follow the fracture. Moreover, the pre-split plane has occurred along
the fracture. In this case, the guidelines were probably followed, but
the fractures in the rock mass have had a profound effect on the
outcome.

Photo 3 illustrates an acceptable face. The boreholes are parallel and
sufficiently closely spaced. The face has some irregularities, as there are
dominant fracture sets at this site which have affected the pre-splitting.
The purpose of the pre-splitting is to reduce damage behind the face
compared to bulk blasting, and this will have been achieved, despite the
rough final face.

Q15.6 In order to be able to estimate the blasting specific energy for
different rock masses (and hence the different amounts of explosive
required for blasting) a Blastability Index (BI) has been proposed
(Jimeno et al., 19953) using five rock properties. The Bl is shown in

2 The pre-splitting technique has been used for many years and is comprehensively
described in the seminal rock blasting book, Langefors U. and Kihlstrom B. (1963) The
Modern Technique of Rock Blasting. Wiley, New York, 405pp. The authors mention that “in
conventional blasting the explosive is used in such a way as to destroy the quality of the
remaining rock” and that with pre-splitting “the final contour appears almost as if it were
cut out of the rock with a knife leaving the remaining rock practically undamaged”. This
final statement is, perhaps, an exaggeration, but it describes the technique perfectly.

3p. 168 in Jimeno C. L., Jimeno E. L. and Carcedo F. J. A. (1995) Drilling and Blasting
of Rocks. Balkema, Rotterdam, 391pp. (The example in the question also comes from this
reference.)
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the table below, with the various ratings related to the specific rock
mass properties

Rock Mass Description (RMD)

PowderyorFriable ................ 10
Blocky . c v cvveetieinencieienanans 20
Totally massive ................... 50
Joint Plane Spacing (JPS)
Close (<0.Tm).....coovvvnennannens 10
Iintermediate (0.1toTm) ........... 20
Wide (>0.Tm).........ciitvvennns 50
Joint Plane Orientation (JPO)
Horizontal . .. ......... iivieennns 10
Dipoutofface.................... 20
Strike normaltoface............... 30
Dipintoface . ......... ..., 40

Specific Gravity Influence (SGI)
S$GI = (258G — 50) where SG is in tonnes/m?

Hardness (H)
H = hardness on scale 1-10

The value of the Blastability Index is given as
BI = 0.5(RMD + JPS + JPO + SGI + H)

and the amount of explosive required is 0.004 Bl in kg ANFO/1,
which is therefore a measure of specific energy.

(a) Calculate the specific energy that this index predicis for the
following conditions: a highly laminated, soft ferruginous shale
with horizontal to sub-~horizontal bedding and BI rating values of
RMD = 15, JPS = 10, JPO = 10, SGI = 10, H = 1. With reference to
the values discussed in Q15.4, comment on the value obtained here.

(b) Comment on the advantages and disadvantages of this index.

A15.6 (a) The sum of the ratings is 46, so the Blastability Index BI = 23.
The explosive requirement is then 0.004 x 23 = 0.092 kg ANFO/t. We
know that 1 kg of ANFO releases 3.92 MJ, so the specific energy is
0.092 x 3.92 = 0.361 MJ/t.

However, we need this energy value in terms of cubic metres of rock,
rather than the unit mass of rock. Because the SGI value is 10 and we
know that SGI = (255G-50), the SG is 2.4 t/m>. Thus, the specific energy
=0.361 x 2.4 = 0.867 MJ/m?>.

This value is much lower than the 12.2 MJ/m? for the blasting example
presented in Q and A15.2 and discussed in A15.4, probably because here
the intact rock (a highly laminated, soft ferruginous shale) is weak and
the rock mass is well fractured.

(b) The advantage of a blastability index of this type is that it provides
a rapid and cost-effective guide to the amount of explosive required
for excavation in a given rock mass. Blasting is a complex mechanical
process, and so some type of empirical classification approach is likely to
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be the most practical engineering method. The disadvantage of this spe-
cific index is that it is a rather coarse index. The Rock Mass Description
and Joint Plane Spacing could have an increased number of categories:
there is a ratings jump from 20 to 50 for both these properties, which
is unnecessarily abrupt. The Hardness does not seem to have a high
enough rating (assuming that this is the parameter used to represent the
rock strength).

However, this Bl may well be a useful tool even though many rock
properties have been omitted in the index. Rock properties tend to be
related and so the effects of omitted properties may be included to some
degree, albeit indirectly. If the essence of the mechanical problem is
captured (as with the rock mass classifications discussed in Chapter 12),
the index will help with blasting assessments in rock engineering.

Q15.7 The rock engineering systems (RES) approach has been used
to develop a comprehensive Blastability Designation (BD) index for
rock masses (Latham and Lu Ping, 19994), the purpose of which
is to provide a quantitative assessment of the resistance of a rock
mass to blasting. The index value is given as BD = Z;;,W,-R,- where
W, is a parameter weighting value, R; is the parameter rating, with
the summation over the j parameters. Both the W; and R; values
are evaluated for the rock mass under consideration. The greater
the value of BD, the more difficult the rock is to blast. The twelve
parameters used in the BD index are:
1. strength (uniaxial compressive strength, UCS, MPaq,
also via Point Load Index);
2, resistance fo fracturing (uniaxial tensile strength, ¢;, MPa);
3. sturdiness of the rock (density, p, t/m3);
4. elasticity of rock (Young’s modulus, E, GPa);
5. resistance of rock to dynamic loading
(P-wave velocity, V,,, km/s);
6. hardness of rock
(Schmidt rebound hardness value, SHV, rebound height scale);
7. deformability (Poisson’s ratio, v, dimensionless);
8. resistance of rock to breaking
(fracture toughness, K;., MPa-m'/2);
9. in situ block sizes (mean of block size distribution, mean);
10. fragility of rock mass (fractal dimension of rock block sizes, D);
11. integrity of rock mass
(ratio of field: lab P-wave velocities, R,, dimensionless);
12. fracture plane’s strength
(cohesion, ¢, MPa and friction angle, ¢, degrees).
Compile a table of these twelve parameters in three columns with
headings Intact Rock Properties, Fracture Properties and Rock Mass
Properties, and then comment on how well the rock mass has been
characterized.

4Latham J.-P. and Lu Ping (1999) Development of an assessment system for the
blastability of rock masses. Int. J. Rock Mech. Min. Sci., 36, 41~55.
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A15.7 The table is as follows.

Intact Rock Properties Fracture Properties Rock Mass Properties
(1) Strength (UCS) (12) Strength (¢, ¢) (9) In situ block size (¥)
(2) Resistance to fracturing (o) (10) Fragility (D)

(3) Sturdiness (o) (11) Integrity (R.)

(4) Elasticity (E)

(5) Resistance to dynamic
loading (V})

(6) Hardness (SHV)

(7) Deformability (v)

(8) Resistance to breaking (Kc)

In their article, Latham and Lu Ping (1999) point out that their work
is related to “uncontrollable factors governed by in situ geological con-
ditions and the term ‘blastability’” has been deliberately restricted to
quantify this intrinsic resistance of the rock mass.” In this scheme,
the emphasis is on the intact rock properties, which we would expect
because the purpose of blasting is to reduce the natural block size
distribution to the required fragment size distribution.

Note that parameters 3, 4, 5 and 7 are intact rock properties not
directly related to failure, but are included because they characterize the
quality of the rock. Parameter 6 is more strongly correlated with the
failure properties, and parameters 1, 2 and 8 are direct measurements of
rock strength.

In terms of the pre-existing fracturing in the rock mass, parameters 9,
10 and 11 are indicators of the degree of fracturing present in the rock
mass, but the only parameter explicitly representing the fracture failure
properties is parameter 12, the Mohr-Coulomb values.

In their article, Latham and Lu mention that “one can include
more, such as the discontinuity orientation related to the face to be
blasted. . .water content in the rock mass, joint aperture and various
other parameters”. Let us consider then whether the following subjects
— already discussed in this book — should be included in the BD index:
the in situ rock stress, the nature of intact rock failure (as brittle or
ductile), the number of joint sets, rock mass permeability, anisotropy and
inhomogeneity, other rock mass classifications and specific energy. The
rock stress is not usually a factor on exposed rock faces. The nature of
rock failure is indirectly included because it is correlated with the other
properties. Perhaps the number of joint sets could have been included,
but the information is indirectly included in parameters 9-11. Permeab-
ility is relevant because it is related to the openness of the rock structure
and the way in which the gas travels through the rock mass during
blasting, but is difficult to include. Anisotropy and inhomogeneity are
probably second-order factors here. The rock mass classification values,
RMR and Q, could be included but the classifications were developed for
tunnel support. And, finally, the specific energy is not an intrinsic prop-
erty of the rock mass. Thus, it would not be easy to add any of these to
the blastability index, except possibly the RMR and QQ values, but much
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of the content of these classifications is already indirectly included.

The art in applying the engineering rock mechanics principles to rock
engineering is to adopt a pragmatic approach by successfully capturing
the essence of the problem without introducing unnecessary complica-
tions. The authors of the article have successfully achieved this.

Q15.8 In relation to rock tunnel boring machines (TBMs), two pro-
gress rates can be defined:

Cutting rate, C: the rate at which a tunnel is constructed when the
tunnelling machine is operating; and
Advance rate, A: the rate at which a tunnel is constructed.

These two rates are not the same because the TBM is not continu-
ously cutting; there is a Utilization factor, U, which is the amount
of time (expressed as a proportion) that the machine is cufting, i.e.
A=UxC.

Over a short period, say 20 min, A can be equal to C. Over longer
periods, of days, weeks or months, there can be a greater and
greater discrepancy between C and A, as indicated in the diagram
below (Barton, 1999°).

Cutting rate, C m/hr Advance rate, A
(log scale) m/hr (log scale)
10 10

Excellent

[

1hr 1 day 1 wk 1 mth 1yr

The terms ‘Excellent’ through to ‘Extremely poor’ refer to the rates,
and Barton noted that the majority of TBM tunnels lie between the
‘Good’ and 'Poor’ lines.Give at least five reasons why such lines
occur, i.e. why the value of U decreases with time.

A15.8 Five reasons are as follows.

(1) The machine needs periods for scheduled maintenance, cutter re-
placements and repair. As time goes on, the cumulative effect will
be to reduce the value of U because of additional damage events
and failure of machine components.

(2) If the rock needs supporting, it may be necessary to stop the
machine to allow roof and sidewall rock bolting and shotcreting to
take place.

¥ This diagram was included in the General Report presented by Barton (1999) at
the 9th ISRM Congress on Rock Mechanics held on 25-28 August 1999 in Paris, and
is included in the article Barton N. (1999) TBM Performance Estimation in Rock Using
Qrem. Tunnels and Tunnelling, September 1999, 30-34.
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(3) Adverse ground conditions can cause large blocks to become un-
stable at the face, flooding and overbreak, all of which cause delays.
The further one tunnels, the greater is the chance of encountering
adverse ground conditions.

(4) If a hard rock machine encounters water-bearing fractures, these
will also cause delays. Moreover, the further one tunnels, the greater
is the chance of encountering a fracture discharging more water than
any previously intersected.

(5) “Unexpected events’ such as power cuts, broken conveyors, de-
railments and strikes by the work force will also contribute to a
lowering of the U value, and the chance of these occurring increases
with tunnel length and time.

Q15.9 When an underground excavation is made in a rock mass,
there are three primary effects, all three of which result from New-
ton’s 3rd law, i.e. for every action, there is an equal and opposite
reaction. Thus, when new underground space is created, the res-
istance of the rock previously occupying the space becomes zero,
forces cannot be transmitted from the rock into the space, and the
water pressure is reduced to atmospheric pressure.

Draw a sketch of these three effects and explain why they cause a
so-called Excavation Disturbed Zone ¢ (EDZ).

A15.9 The three primary effects of excavation are illustrated in the
sketch below, taken from ERM 1. There are many potential complicating
factors when an excavation is made but these complications can all be
considered within the context of the three primary effects. For example,
there can be ‘coupled’ effects when the alteration of the rock stresses
opens fractures, which then conduct more water into the excavation. A
major fracture in the excavation sidewall may exacerbate the effects and
it may take some time for all the effects to be fully realized.

The three effects will always occur. Therefore, there will always be an
EDZ around an excavation. The amount by which this zone of inevitable
disturbance is further enlarged will depend on the excavation method.
Thus, there is both an initial inevitable disturbance to the rock mass
and an additional disturbance to the rock mass, the severity of the latter
depending on the excavation method. It is incorrect to say that a TBM
will not disturb the rock mass (because of the inevitable effects, which
could have severe consequences), but a TBM will generally induce less
additional disturbance than blasting.

Two of the effects depend on the size of the excavation. Other factors
remaining the same, the inward rock movement does depend on the
excavation size: if the size is doubled, the magnitude of the inward
rock movement will also tend to be doubled. Also, larger excavations in
the same host rock will have larger amounts of water inflow. However,

¢ The word ‘Disturbed’ is preferable to ‘Damaged’ for the term EDZ because the rock is
indeed disturbed but not necessarily damaged. Whether there is damage or not depends
on the engineering objective.
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Effect 1: Displacements and rock failure

Intact rock
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‘ Displacements
occur because
rock resistance

removed

Block slides Discontinuities
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a sink

Excavation acts
as a sink

Discontinuities

the stress concentrations around the excavation do not depend on the
excavation size: for example, caverns (in a given stress field and elastic
rock) with spans of 1 m, 10 m and 100 m (and having the same shape)
will all have the same stresses induced around them.

Q15.10 (a) Can drill and blast excavation rates be significantly
increased from those currently achieved?

(b) Can tunnel boring machine penetration rates be significantly
increased?

(c) Are new methods of excavation likely to be introduced?

A15.10 (a) Drill and blast excavation rates (using customary equip-
ment, methods and materials) are unlikely to be significantly increased,
because after decades of use the drill and blast technique has already
been optimized. Given the cyclical nature of the drill and blast process,
significant improvements are unlikely.

(b) In principle, TBM penetration rates can be significantly increased
because there is little difficulty in supplying large amounts of en-
ergy to these machines. The increased rates may occur, for example,
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by improved cutter technology or by combining the explosive and
cutting/mucking processes in the machine’s cutting head. The TBM
advance rates will not increase so much because the whole tunnelling
system (the thrust reaction grippers, the electro-hydraulic power sys-
tem, installation of support elements, maintenance, etc.) has to keep
up with the increased penetration rate, which involves many practical
difficulties.

(c) New methods of excavation are not likely to be introduced in prac-
tice. There has been considerable research over the years into alternative
methods of fragmenting and removing the rock and, whilst many of
these methods (e.g. flame cutting, electrical and magnetic disintegration,
nuclear techniques) have advantages, they also have significant practical
disadvantages.

15.3 Additional points

The increasing demands on surface space, greater environmental aware-
ness, and the technical and safety-related advantages of using under-
ground excavations have led to considerable use of underground space
for civil engineering purposes as evidenced by the list below.

Civil and military defence, nuclear shelters, aircraft hangers, emer-
gency centres

Conventional and nuclear power stations

District heating

Drinking water transportation and storage

Dry docks

Hot water storage

Hydroelectric projects

Living quarters

Radioactive waste storage and disposal

Rail transport and stations

Refuse management and incineration

Research facilities, particle accelerators, wind tunnels

Road tunnels

Shopping malls

Sports, concert, theatre, religious and museum halls

Storage of food, drink, documents, aggregates, minerals

Storing petroleum products

Storm water drainage and storage

Waste water management and treatment plants

There will be increasing underground excavation in the years ahead
to supply society with further civil and mineral resources. The maximal
excavation size depends on the type of rock mass. In a strong, unfractured
granite, large spans are possible, e.g. 100+ m spans, because the stress
concentrations do not depend on excavation size. In weaker, fractured
rocks, the spans are limited because of the need to support the rock, the
support requirements increasing with excavation size. Most caverns to
date have been excavated at depths shallower than 1000 m. The cavern
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span generally decreases with depth from 10-30 m spans in the 50-400 m
depth range, reducing to 10-20 m spans in the 400-1000 m depth range.
Deeper caverns are possible, with rock stress being the main mechanical
constraint.

In this chapter, we have highlighted some of the key issues relating
to the excavation of rock. The questions have tended to be descriptive
and relatively simple in order to illustrate the principles. In engineering
circumstances, rock excavation is a complex rock fragmentation process,
highly dependent on the nature of the rock mass and the engineering
techniques utilized. It is also critical to assess the excavatability of a
rock mass and to tailor the excavation technique to the circumstances
and the engineering objective. For example, if a TBM is purchased and
subsequently found to be inadequate, a large amount of time and money
may be lost. The complexity of the process is such that a great deal of
work is still required in this field, involving a combination of theoretical,
empirical and pragmatic approaches, all of which are enhanced by a
thorough understanding of rock mechanics principles.






Rock reinforcement
and rock support

16.1 The stabilization system

When an excavation is made in a rock mass, there may be a need
to stabilize the excavation to reduce inward movement of the rock
mass. The amount of such movement will depend on the quality and
continuity of the host rock mass, and the significance of the movement
will depend on the engineering objective. For a rail transport tunnel,
there will be strict constraints on the allowable movement; for example,
the design may require the rock displacements to be constrained to 10
mm or less over 120 years. In a mine stope, there may not be any
constraints; and in the case of longwall coal mining the roof should
collapse fully until the roof is in contact with the floor for the mining
system to be effective.

The term rock reinforcement is used to indicate methods of enhancing
the rock mass strength and hence improving the ability of the rock mass
to contain the engineering excavation without deforming excessively.
Rockbolts, wire mesh and shotcrete (mortar sprayed onto the excavation
surface) are reinforcement methods because they strengthen the rock
mass. The term rock support is used to indicate methods of applying
supporting loads or displacement constraints as additional structural
elements, so that the engineering excavation retains its integrity. Steel
ribs, pre-cast concrete segmental lining and cast in sifu concrete lining
are support methods.

There can be some overlap between the two terms. In the case of a thick
layer of shotcrete, for example, the shotcrete acts as a reinforcement in
the sense that it inhibits rock block rotation and weathering, but it can
also act as a structural element containing tangential stresses (Fig. 16.1,
from Wilson, 19911). Alternatively, the use of pre-cast segments for sup-
port also has a reinforcing effect because the rotation of rock blocks and
weathering is inhibited (Fig. 16.2, from Wilson, 1991) '. The term “rock
stabilization’ refers to the use of either method, or the two in conjunc-

! Wilson D. (1991) Breakthrough. Random Century Group, London, 144pp.
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Figure 16.1 Workers awaiting the breakthrough of the south seaward running tunnel
TBM into the UK undersea shotcreted crossover cavern in the Channel Tunnel (from
Wilson, 1991).

Figure 16.2 Use of precast lining segments in the UK north landward running tunnel of
the Channel Tunnel showing spoil wagons running on temporary tracks (from Wilson,
1991).

tion, to ensure that the rock excavation retains its mechanical integrity.

Thus, the need to reinforce and support the rock mass surrounding an
excavation and the method by which this can be achieved successfully de-
pend on two key factors: the purpose of the excavation; and the concept
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of allowing the rock mass to deform in order to reduce the support loads.
It is not necessary nor possible to stop all rock displacements; indeed, the
rock may displace until it reaches a natural equilibrium position.

The questions in this chapter examine basic aspects of the rock stabil-
ization concept. There are questions on rock reinforcement, rock support
and an intermediate case. The questions in this chapter do not cover
specific rock engineering design (these are in Chapters 18 and 20), and
are intended to enhance understanding of the principles involved and
hence which stabilization strategy is liable to be optimal for a given
engineering objective and circumstances.

16.2 Questions and answers: rock reinforcement and
rock support

Q16.1 When rockbolts are used for surface or underground excav-
ations to reinforce a fractured rock mass, the rockbolts will be sub-
jected to tension, shear and compressive forces. The diagram below
(from Windsor, 1997?2) indicates the types of forces on rockbolts a to f.

Recognizing that rockbolts are designed to operate in tension with
little shear force applied, rate these rockbolt configurations in terms
of their suitability on this criterion alone.

A16.1 The types of forces on the rockbolts are

a: tension and shear  b: tension only c: tension and shear
d: shear and tension e: shear only f: shear and compression

Rating these configurations in order from best to worst according to the
criterion “tension with little shear force applied’ gives: b, aand ¢, d, f, e.

Q16.2 Arockblock of weight W is bolted to a plane inclined at angle
a to the horizontal. Develop an expression for the bolt tension, T, in

2Windsor C. R. (1997) Rock Reinforcement Systems. Int. ]. Rock Mech Min. Sci. 34,
919-951.
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terms of the angle, 8, at which the bolt is installed relative to the
plane, the angle of inclination of the plane and the Mohr-Coulomb
friction properties, ¢ and ¢, of the block/plane interface. Hence, by
differentiation, find the rockbolt angle at which the bolt tension is
minimized.
» What is this angle, f, such that the
N tension in the rockbolt is
-y minimized?

Rockbolt

A16.2 The force, F,, acting normal to the plane is the sum of the resolved
block weight and rockbolt tension components, F, = W cosa+T sin 8. The
force, F;, acting along the planeis similarly givenby F, = W sina—T cos 8.

The limiting condition of the block/plane interface having reached
peak strength gives

Wsing — Tcos 8 =cA+ (Wcosa + T'sin 8) tan¢

where ¢ is the cohesion® and A is the basal area of the block.
Rearranging gives the required answer of

_ W(sine — cosatan¢) — cA
- (cos B + sin S tan ¢)
To find the minimal rockbolt tension, we set the partial derivative
of T with respect to B to zero and solve the resulting equation for

B. Recognizing that the expression for T will be minimized when the
denominator is maximized, we have

5%(008,3 +sinStan¢) =0, or —sin B + cos ftang = 0.
Rearranging gives tan¢ = sin 8/ cos f = tan 8, from which g = ¢.

Thus, the rockbolt tension is minimized when the rockbolt is in-
stalled at an angle to the slope which is the same as the angle of
friction between the rock block and the slope. For a plane with a
very low angle of friction, i.e., ¢ = 0° the rock block will hang from
the rockbolt, which should be installed sub-parallel to the slope. For
a very rough interlocking plane, ie. ¢ & 90° the block is literally
bolted down to the plane, with the rockbolts being perpendicular to the
plane.

Q16.3 The sketch below shows a rock block resting on a slope and
subject to a stabilizing force from a rockbolt. The strength of the
interface between the block and the slope is purely frictional, with
an angle of friction ¢.

3 Note that ¢ is the cohesion per unit area, with units of stress.
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(a) The component of the bolt force acting parallel to the slope
can be considered as either a positive restraining component or as
a negative actuating component. Derive an expression for the factor
of safety in both these cases.

(b) For the situation when W = 1000 kN, 8 = 15°, ¥ = 42° and
¢ = 36°, what bolt tension is required to give a factor of safety of
unity for each of the cases?

(c) Examine the behaviour of the two expressions for factor of
safety as the bolt tension varies from 25 kN less than, to 25 kN more
than, the force computed for each case above. Which of these two
expressions should we use for design purposes, when we require a
factor of safety in excess of 1?

(d) Rock bolts function by developing a tensile force within them,
and are sometimes tensioned at the time of installation in order to
generate this force. In the case of untensioned bolts, how is this force
generated? Should we regard untensioned bolts as providing a
positive restraining component or a negative actuating component?

(e) Imagine that we require a factor of safety of three for the rock
block shown above. Should we use tensioned or untensioned bolts?

A16.3 (a) As the strength of the interface between the block and the
slope is purely frictional, we can define the factor of safety

_ forces resisting sliding ~ Ntang¢
~ forces causing sliding =~ S

where N and S are the shear and normal forces acting across the
interface.
The free body diagram of the block,

with the various forces acting on it WeosY/ Tcosff
resolved parallel and normal to the in-
terface, is as shown to the right. From
this we obtain .
Wsin i

N =Wcosy + Tsinf / Tsin /g

and S
S = Wsiny — T cos B. \N

If we consider that the component
T cos B is a negative actuating force, these relations then lead to
_ (Wcosy + Tsinp)tang

F, .
Wsiny — T cos B
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If we consider T cos B to be a positive restraining component, then we
have
N=Wcosy¥ +Tsinf, and S = Wsiny
leading to
_ (Wcosy + T'sinf)tang + T cos B

F,
' W siny

for the factor of safety.
(b) For the case of a factor of safety of 1, these expressions rearrange to
7 - siny — cos y tan ¢ siny — cos i tan¢
P77 cos B +sinBtang cos 8 +sin S tang
which are identical. With W = 1000 kN, g = 15°, ¢ = 42° and ¢ = 36°,
the bolt tension required is 112.0 kN.
(c) Evaluating the two expressions for factor of safety over a range of

values for the tension gives the results shown in the table below. These
results are plotted in the following diagram.

and 7, =

T(N): 870 970 1070 1170 1270 1370

Fy 0951 0970 0990 1.010 1.032 1.054
Fe 0957 0974 0991 1.009 1.026 1.043
1.06
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Ll I Positive restraining companent
g
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S 1.00 1
[+
&
0.98 -
0.96 1
0.94 T — r e .
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For those circumstances when we require a factor of safety greater than
one, we should use the expression for a positive restraining component,
as this gives the lower — and therefore most conservative — factor of
safety.

(d) When two rock surfaces shear past one another, their geometric
roughness means that dilation will tend to take place. If the pieces of
rock on either side of the shearing surface are connected together with
a rock bolt, then the bolt will tend to prevent the dilation. However, in
doing this, a tensile force will be generated in the bolt. This indicates that
untensioned bolts only act as stabilizing elements once some rock block
shear displacement has occurred. No tensile force exists before this,
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and so untensioned bolts only provide restraint. As such, we consider
untensioned bolts as providing a positive restraining component. Ten-
sioned bolts, on the other hand, provide a component of force before any
movement takes place, and so we regard these as providing a negative
actuating component.

(e) On the basis of the definition of factor of safety we gave earlier,
a factor of safety of 3 means that we are providing three times more
strength to the interface than is required. This implies that we are
preventing any movement occurring, and hence we must use tensioned
bolts. The bolt force required to develop a factor of safety of 3, is then

F,sinyy — cos ¥ tan ¢

T, =W— =476 kN.
sin Stan¢ + F,cos B

Q16.4 A circular tunnel is being
excavated in a blocky rock mass
by drilling and blasting. There is
an Excavation Disturbed Zone
(EDZ) around the excavated tun-
nel (defined on the basis of a
blast-disturbed zone where there
are loosened blocks which can fall
into the tunnel under the action
of gravity) which extends 0.75 m
into the rock from the excavation
surface.

What support pressure’ is required at the crown to stabilize the
loose blocks of the EDZ given that the unit weight of the rock, y, is
25 kN/m3?

A16.4 The support pressure, p, is calculated as W/A, where W is
the weight of the loose blocks and A is the area of the tunnel being
considered. Taking the EDZ volume, V, above a 1 m? area of tunnel roof,
the weight of the EDZ is y V,so W =25 x (0.75 x 1 x 1) = 18.75 kN and
A=1x1=1m? giving p = 18.75 kN/m? = 18.75 kPa.

To provide some comparison with this value, a car tyre pressure is
typically about 170 kPa, which is about nine times larger. Note that this
calculation is only for the loosened blocks in the roof; blocks in other
parts of the EDZ would be partially supported by the blocks beneath
them, and so would require a lower support pressure.

Q16.5 (a) If the EDZ in Q16.4 is to be stabilized by the use of
rockbolts inserted into the roof as a supporting method, and the

4 Note that the words ‘pressure’ and ‘stress’ have different meanings. Pressure occurs
in a fluid, is a scalar quantity, and acts equally in all directions. Stress occurs in a
solid (because a solid can sustain a shear stress), is a tensor quantity and has different
components in different directions. Here we use the word ‘pressure’ — in line with
conventional usage for tunnel support — to mean the force/unit area acting upwards at
the crown of the tunnel.
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working capacity of each bolt, 7, is 150 kN, what area of the roof will
each bolt support?

(b) Would you anticipate any ancillary problems with this bolting
pattern?

(<) In the circular tunnel, in which directions and at which locations
would you install the bolts?

A16.5 (a) To find the area of roof
each rock bolt will support, we equate
the rockbolt load, 150 kN from A16.4,
to the support pressure times the roof
area required, A. Then 150 = 18.754, _:
or A = 150/18.75 = 8 m? of roof per |r----{ @ -----
rockbolt. If a square rockbolt pattern
is being used, there will be 28 m
between rockbolts, as illustrated to

the right (which is a sketch looking @ ___________

upwards at the tunnel roof).

(b) The 2.8 m spacing between the bolts is sufficient to provide the
necessary strategic rock support, but the rock is only supported at the
heads of the rockbolts. This means that there are areas of exposed rock,
>2 m across, from which rock blocks can fall. The detachment of the small
blocks is avoided by using wire mesh that is attached to the bolt heads.
The picture below illustrates such a square rockbolting array with wire
mesh (although the bolt spacing shown here is less than 2.8 m).

[+]

Rockbolt heads
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(c) The calculation refers only to the crown of the tunnel where the
rock is free to fall. The support pressure can be reduced away from
crown, because there is additional support from lower blocks, but bear
in mind the potential sliding of the blocks as discussed in Q and
A 16.2 and 16.3. As a general guide,
radial bolting is appropriate for a
circular tunnel. For the conditions
assumed in this question, no rock-
bolts are needed in the floor, which
is not as strange a comment as it
may seem: sometimes rockbolts are
installed in the floor to counteract
the type of floor heave induced by a
combination of high stress and weak
rock, as illustrated to the left.

Q16.6 A long underground chamber is
to be constructed in a rock mass with
fractures dipping at 25° as shown. This
problemis included in Goodman (1989)°.

(a) Assuming the friction angle of the
fractures, ¢;, is 50°, use the ¢; geomet-
rical construction in two dimensions to
locate zones of potential distress around
the opening.

(b) Repeat this procedure with ¢; = 20°
to investigate the effect of rock deterioration on interlayer slip
around the excavation.

A16.6 The principle of the ¢; geometrical construction is indicated
below. — F
o

---Interface

When a force is applied to an interface, slip can occur if the force, F,
is applied at a sufficiently low angle, 90—, to the interface, i.e. slip will
occur for Fsina > tan¢ F cosa, or tana > tan ¢, which means o > ¢.

In the excavation peripheral rock, one principal stress is perpendicular
to the excavation surface with a value of zero, and the other is parallel to
the excavation surface.

This enables the construction below to be used in which the regions
susceptible to interlayer slip can be readily identified — as those where
the angle between the tangent to the excavation surface and the normal
to the layers is greater than the angle of interlayer friction, ¢;.

5 Goodman R. E. (1989) Introduction to Rock Mechanics. Wiley, New York, 2nd ed.,,
562pp.
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Stress is parallel to the
excavation boundary

Region where

M interlayer slip
¢an occur

Region where
interlayer slip
cannot occur

In the case for ¢; = 50° the left-hand diagram below shows that
interlayer slip can occur over most of the roof and all the floor, but not
at the walls. If the value of ¢; is reduced to 20°, however, interlayer slip
can occur at any location around the tunnel roof, walls and floor. This
is one example of the extra problems that can arise with, for example,
weak rocks and changing water conditions.

a) ¢j=50° ) b) ¢ =20° ,

We encourage you to become adept at using this construction by
mentally constructing sketches such as those shown here: it is a powerful
technique to use when observing problems in underground excavations.
Note that the solutions for several fracture sets can be superimposed.

Q16.7 In a paper discussing the potential slip on fractures in the
rock around a tunnel or shaft, Daemen (1983)°¢ uses the solution for
the stresses around a circular opening in a CHILE rock to establish
the normal and shear stresses on the fractures. Applying the Mohr-
Coulomb criterion to these stresses enables the potential zones of
distress around the excavation to be established.

The zones of distress shown in Daemen’s diagram below are for
an isotropic stress field and an angle of friction of ¢ = 20°,

¢ Daemen J. J. K. (1983) Slip zones for discontinuities parallel to circular tunnels of
shafts. Int. J. Rock Mech. Min. Sci. Geomech. Abs. 20, 135-148.
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S

Zonesof .
distress = TTU---K

Show that the same result for the zone of distress at the excavation
boundary can also be obtained using the ¢; theory.

A16.7 The construction shown below using the ¢; theory indicates
zones of distress at the excavation boundary in the regions ABC and




276  Rock reinforcement and rock support

DEF. These zones coincide with those determined by Daemen, also
shown in the diagram.

The ¢; method is quicker but only indicates the regions around the
excavation boundary where there is the potential for interlayer slip.
To establish the zones of distress within the rock mass, the rigorous
approach is required.

Q16.8 Two types of ‘ground response curve’, A and B, are illustrated
in the diagram below. The curves indicate the amount of support
pressure required to maintain an excavated rock surface at a given
value of displacement.

Support
Rock pressure
displacement

I
\Support
pressure

Rock
displacement

With reference to these curves, explain:
(a) why the in situ stress condition before excavation cannot be
re-established by the support pressure applied after excavation;
(b) why it is inappropriate for an engineer to insist that the rock
should be supported in such a way that no displacement what-
soever occurs.

A16.8 (a) The principal stresses of the in situ stress state before excava-
tion will have certain magnitudes and directions. After excavation and
on the excavation periphery, these magnitudes and directions will have
changed, as indicated in A15.9 and in the sketch below.

Before After

excavation excavation
No normal stress

or shear stress at
excavation boundary

]
\ / Principal
N L, stresses

Recalling that stress is a tensor quantity with six independent com-
ponents, in the general case it is not possible to re-establish the in situ
stress by applying a normal stress, or pressure, to the excavation surface;
it would also be necessary to apply shear stresses, which is not practical.

(b) For either ground response curve, A or B, although it is not
possible to re-establish the in situ stress field by the application of
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support pressure, it is in theory possible to apply support pressure
such that there is zero radial rock displacement at a given position,
as indicated by the black circle on the support pressure axis in the
sketch below. This could well involve considerable practical problems
and would be expensive.

Support
pressure

-— Zero rock displacement

,~~<—Support line

Rock displacement

However, attempting to insist on zero rock displacement at the ex-
cavation periphery is unnecessary. In the case of curve A, the rock
unloads to a stable position at zero support pressure, so no support is
necessary. If support is installed after some displacement has occurred,
as represented by the dashed line in the sketch, the rock displacement
will be stopped at point S5, where the support line meets the ground
response curve, with less support pressure than that required for zero
displacement.

In the case of curve B, assuming that the rock is not unloading to
a stable position, the installation of support is necessary. If the same
support represented by the dashed line in the sketch is used, the rock
displacement will be stopped at point Sg, where the support line meets
the ground response curve, again with less support pressure than that
required for zero displacement.

Q16.9 A tunnel of radius 1.85 m is excavated in rock subjected
to an initial hydrostatic stress field of 20 MPa and provided with a
concrete lining of internal radius 1.70 m, Assuming elastic behaviour
of the rock and lining, calculate the radial pressure and the radial
displacement at the rock-lining interface if:

(a) the lining is installed at the face before any displacement of the

rock has occurred; and
(b) the lining is installed following a radial convergence of 1 mm.

A16.9 (a) We solve this problem by plotting the ground characteristic
(i.e. ground response curve) and the support characteristic (i.e. available
support line) on the same axes, and identifying where they intersect. This
is the operating or equilibrium point. Firstly, we are told that both the
rock and the lining remain elastic. This means that both characteristics
are straight lines.

To find the ground characteristic we need to identify the two end
points of the line: one is the in situ condition of zero displacement
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at a radial stress of 20 MPa, the other is the elastic displacement
induced when the radial stress is zero. We use the Kirsch solution to
find this radial displacement and, for a hydrostatic stress state, it is
given by
pa
U = ——=
2G
where p is the value of the hydrostatic stress, a is the radius of the
tunnel, and G is the shear modulus.
However, as we have not been given a value for the shear modulus,
let us assume a value of 2 GPa. This gives a radial displacement of

pa _ 20x185
26~ 2 %2000

If we assume that the lining behaves as a thick-walled cylinder subject
to radial loading, then the equation for the lining characteristic is

= —0.0925 m.

U =

Ur — Uo

pr==k
a

where p, is the radial support pressure, k is the lining stiffness, and u, is
the magnitude of the rock displacement when the lining is installed, and

i B @@t
14+ v (1 —2v)a? + (a — t.)*
where ¢ is the thickness and the subscript ¢ refers to the concrete lining.
To use Eq. (16.1) we assume values for E; and v, as 30 GPa and
0.25, respectively. Using these figures, together with ¢ = 1.85 m and

t. = 1.85 — 1.70 = 0.15 m, we find that k = 2.78 GPa. Thus, for a radial
pressure of 20 MPa and u, = 0 mm, the lining will deflect radially by

(16.1)

a 1.85
U= —p+u,=——-20+0=0.013m.
TP T s K1
The operating point can now be found:
25 =
o 20 =
< ground lining
S characteristic characteristic
3 15 —
[7]
4
§ /
2 10
] < operating point:
u=5.5mm, p=8.2MPa
5 e —
0 T — T T T T v ~—
0 2 4 6 8 10 12 14 16

radial displacement, mm

(b) If the lining is installed after a radial displacement of 1 mm has
occurred at the tunnel boundary, then we have the following;
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25 -

20— - - —
ground‘ . lining

Characteristic characteristic
15—~ \ /
10— —

- operating point:
T u=5.9mm, p=7.3MPa

5 i -

O T T T T U T T 1
0 2 4 6 8 10 12 14 16
-« radial displacement, mm

radial pressure, MPa

1mm displacement of tunnel boundary

This shows how, by delaying the installation of the lining, we have
reduced the pressure it is required to withstand, but at the expense of
increasing the final radial displacement.

Q16.10 The sketch shows a pillar of rectangular cross section, which
is very long in the y-direction (i.e. out of the plane of the paper)
and is made of a linearly elastic isotropic rock. A support pressure
is applied to the horizontal sides of the pillar through the action of
springs that pass horizontally through the pillar.

(a) Develop an expression linking the vertical stress, o,, to the
support pressure, p, in terms of the elastic constants of the pillar
material and the spring stiffness. Use this expression to show that,
for zero horizontal strain of the pillar, the ratio of vertical stress to
support pressure is (1 — v)/v.

(b) If the strength of the pillar can be described by the Hoek-
Brown criterion with 0. = 37 MPa, s = 1 and m = 15, and the
elastic modulus and Poisson’s ratio of the rock are 75 GPa and
0.27, respectively, what spring stiffness is required if the pillar is to
withstand a vertical stress of 55 MPa?

A16.10 (a) The generalized Hooke law for an isotropic material can be
written directly as both

1 1
6 = E[O"_U(Oy-'_oz)] and &y, = — [0y, — v (0; + 0%)].

Al
Because the pillar is very long in the y-direction, we can say that it is
in a state of plane strain and hence ¢, = 0. Substituting this and o, = p
in the second of these equations gives
oy = v(o, + p)
and then substituting this in the first equation leads to
1

8X=E[p(l—v2)—azv(l+v)].

o;
HiH

DR B

ttttt
o;
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If we use the usual geomechanics convention of compressive stresses
and contractile strains as positive, then we can say that the relation
between ¢, and p is

p = —ke,

where the spring stiffness, k, has units of stress. Note that the minus sign
is required to generate a compressive support pressure from an extensile
horizontal strain in the pillar.
Combining these last two equations gives
1 1

_sz E[[)(] —vz)—o'zv(l +U)]

which, upon rearranging, gives

B (1—v)+ E 1
=P v v(l+ vy k|’

The case of zero horizontal strain of the pillar is represented in this
equation by an infinite spring stiffness. This condition reduces the above

equation to
=
g, =r
v

from which we see that the ratio of vertical stress to support pressure is
(1 —v)/v, as required.

(b) The Hoek—-Brown criterion can be written as

o1 = 03 + /moco3y + so?

which, upon substitution of the numerical values given here and assum-
ing 01 = o, and 03 = p, becomes

0, =55=p+/555p + 1369.

Rearranging this to give a quadratic in p leads to
p? —665p + 1656 =0

from which we find p = 2.5 MPa.
If we rearrange the equation for the pillar stiffness, we can obtain
E P
k=
(14 v) [vo, — p(1 = v)]
and hence by substitution find £ = 11.3 GPa.

To determine the area of steel bars required to provide this stiffness,
we examine the force compatibility for a unit area of pillar face. The
relation between strain and stress in the support is o = ke, and so the
force required over a unit area of face of a pillar of unit width is F = k8,
where § is the displacement of the support. For a bar of unit length

subjected to an axial force, the displacement is given by § = F,/AyEy,.
Combining these equations gives

k= AhEb or Ay, = k/Eb
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From this we find that the area of steel bars required per square metre
of pillar face is 11.3/210 = 0.054 m?. In terms of bars whose diameter
is 25 mm, this represents 110 bars, which could only be obtained by
inserting the bars at a spacing of about 95 mm! However, although the
quantity of bars is large, the stress induced in them is only p/As, or 46.3
MPa. As high tensile steel bars are capable of working at 300 MPa, this
shows that this form of passive reinforcement is inefficient.

To improve the efficiency of the reinforcement, it would be appropriate
to apply a tension to the bars during installation. This would generate
the required support pressure directly, without requiring the pillar to
deform elastically. This is known as active reinforcement.

16.3 Additional points

The book by Hoek et al. (1995)7 explains many of the principles of rock
reinforcement and support and associated subjects.

There is specific reference material available on rock reinforcement.
For example, the Schlumberger Lecture Award paper by Windsor (1997) 8
summarizes the approach to rock reinforcement systems and highlights
the components of the structural analysis, remembering that the main
function of rock reinforcement is to enhance the strength of the dis-
continuous rock mass. Windsor provides a complete methodology for
studying rock reinforcement, starting with the elements in the table be-
low and including the development of safety factors.

Rock joint system components  Reinforcement system components

(in parallel) (in series)
1. Areas of intact rock 1. Rock
2. Areas of asperities 2. Internal fixture
3. Areas of infill 3. Element
4. Areas of planar friction 4. External fixture

A publication by Villaescusa et al. (1999)° contains papers by Brown
on the evolution of support and reinforcement philosophy, and by
Hoek on support for very weak rock associated with faults and shear
zones.

Our main emphasis in this book is on rock mechanics applied to civil
and mining engineering, but the mechanical principles apply to all rock
engineering. In petroleum engineering, the occurrence of unstable bore-
holes is a major problem — not only in inclined and sub-horizontal wells
but also in vertical wells. The mechanical understanding of borehole in-

"Hoek E., Bawden W. F. and Kaiser P. K. (1995) Support of Underground Excavations in
Hard Rock. Balkema, Rotterdam, 215pp.

8 Windsor C. R. (1997) Rock Reinforcement Systems. Int. . Rock Mech. Min. Sci. 34, 6,
919-951.

% Villaescusa E., Windsor C. R. and Thompson A. G. (eds) (1999) Rock Support and
Reinforcement Practice in Mining. Proceedings of the International Symposium on Ground
Support, Kalgoorlie, Western Australia. Balkema, Rotterdam, 437pp.
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(a) | | (b)

Figure 16.3 (a) Isochromatics in photoelastic model indicating shear stresses around a
square excavation, (b) using a slotting technique to move the shear stresses away from
the excavation, thus reducing rock damage at the periphery of the excavation (from
Roberts, 1977).

stability and a discussion of methods of reducing instability is included
in Fjaer et al. (1992). 1°

The most elegant stabilization option is, if possible, to develop an
excavation geometry such that no stabilization is necessary. In terms
of rock fractures, an excavation can be oriented such that minimal
rock block instability occurs, and, in terms of stress concentration (the
amount by which an applied stress component is concentrated by the
excavation), tunnels oriented parallel to the maximal principal stress
experience the least stress concentrations on their boundaries. In an
isotropic stress field, a circular tunnel cross-section reduces the maximal
stress concentration to a factor of 2. In an anisotropic stress field,
with the horizontal to vertical stress ratio being k, the maximal stress
concentration is minimized by having an elliptical cross-section in which
the ratio of width to height is also k.

Deviatoric stresses (i.e. the difference between the major and minor
principal stresses) produce shear stresses which in turn cause failure.
When the excavation is made, the stress normal to the excavation surface
is reduced to zero, creating high shear stresses in the rock adjacent to
the opening. Another stabilization option considered in the early days
of rock mechanics was to move these shear stresses further back into
the rock using a rock slotting technique (Fig. 16.3, from Roberts, 1977) 1.
Although it is an elegant solution, practical problems outweigh its use-
fulness, except in special circumstances where the slots can be easily cut.

10 Fjaer E., Holt R. M., Horsrud P, Raaen A. M. and Risnes R. (1992) Petroleum Related
Rock Mechanics. Elsevier, Oxford, 338pp.
! Roberts A. (1977) Geotechnology. Pergamon Press, Oxford, 347pp.
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In Chapter 15, we noted that the possibility of introducing new
methods of excavation is unlikely. Similarly, we do not anticipate that
new methods of stabilization will be introduced. Failure of the rock mass
occurs because of the presence of increased rock stresses, pre-existing
fractures, water pressure and water flow, and rock deterioration over
time. It is unlikely that stabilization improvements will be made because
the factors listed above cannot be removed, and the existing techniques
of rockbolts, shotcrete, lining and grouting offer direct solutions to the
adverse effects.






Foundation and
slope instability
mechanisms

17.1 Near-surface instability

Rock foundations can be on a small scale, such as that of the concrete
pier illustrated in the Frontispiece, or on a large scale, such as those of
the majestic Hoover Dam, illustrated in Fig. 17.1, which is 221 m high
and located on the Colorado River in the USA.

Rock slopes can be created for a variety of purposes. In Fig. 17.2a,
we illustrate one region of a large open-pit copper mine. The slope
geometry comprises a stepped series of benches, formed as the rock
is excavated during the mining process. The height of each bench is
governed by blasting and mining machinery parameters. In Fig. 17.2b,
there is a highway cutting with rock slopes on either side, and a
terminal slope where the road enters a tunnel. The methods of studying
slope instability in these two cases may well be the same, but the
consequences of slope failure in the two cases will be different: a single
block rolling onto the road may well cause public alarm in the civil
engineering case, but have little consequence in the mining engineering
case.

Also, the methods of analysing slope instability will be a function of
the rock type. For the granite mass illustrated in Fig. 17.3a, failure will be
caused by the presence of the fractures: rock blocks will slide and topple,
but a new failure plane is most unlikely to be generated through the
strong intact granite. For the chalk illustrated in Fig. 17.3b, failure may
similarly be caused by the blocky nature of the chalk, but it may also
occur by a new failure plane being generated through the chalk mass
because the chalk is relatively weak.

Foundations and slopes near the ground surface are often character-
ized by complex geological conditions, because of complex fracturing, a
long history of groundwater movement, and other types of weathering.
Moreover, compared to an underground excavation in a rock mass, the
rock mass near to the surface is loaded by a ‘soft system’, often the dead
weight of the rock mass itself, and there is greater kinematic potential for
movement than there is around an underground excavation. All these
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Figure 17.1 Hoover Dam on the Arizona-Nevada border, USA, (top) and the abutment
rock (lower).
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(b)

Figure 17.2 Slope stability in mining and civil engineering. (a) Slope stability during
open-pit mining. (b) Slope stability in a road cutting.

factors lead to greater potential for rock instability in surface excavations
compared to underground excavations.

The main factors involved in the stability of rock foundations and
slopes are intact rock quality, fracture geometry, fracture mechanical
properties, rock mass properties, rock stresses, hydraulic conditions,
slope orientation, slope dimensions, proximate engineering disturb-
ances, support and maintenance, and the effects of construction. In
this chapter, we will consider the basic mechanisms that can lead to in-
stabilities beneath foundations and in slopes, and we will concentrate on
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Figure 17.3 The slope stability and the associated analysis is a function of the rock type.
(a) Granite slope in a building stone quarry. (b} Chalk slope in a road cutting.

instabilities induced by the pre-existing fractures. Instabilities through
the intact material are best tackled using soil mechanics principles, for
which the reader is referred to Bromhead (1992) L.

17.2 Question and answers: foundation and slope
instability mechanisms

Q17.1 The diagram below (Serrano and Olalla, 19982) shows six
basic potential mechanisms by which failure can occur beneath a
foundation on a fractured rock mass containing one fracture set,
indicated by the fine shading. Failure can occur through the intact
rock, indicated by the letter R, and/or along a fracture plane, indic-
ated by the letter P. Describe the six basic mechanisms illustrated.

Al17.1 The mechanisms are as follows.

Case a: failure occurs through rock mass by creation of new failure
surface in intact rock.

Case b: as (a), but with rock wedge also formed by failure along fractures.

Case c: as (a), but with rock wedge formed by fractures below loading
area.

! Bromhead E. N. (1992) The Stability of Slopes. Blackie Academic, London, 2nd edn.

2The diagram is from Serrano A. and Olalla C. (1998) Ultimate bearing capacity of an
anisotropic discontinuous rock mass, Part 1. Basic modes of failure. Int. |. Rock Mech. Min.
Sci., 35, 3, 301-324.



Question and answers: foundation and slope instability mechanisms 289

W

Case d: as (a) but with rock wedge between failure regions through intact
rock.

Case e: plane sliding of single wedge formed by fracture.

Case f: failure in intact rock and along fracture.

These six mechanisms can be used to develop criteria for foundation
failure, taking into account the possibilities of failure both through the
intact rock and along the fracture planes.

This leads to more complex derivatives of the ‘single plane of weak-
ness’ concept that was discussed in Chapter 7 for uniaxial loading of a
single fracture in a rock specimen.

Q17.2 Consider extending the method of equilibrium analysis for

plane failures (see Q16.3) to the case of retaining walls. The failing

block, ABC in the sketch below, is restrained in three cases by the

application of load to the vertical face, AB:

(a) by a horizontal force of magnitude T acting through the centroid
of the block;

(b) by a horizontally acting uniform pressure distribution p from the
top of the face to the point where the failure plane daylights; and

(c) by a pressure distribution varying linearly from zero at the top
of the face to g at the point where the failure plane daylights.
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In each case, derive an expression for the factor of safety and, for
the special case of F = 1.0, give an expression for T, p or q as
appropriate,

A17.2 Case (a) Horizontal force

The forces T and W act through the centroid of the block, and the
reaction forces S and N act at the midpoint of AC. However, to simplify
the analysis we assume that they are all coincident with the centroid of
the block, and hence we can ignore moment equilibrium.

For the geometry given, the volume of the block is
L H H?

V=3iL.alaoc=L1H =
2TABTBC T 2 anyr  2tan ¥y

and the weight of the block is

H2
W=yv=""_
2tan ¥

Defining the factor of safety for this block as

Z forces resisting sliding

;

Z forces causing sliding B

and assuming that the strength of the plane AC is given by the Mohr-
Coulomb criterion, by taking components of the various forces parallel
and normal to AC we obtain

—H .
_cLac+ Ntan¢ _ Csim//f + (Wcos ¥ + T sinyy) tangp
W sin ¢ W siny¢ — T cos ¢

There are many ways this relation can be rearranged, and one of them

F

is
. 2cH + (y H? cos? ¢y + 2T sin® ;) tan ¢
- (v H? — 2T ) cos Y sin ¥y
For the specific case of c = 0 and T = 0, this reduces to the relation for
a block resting on a slope, i.e. F = tan¢/ tan ;.

Finally, if we examine the case when F = 1, we can rearrange Eq. (17.1)
to obtain

17.1)

_ yH*(sin2y — (1 +cos2y)tang) — 4cH
- 2 (sin 2y + (1 — cos 2y) tan ¢)

T

(17.2)
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and use this expression to investigate the requirements for the support
force when ¢ = 0. Rearranging gives

2T 2y — (1 +cos2y)tang)
yH?2 2y — (1 — cos2y) tang)

and so we can plot contours of 27 /y H? for various angles of friction and
dip of the failure plane. These are shown in the figure below.

45 —~ T T T T T T T 7 T "y [
40+ / 1
35+ *
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friction angle, degrees
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M 1L 1 i -
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dip angle of failure plane, degrees

We can see from the plot that the required bolt force reduces to zero
when the friction angle is greater than or equal to the dip angle of the
failure plane, and it approaches the weight of the block for frictionless

conditions.

Case (b) Uniform pressure
A uniform pressure is related to the horizontal force used in the above

analysis through T = pH. Making this substitution in Eq. (17.1) leads to
2¢ + (v H cos? Y + 2 p sin’ V) tan ¢
- (yH — 2p)cos Yysin g '
Similarly, Eq. (17.2) becomes
yH (sin2¢r — (1 + cos2y¢) tang) — 4¢
T T 2(Gin2y + (1 — cos2¢) tan )

Case (c) Varying pressure distribution
A varying Fressure distribution is related to the horizontal force T

through 7' = 59H, and so we find that the factor of safety is given by

_ 2+ (vH cos? Y; + g sin’ yr) tan ¢
B (y H — q) cos yrg sin Yy
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and the pressure for F = | is given by
_yH(in2y - (1 + cos 2y ) tan¢) — 4c
- (sin 2y + (1 — cos2vy) tan¢p) '

Q17.3 For the case of wedge instability in rock slopes, the factor of
safety can be related to that of an equivalent plane instability (i.e.
plane sliding in the same direction as that of the wedge) by

Fw=kaFp

where the wedge factor, kw, is computed from kw = sin B/sin £, and
the angles 8 and £ are defined as shown below.

/

view along line
of intersection

For the particular case of wedge instability in a slope of ori-
entation 124/63 (dip direction/dip angle) with a horizontal top,
intersected by two sets of fractures with orientations 182/52 and
046/69 and friction angle 29°, determine Fy.

A17.3 There are two main parts to the solution: to determine the factor
of safety of the equivalent plane instability, and to determine the angles
g and §.

Although the factor of safety for friction-only plane instability is
a well-known result, it is easily confirmed by sketching a free body
diagram of a block on a plane and noting the associated equilibrium
conditions, as shown below.

Resolving forces parallel and normal to the plane gives

S=Wsiny and N = Wcos .

For the equilibrium condition of § = Ntan¢, we define the factor of
safety as
N tan¢
P =
S

from which we find
Fo = W cos ¢ tan ¢ _ tand)'
W sin tan
This means that the equation for the factor of safety of the wedge
instability can be written as

sin tan ¢
— X

Fw=kwx Fp=
WA sinif  tany
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from which we see that the three angles of 8, £ and  are required
to describe the problem. These are established using the hemispherical
projection, as shown below. In constructing this projection, it is import-
ant to realize that the angles g and £ are measured in the plane that is
perpendicular to the line of intersection that forms the wedge. The great
circle representing this plane is shown dashed in the projection, and has
as its normal the line of intersection of planes 1 and 2.

Substituting the various numerical values into the equation for the
wedge factor of safety then gives
sin 8 tan¢ sin101 tan29 0982 0.554
Fy = — - X = X = 1.48.
sin 7€ tanw sin36  tan32  0.588  0.625

Notice that the magnitude of kw is 0.982/0.588 = 1.67, which shows
that the confinement offered by the fractures forming the sides of the
wedge contributes an additional 67% to the factor of safety, over and
above that obtained from plane sliding. In this case, the plane case would
be unstable.

The calculation presented here is approximate, because the various
angles have been measured on the hemispherical projection. The equa-
tion for the factor of safety is, however, exact. To demonstrate this, if
the various angles are computed using vector analysis, we find that
B =100.9°, & = 72.0° and ¢ = 32.5° and from this we obtain Fy = 1.454.
The answer computed using a wedge analysis algorithm, such as those
presented by Hoek and Bray (1977), is 1.453.

Finally, we see that neither the orientation of the slope face nor the
unit weight of the rock material enters into the calculation. This is
because the stability of the wedge does not depend on its size, as it is a
friction-only case. If either cohesion or water pressures are present, then
the size of the wedge has to be taken into account. However, the slope
face orientation should be such that a wedge is actually formed, and
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this geometric check should always be performed before computing the
factor of safety.

Q17.4 Determine an upper bound for the collapse pressure, p, for
the foundation shown below consisting of three rock wedges formed
by the fracture sets in the rock mass.

6m |

|
222241

¥, All angles = 60°
. ¢’= 25 kN/m?
¥ = 24 kN/m3

% $=0

A17.4 We start by drawing free body diagrams of the blocks that
comprise the foundation. It is important to remember that the forces
drawn on a free body diagram are those required to maintain the body
in a state of equilibrium. Also, when dealing with blocks that are in
contact in the actual foundation, the forces on the common surface in
the respective free body diagrams are in equilibrium, and so must be
equal in magnitude and opposite in sense. When drawing the free body
diagrams for a multi-block system such as this, it is usually easiest
to start with the block furthest from the applied external load, as the
direction of movement — and hence the sense of the inter-block forces
— is generally evident. Using these principles, the free body diagrams
for this particular foundation are then as shown below.

block 1 block 2 block 3

SERRETEL

N
N 23 W,
S:o ﬁ w le ( % l Jzi
S
S 23
Ny, N, rlz Nza / Ny
Y Sa k.

Nz
X

In these diagrams, each force that acts on the surface of a block is given
two subscripts in order to identify fully the two blocks it acts between,
with block 0 being the rock outside the foundation.

We assume each block to be in a state of limiting equilibrium, and that
moment equilibrium can be ignored. In order to minimise the number
of unknowns in the equilibrium equations, the solution begins with an
analysis of block 3, moves on to block 2, and finishes at block 1.
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Block 3
> fc =0, with forces directed to the right reckoned positive,

N33¢0830 4+ Sp3c0s60 — S39c0860 — N3gcos 30 = 0. (17.3)

Limiting equilibrium tells us that, for each face of the block, § =
cL + Ntan¢. For this particular foundation we know that ¢ = 0, and
so the limiting equilibrium condition is simply S = ¢L. Substituting this
into Eq. (17.3) gives us

Ny3¢c0830 4 ¢L cos60 — ¢L cos 60 — N3pcos30 =0
and hence
N3o = Nas. (17.4)

Y fy =0, with forces directed upwards reckoned positive,

N3381in30 + N3gsin 60 — S»3 8in 60 — S33sin60 — W = 0.
Using the limiting condition of S = ¢L, this reduces to

Ny3sin30 4+ N3gsin30 — ¢Lsin60 — ¢Lsin60 — W =0
and substituting Eq. (17.4) into this gives

N33s8in30 4+ Ny3sin30 — ¢L sin60 — cLsin60 — W =0

which, on rearrangement and using the identities sin30 = 1/2 and
sin60 = /3/2, leads to

Ny =W +cL/3. (17.5)
Block 2
3" fc =0, with forces directed to the right being reckoned positive,
N3 ¢0830 — S53¢0860 — S15c0s 60 — Na3cos 30 — Sy = 0.
With the limiting condition of § = ¢L, this reduces to
Ni2¢0830 — cLcos60 — cL cos60 — N»3cos30 —cL =0

and upon substitution of Eq. (17.5) and rearrangement we obtain

7
Np=—=cL+W 17.6
=5 (17.6)

Block 1
3" f. =0, with forces directed to the right reckoned positive,

Nipcos30 4+ S12¢cos60 — Sjpcos 60 — Nz cos 30 = 0.
With the limiting condition of § = cL this reduces to
Nipcos30+ cLcos60 —cLcos60 — Njpcos30 =0
and hence
Nig = Np,. (17.7)
3" fv =0, with forces directed upwards reckoned positive,
Niosin30 + S;osin60 4+ N2 sin30 + Sy, 8in60 — W — pL = 0.
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With the limiting condition of S = cL this reduces to
Niosin30 + ¢Lsin60 + Ny3sin30 4+ ¢Lsin60 — W — pL =0
and substituting Eq. (17.7) leads to
2Ny3sin30 4+ 2¢Lsin60 — W — pL = 0.

Substituting Eq. (17.6) and rearranging results in

l
p= 7(;_c = 5.774c. (17.8)

For this foundation we have ¢ = 25 kN/m?, and substituting this value
into Eq. (17.8) gives a collapse pressure of

p = 144.3 KN/m?
and with L = 6 m we obtain a collapse load of
P =866.0 KN/m?.

Notice that the collapse pressure (and hence collapse load) is independ-
ent of the weight of the blocks. This is because the friction angle is zero,
but in general the collapse load increases as the unit weight of the rock
increases.

If we perform the above calculations for a range of values for the
friction angle and cohesion of the block boundaries, we can examine
how the collapse pressure varies with these parameters. The graph
below shows this, with the units of collapse pressure being MPa.

Notice that a logarithmic scale has been used for the curves of collapse
pressure, indicating that its magnitude increases dramatically as both
the cohesion and friction angle increase.

25

friction angle, degrees

I

Q 50 100 150 200 250 300 350 400 450 500

cohesion, kPa
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Q17.5 A cross-section through a rock slope is shown below. The rock
is impermeable with a unit weight of 22 kN/m?* and the fractures AC
and DE have an aperture of 1 mm. A drainage gallery at E reduces
the water pressure at that point to the atmospheric pressure value.
The drainage gallery, the fractures and the slope face all have the
same strike.

y =22 kN/m3

Assuming conditions of heavy rainfall, determine the water pres-
sure at B, and hence the factor of safety against sliding of the block
DBC. Take the kinematic viscosity of water to be 1.3 x 104 m?/s and
assume block ABD is stable.

A17.5 We start by analysing the fracture network in order to determine
the water pressure distribution along the fractures BD and BC. The
first step is to determine the elevation of the nodes and the lengths of
the channels from the network geometry. This is shown in the sketch
below.

17/1an 30
‘

45°

Node: A B C D E
Elevation (m) 17.0 17.0tan30=9.815 0.0 17.0 9.815-6.5=3.315

Channel: AB BC BD BE

Length (m) 17.0/sin30 — 17.0/cos30  17.0/cos30 17.0 —17.0tan30 6.5
= 14.37 = 19.63 =7.185
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We then draw up a table of heads:

Node: A B C D E
Pressure head, p/y. 0 ps/ve O 0 0
Elevation head, z 170 9815 0 170 3.315
Total head, H 17.0 Hyg 0 170 3315
and a table of channel conductance:
Channel: AB BC BD BE
L (m) 1437 19.63 7.185 6.5

c(ms™!, x107%) 4376 32.03 8752 96.75

The fundamental equation for computing the head at a node is

. ZCUHj
2.

and for node B in the network this is

H;

_ csaHa + cacHc + cepHp + creHe
¢Ba + ¢Bc + CBD + CBE

Hg

which is evaluated as

f — (4376 X 17.0) + (32.03 x 0.0) + (87.52 X 17.0) + (96.75 x 3315)
B= 43.76 + 32.03 + 87.52 + 96.75

=9815m.

The pressure at node B is then
PB = Yu (Hg — z8) = ¥ (9.815 — 9.815) =0,

and so we can see that the drain works perfectly: the pressure is reduced
to zero at node B, and as a result the water pressure is zero everywhere
along BD and BC.

Examining the stability of block DBC, as block ABD is stable it will
play no part in the analysis. If we define a factor of safety as

Z resisting forces

F - ]
Z driving forces

then we have for block DBC

. Igc - ¢’ + (Wppc cos 30) tan ¢’

F -
WDBC sin 30

where Wpgc is the weight of block DBC. To compute this we determine
the area of DBC as follows:
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———————D

17 B
\
17tan30 \
o) ™\ C

Apsc = Apoc — Asoc
=3x17x17 =4 x17 x 17tan30
= 61.07 m?

and thus Wpge = 22.0 x 61.07 = 1343.6 kN.
The factor of safety is then

17.0
x 10 4 (1343.6 cos 30) tan 30

F = cos 30 =129
1343.6 sin 30

Q17.6 Assume the same circumstances in Q17.5 and consider the
case when the block DBC has moved downhill a limited amount,
resulting in a considerable increase in the aperture of DB. Calculate
the factor of safety against sliding of the block DBC.

A17.6 In the circumstance that the aperture of DB is much larger than 1
mm, far more water will enter at D than can be drained away through
BE, and as a result the pressure at B will increase towards a hydrostatic
value. If we assume that there will also be a linear pressure variation
along BC, from hydrostatic at B to zero at C, then we can compute the
new factor of safety as

_lpc - ¢’ + (Wppc cos 30 — U — V sin30) tan ¢’

F
V cos 30 + Wpgc sin 30

>

where U and V are the forces due to the water pressure along BC and
BD, respectively. These forces are determined thus:

PB = Y X Igp = 9.81 x 7.185 = 70.49 kN/m?,

V = lvuldp = 3pslsp = 253.2 kN,

U = ipslsc =691.8 kN.
Hence, the factor of safety is computed as

Fe (17/cos30) x 10 4 (1343.6 cos 30 — 691.8 — 253.2 5in 30) tan 30
n 253.2 cos 30 + 1343.6 5in30

Clearly, increasing the aperture of DB has a significant effect on the
stability of the block, as demonstrated by performing the computation

= 0.44.
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for a range of aperture values and plotting the results:
20 [
181
16

14

Factor of Safety

o

06

04 r

Aperture, mm

The engineering significance of this result is that, unless we have total
confidence in our assessment of the aperture of BD, we should assume
that it is much greater than 1 mm, and accept that the slope as currently
configured has a factor of safety of about 0.44.

Q17.7 A rectangular foundation base, 6 m x 10 m in plan, carries a
vertical load of 180 MN which it transmits to the rock as a uniform
bearing pressure. The rock can be taken to be CHILE, with a modulus
of elasticity E = 800 MPa and Poisson’s ratio v = 0.2,

Ignoring the weight of the rock, evaluate the vertical settiement
at the centre, C, of the base and the vertical stress at a point 5 m
below C.

A17.7 The loaded area we are ana- y

lysing is shown to the right.
The solution to problems involving

loaded areas on CHILE foundations

can be found from application of the
integral form of the Boussinesq equa-
tions. However, these equations are 10m
defined over one quadrant, with the
point of interest being at some depth

on the z-axis. As a result, we can only apply the equations over one
quarter of the loaded area, as follows:

total load of 180MN,
uniformly distributed

YA\ total load of
integral form of Boussinesq < sm . . 45MN, uniformly
equations applicable to one distributed
quadrant —__ A

~ 1 ism
T x
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To obtain the stresses and displacements due to the complete loaded
area, we multiply the results for a single quadrant by 4. This is possible
because each quadrant of the loaded area has no structural influence on
any of the others.

For the single quadrant shown above, the displacement at a point on
the z-axis is given by

__P _ -
", = 4”G[Iu(5, 3) + £1,(0,0) — 1,(5,0) ~ £,(0, 3)] (17.9)

where

L(x,y) =2(1 =v) [xIn(R + y) + yIn(R + x)] ~ (1 — 2v)z tan™" (%)
Z

and
R=yx*+y2+2? (17.10)

For a position on the ground surface, we have z = 0, and for this
particular foundation we have E = 800 MPa and v = 0.2 (giving
G = 333.3 MPa), with the applied pressure p being given by

P 180
P= AT Toxe - o MPa
Substituting these values into Eq. (17.9) we obtain
u, = 2 [28.86 +0.00 — 12.88 + 5.27]
4n G
. 1071=7.672x10"m
4m x 333.33

with the total displacement then being 4u, = 4 x 7.672 x 10~* = 0.031 m.
The stress at a point on the z-axis for the single quadrant shown above
is given by
P

U=~ 5.+ 1L 0.00— [, 50,03 7.1

v xy xyz 1 1
1(1 s =ta ! o Y
() =an (Rz)+ R (x2+12 +y2+22)

and R is defined in Eq. (17.10).
For a depth of 5 m we have z = —5, and substituting this, together
with the appropriate values of x, y, and p into Eq. (17.11), we obtain

o, = 2% [0.85 + 0.00 — 0.00 + 0.00]

where

= i x 0.85 = 0.41 MPa
2

with the total stress then being 40, = 4 x 0.41 = 1.63 MPa.

We can examine the distribution of both displacement and stress across
the extent of the loaded area by substituting the appropriate values of
x and y into Eq. (17.9) or Eq. (17.11), respectively. The asymmetry of
the problem under these circumstances means that we need to compute
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the influence of each of the four rectangular areas explicitly, rather than

computing a single quadrant and multiplying the result by 4. Plots of
these distributions are shown below.

displacement, m
003 002 001 000

&

15 20

10

verical stress, MPa
o5

B

Q17.8 The expression for the radial stress induced beneath a line

load of magnitude P acting normal to the surface of a semi-infinite
half space is

2P sind

r= .
nr

(a) Show on a sketch the geometry of this problem, indicating
clearly the angle ¢ and the orientation of the stress components g,
and o,. What are the magnitudes of o4 and 7,4 in this problem?

(b) Sketch the locus of constant o, for varying 0, and show how
the expression above leads to the concept of a ‘bulb of pressure’.
For the case when the applied line load is not normal to the surface,
show on a sketch how the bulb of pressure changes its nature,

indicating clearly any zones where tensile radial stresses may be
induced.
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(c) This analysis is for CHILE materials. By making use of the ¢;
theory, show qualitatively how the bulb of pressure may be expected
to change when the ground beneath the load consists of a layered
discontinuous rock mass dipping at some arbitrary angle.

(d) On the basis of these results, what are the ramifications this
analysis has for site investigation in layered rocks?

A17.8 (a) This is a problem in which the stress components are defined
in polar co-ordinates, which are expressed in terms of a radius r and an
angle 6. If we examine the expression for radial stress,

2P sinf
Oy = y

nr

we see that it is a maximum when 6 is 90°. This maximum must also
occur when the direction of action of the radial stress is parallel to the
applied load, and so we conclude that the geometry of the problem is as
shown below.

In this problem, the radial and tangential stresses are principal stresses,
and so the magnitude of 1,4 is zero; also, the magnitude of oy is
zero. These simplifications to the stress state mean that the solution to
problems associated with forces applied to the surface of a semi-infinite
body are usually conducted using polar co-ordinates.

(b) Rearranging the expression for radial stress gives

2P

o,

r=

sin @,

and so, knowing that P and o, are constant, we can find radius values
for given angles. If we assume that 2P/m o, = 1, the following results are
obtained.

6 0 15 30 45 60 75 90
r 0000 0259 0500 0707 0.866 0966 1.000

These are plotted in the diagram below, and show how a cylindrical
contour of constant radial stress develops (remembering that a line load
is being applied). It is the cylindrical form of this contour that gives rise
to the term ‘bulb of pressure’.
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P

v

-

0259, 15°

!

“w 0.500, 30°

0.707, 45°

/0866, 60°

0,966, 75°
1.000, 90°

The maximal radius for any given contour is always co-linear with the
applied force. This means that for the case where the applied forces are
not normal to the surface, the contours rotate as shown below.

™\

line of zero
radial stress

zone of tensile
radial stress

<

" zonc of compresstve
radial stress

(c) The ¢, theory utilizes the fact that slip occurs on a fracture if the
applied stress subtends an angle greater than the friction angle to the
fracture normal (see A16.6). If we superimpose fracture orientations on a
diagram of radial stress contours, then we can identify where the radial
stress is acting at such an angle that slip is likely to occur. Once slip does
occur, then the stress field is deformed so that it extends deeper into the
rock Ir;ass. This is shown diagrammatically below following Goodman
(1989)°.

3Goodman R. E. (1989) Introduction to Rock Mechanics. Wiley, Chichester, 2nd edn.,
562pp.
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P

parallel set

: contour for
of fractures - |’ )'\\

CHILE material

*

I"_‘ -'-,

: Y % radial stress
Y

|

|

|

friction boundaries : Coqlours .
defined by i constrained to lie

orientation of i within fnqnon
fracture set boundaries

(d) The diagram above illustrates that whenever engineering is taking
place in DIANE rocks, we should expect the geometry of the induced
stress fields to be different from those predicted using CHILE models. In
the case of site investigation in layered rocks, the depth to which a given
stress is induced can be much greater than that predicted using a CHILE
model, indicating that the rock mass should be investigated over a wider
and deeper zone than a CHILE model would suggest.

Q17.9 The system of rock blocks shown in the sketch below is to be
used in the verification procedure of a computer code for analysing
progressive failure of rock slopes, and for this a manually derived
solution is required.

The system is in limiting equilibrium with block A tending to topple

0

.75m .
\‘/\
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about the corner C, while block B is on the point of sliding downlhill.
The shear resistance on all surfaces is purely frictional with ¢ = 35°.

Given that B is twice as heavy as A, determine the thickness f of
block B. Also show that there is no tendency for block A to slip at the
corner C,

A17.9 In order to solve problems of this type we start by drawing a
free body diagram, marking on all of the forces acting on the various
elements. In this case we know that, if the force due to the weight of
block A is W, then the force due to the weight of block B is 2W. Both
of these forces act through the centroid of the respective blocks. There
are also shear and normal forces acting on all of the interfaces. This
information leads to the diagram shown below.

As the system is in a state of limiting equilibrium with block B on
the point of sliding, we can write Fg = Nptan35. Furthermore, if block
B moves down the slope but block A does not slide, then sliding must
occur at point X and block A must rotate about point C. This information
gives us both a relation between P and @ and the position at which they
act: Q = Ptan 35, acting at a distance ¢ above the plane.

Because block A is toppling, we can write down the equation of
moment equilibrium for this block by taking moments (anticlockwise
positive) about point C:

Wsin30 x 1.5 — Wcos 30 x ? — Pt=0.
Rearranging this gives
1
P = A W (1.5sin30 — 0.375 cos 30) . (17.12)

We know that block B is sliding and hence Fg = Nptan35. To de-
termine the forces in this relation, we write down the force equilibrium
equations (parallel and normal to the plane) for block B:

Fg —2Wsin30 — P =0and Ng — Wcos30— Q=0
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from which we obtain
(P +2Wsin30) = (Q + 2W cos 30) tan 35.

P and Q are related through Q = Ptan35 because sliding is taking
place at point X. This simplifies the above equation to

(P + 2W sin30) = (P tan35 + 2W cos 30) tan 35

from which we find
cos 30tan 35 — sin 30
P =2W . .
1 —tan?35 (17.13)
This can now be equated to Eq. (17.12) to give

30tan35 —sin30 |
oy 05 0tan s = —W (1.5sin30 — 0.375cos 30) .
1 —tan?35 t

Rearranging this gives the value of ¢:

, (1.55in30 — 0.375¢0s 30) (1 — tan? 35)
2 cos 30tan 35 — sin 30

Finally, in order to confirm that block A is not sliding, we must
examine the relation between the forces acting at point C. The force
equilibrium equations (parallel and normal to the plane) for block A are

t = = 1.019 m.

Fa+ P —Wsin30=0and Ny + Q — Wcos30=0
and hence
Fao=Wsin30 — P and Ny = Wcos30 — Q.

These give us a relation for the angle of friction required at A to
prevent slip:

FA Wsin30— P
tang = — = ——————.
Ny Wecos30-Q

As before, because sliding is occurring at point X, this can be simplified
to
Wsin30 - P
Wcos30 — Ptan35’

Substituting the value of P found in Eq. (17.13) and cancelling
throughout to remove W gives the required friction angle as

tan¢ =

¢ =tan"! (0.144) = 8.2°

As this value is much lower than the actual friction angle of 35°, we
can see that sliding will not occur.

Q17.10 Solve Q17.5 numerically using the sector method, and com-
ment on any discrepancies between the numerical solution and the
analytical solution.
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A17.10 Aswiththeanalytical solu- y total toad of
tion, we are able to make use of sm 4SMN, uniformly
the  symmetry of  the oy distriouted
problem, and so will only ana- N | am

lyse one quarter of the area, with :_._:’_'_.%9-"" N

the final stresses and displace- Fg x
ments  being found by

multiplying the computed results L | ]

by 4. A typical sector with-
in the quadrant under analysis is illustrated above.

For a sector such as that shown above, the equations for displacement
at the surface and vertical stress at a depth z are

n

1—v
U= po—=  ridd (17.14)
and i=1
n 3
p z
o, = — |- —— | dé (17.15)
Cm g‘ [ (2 +r.-2)3/2]

where r is the sector radius and d6 is the sector included angle.

To use Egs. (17.14) and (17.15), we decide on the number of sectors
n, compute the resulting value of d6, and then compute the radius of
each sector before substituting into the equations. Computation of each
radius can be awkward, and may involve considerable geometry. In the
case shown here, we will also need to decide which of the two edges of
the loaded area is appropriate for a given sector. However, as the method
is most likely to be implemented on a computer, it is more convenient to
calculate the radius for each sector relative to the lines representing both
edges, and then take the minimum of the two:

r = min (radius relative to side, radius relative to top) . (17.16)

If we examine the geometry of the area, we find that for all sectors i,
Eq. (17.16) can be written as

. a b
ri = min , —
! cos6;’ sin6;

where @ and b are the half width and half height of the area (i.e. 5 m and
3 m for this particular example), respectively.

For the case of 5 sectors in the quarter area, the computation is as
follows:

ZJ

i 9,‘ r; r,-d9 |l —

2 +r2)"
0 @ @ (&)

1 9 5.062 1590 0.205

2 27 5612 1763 0.222

3 45 4243 1333 0.175

4 63 3367 1.058 0.135

5 81 3.037 0954 0.118

Total 6.698 0.855
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and from these we find that

4 x L-v
u, —
¢ PG

X 6.698] = 0.0307 m

and
0, =4 x [i x 0.855] = 1.632 MPa.
2m

The analytical results for these values were 0.0307 m and 1.633 MPa;
clearly, in this case the sector method converges to the analytical results
with only a small number of sectors. This convergence is demonstrated
in the following graph, and shows how, once the number of sectors
exceeds about 8, the errors are very small indeed.

—— vertical stress
-~ vertical displacement

% error

1 2 3 4 5 6 7 8 9 10

number of sectors

17.3 Additional points

An International Workshop on Rock Foundations was held in association
with the ISRM 8th Congress in Tokyo in 1995, and the 70 papers
are published in Yoshinaka and Kikuchi (1995)%. In their preface, the
editors note that Terzaghi’s theory for the bearing capacity of soil was
systemized in the early 1940s, but related work on rock foundations
did not develop then because rock was assumed to be a sound material
compared to soil. However, the Malpasset Dam failure in 1959, which
was caused by the failure of foundation rock, stimulated the necessary
work,

Yoshinaka and Kikuchi also note that our modern infrastructure in-
cludes “high dams constructed on complex formations, highway bridges
built on slopes consisting of weathered and/or fissured rocks, high-rise
pylons for electric transmission lines, strait crossing long-span bridges,
and nuclear power stations” and all of these could be subjected to earth-
quake or other types of loading. Moreover, the processes of foundation

*Yoshinaka R. and Kikuchi K. (eds) (1995) Rock Foundation. Proceedings of the Interna-
tional Workshop on Rock Foundation, Tokyo, Balkema, Rotterdam, 457pp.



310 Foundation and slope instability mechanisms

and superstructure construction are intimately connected and it is not
easy to change the completed work nor implement remedial procedures.
This makes the final design of foundations more important than other
rock engineering structures, such as tunnels and underground cavems,
where a ‘design as you go’, or observational, approach is often adopted.

The seminal book® on rock slope engineering is Hoek and Bray
(1977). The subjects covered in that book are economic and planning
considerations, basic mechanics of slope failure, graphical presentation
of geological data, geological data collection, shear strength of rock,
groundwater, plane failure, wedge failure, circular failure, toppling fail-
ure, blasting and extra topics.

5Hoek E. and Bray ]J. W. (1977) Rock Slope Engineering. Institution of Mining and
Metallurgy, London, 402pp.



Design of surface
excavations

18.1 The project objective

We have emphasized that the rock engineer must establish the engineer-
ing objective, consider the relevant rock mechanics mechanisms, obtain
the necessary site investigation information, conduct appropriate model-
ling in order to develop a predictive capability, and then decide on the
design. In the following photographs, we highlight the point that the rock
engineer can be faced with different objectives and hence different tasks.

In the previous chapter, in Fig. 17.1 we illustrated the rock on the
downstream side of the right abutment of the finished Hoover Dam. In
Fig. 18.1, the overall process of dam construction is shown as the Alto
Lindoso Dam was being constructed. The rock engineering problems

) alN | S ety il P, ol o

Figure 18.1 Construction of the Alto Lindoso Dam on the Portugal-Spain border.
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Figure 18.2 Rock slope on the A82 road by Loch Lomond in Scotland.

here are foundation loading at the base, and abutment loading at the
sides. The other main issue is the secondary permeability of the rock
mass, given the final water level in the completed dam: we have to be
able to assess the potential leakage paths under and around the dam.

Fig. 18.2 shows a finished rock slope adjacent to a road in Scotland,
which was designed after a concerted study of the rock mass fractures.
Here the considerations involved the long-term stability and any re-
quired maintenance of the rock mass, both in terms of its overall stability
and the possibility of avoiding rockfalls on to the road.

Sometimes it is not possible to engineer the slopes to avoid slope
instability because of the limitations of the terrain. Fig. 18.3 shows a
portion of Highway 22, the main highway between India and Tibet.
Here, the road winds its way up the valleys, hugging the valley sides,
and so there is almost no scope for any design variations. It is also
not practical in terms of manpower resources and materials to provide
support measures or rockfall protection along the whole highway.

In mining, there is much greater scope for design variations, espe-
cially in large quarries and open-pit mining of large orebodies, because
the whole mine geometry can be arranged to optimize the extraction
conditions. Also, mining slopes only have to be stable in so far as any
instabilities do not inhibit the mining operations — which means that
some forms of minor instabilities are acceptable. An example of the
large extent of slopes present in some mining operations is illustrated in
Fig. 18.4, which shows the Kalgoorlie ‘Superpit” in Western Australia.

Although mining operations provide good opportunities for obtaining
information about the rock mechanics properties, they are often located
in faulted or contorted geology — almost by definition in the case of
orebodies because the desired metal has been concentrated by geological
processes. In the case of the Kalgoorlie area, faults are present with
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Figure 18.3 Unstable rock masses along Highway 22 from India to Tibet.

the maximum principal stress being horizontal and parallel to the main
fault. In Fig. 18.5, one of the china clay quarries in Cornwall, UK, is
shown. The action of carbonic acid has caused the feldspathic minerals
in the original granitic rock mass to alter to the clay kaolin, which is
being mined. However, the decomposition process was not uniform,
leading to some areas of residual granite (possessing residual jointing)
and some areas of clay. Needless to say, the prediction of slope stability
in such an inhomogeneous rock/soil mass is much more difficult than in
the hard rock mass illustrated in Fig. 18.2.

The engineering objective could also be to preserve old rock structures
such as the castle in Spain illustrated in Fig. 18.6. The edge of a cliff is a
good military location for a castle wall, but not such a good location from
the rock engineering point of view. The rock face below the castle was
shotcreted in recent times, and the shotcrete has since become separated
from the rock and is now in a parlous state. Or, the rock engineer might
be asked to evaluate the stability of natural slopes such as that illustrated
in Fig. 18.7, which was the theme of the rock mass classification question
in Q14.9.
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Figure 18.5 China clay mining in Cornwall, UK.

18.2 Questions and answers: design of surface
excavations

Given the range of possibilities described in the previous section, we
cannot cover all the techniques used in the design of surface excavations,
but the principles highlighted by the questions and answers in the
previous chapters, plus the techniques illustrated in this section, will
provide you with the necessary background.
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Figure 18.6 Cliff-top castle wall in Spain.
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Q18.1 A foundation is proposed on a rock mass consisting of a
series of horizontal strata. The results of a site investigation and
associated laboratory testing programme are shown in the table
below.

Depth Description RQ@D intact rock Fracture

(m) (%) elastic deformation
modulus modulus
(GPa) (GPa/m)

0 Moderately weathered sandstone 61 4.0 18.0

3 Slightly weathered sandstone 98 5.0 20.0

8 Slightly weathered limestone 80 39 115
10 Fresh, massive limestone 100 40 120

End of hole at 12 m

(a) Calculate the effective elastic modulus for the uppermost 10 m
of the rock mass.

(b) A plate-loading test using a 0.5 m diameter rigid plate at
the ground surface has indicated an elastic modulus of 1.0 GPa. By
considering the moduli of the various strata, explain why this might
be. What value of modulus should be used in the design?

{Aide memoire: For a rock mass consisting of i strata, each of which
contains a single set of planar, parallel fractures, oriented paraliel
to the strata boundaries, the effective elastic modulus normal to the
fractures, E,,, may be calculated using the expression

2
En = Z ( i N _’_‘L) ,
E, Ea
where, for each of the i strata, t; = thickness, E; = Young’s modulus of

the intact rock, A; = fracture frequency, Ey; = modulus of deformation
of the fractures.)

A18.1 (a) If we assume a negative exponential distribution for discon-
tinuity spacings, then the relation between RQD and fracture frequency
is

RQD =100 (At + D) exp (—At)

For the moderately weathered sandstone, the RQD of which is 61%
(using the standard threshold value of = 0.1 m), the corresponding
fracture frequency is 13.48 m~!. For the slightly weathered sandstone,
for which RQD = 98%, the corresponding frequency is 2.15 m~!. The
slightly weathered limestone has an RQD of 80% and hence a frequency
of 824 m™. The frequency of the fresh, massive limestone is not re-
quired, as we only need to compute the modulus for the uppermost
10 m.
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From these values we find that the modulus for the rock mass is

)
1 A
(g5
34+542

=(L+13-48) 3. (L, 215 5+(L+8.24 )
40 180 50 200 39115 )

(b) The calculated value is greater than the value measured in the
plate-loading test of 1.0 GPa.

If we consider greater thicknesses of the rock mass in turn, then we
find the following:

En=

=2.11GPa.

Em(Om—3m)=( T +13.48 3=1.OOGPa
40" 180 )
EnOm—-8m)= 3+ = 1.76 GPa.

1 13.48 3 1 2.15 5
(ro““m)' +(ﬁ+m)'

This shows that the plate-loading test has determined the modulus
of only the uppermost 3 m of the rock mass. This is a feature of small
diameter plate loading tests, as a consideration of the vertical stress
induced on the plate axis shows.

For a loaded area (rather than a rigid plate, for which there is no
unique analytical solution) the magnitude of this stress is given by

— 1 Z3

where z is the depth below the surface and a is the radius of the loaded
area. A plot of o,/p against z/a shows how the induced stress rapidly
reduces with depth, with the 5% influence depth being 5.44. For the case
of a 0.5 m diameter plate, this represents a depth of 1.35 m.

proportion of applied stress
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In order to determine the modulus at greater depths, it is usually
necessary to perform plate-loading tests at the bottom of large diameter
boreholes. Although large diameter plate-loading tests would, in theory,
provide the correct values, the enormous loads required for such tests
mean that the engineering is prohibitively costly. This also shows that,
for a small foundation, the plate loading test will give an appropriate
modulus, although for a larger foundation the composite modulus may
be more appropriate.

Q18.2 In a rock mass containing a single set of vertically dipping
fractures, consider how the fractures might adversely affect the
profile of a vertical slope excavated using pre-split blasting.

A18.2 The diagram below, from Jimeno et al. (1995)}, shows qualit-
atively how the profile of a pre-split plane is affected by the relative
orientations of the plane and the fracture set.

\\\\\\ \\\\\ \\\\\
\\\ \ E\\ \\

40-85°

/

Two mechanisms are acting during pre-split blasting: stress waves and
high gas pressures. Each of these contributes to the generation of the
pre-split plane, although the effect of the former is attenuated through
the use of decoupled charges.

Although the gas pressure effect will allow the formation of the
pre-split plane, the reflection and refraction of the stress waves will
locally deviate the plane according to the rock structure — causing the
irregularities illustrated in the diagram.

Q18.3 A quarry is to be opened in a rock mass which contains four
fracture sets with dip directions and dip angles as follows:

!Jimeno C. L., Jimeno E. L. and Carcedo F J. A. (1995) Drilling and Blasting of Rocks,
Balkema, Rotterdam, 391pp.
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Set

1 2 3 4

Dip direction/Dip angle

292/64 151/37 052/76 020/16

Plane
sliding

Wedge
sliding

Toppling

The rock mass can be considered dry,
and the angle of friction for all frac-
tures is 30°. Consider the primary po-
tential modes of instability (plane,
wedge and direct toppling) at 15° in-
tervals of dip direction (i.e. 0°, 15°,
30°, ..., 345°, 360°) and use kin-
ematic feasibility techniques to pre-
pare a table showing the steepest
safe slope and the respective critical
failure mode at each azimuth.

A18.3 The fracture data are first plot-
ted on the hemispherical projection. We
need to plot both fracture normals (for
the analysis of plane sliding and dir-
ect toppling) and great circles (in order
to locate the intersections, which are re-

quired for both the analysis of wedge sliding and direct toppling). This

plot is shown below.

151/37

Three kinematic feasibility overlays are required: one for each of the
instability modes of plane sliding, wedge sliding and direct toppling. For
a given slope dip direction, the plane sliding and wedge sliding overlays
lie on opposite sides of the hemispherical projection, and this means that
they can both be drawn on the same sheet of tracing paper and used
simultaneously. This combined overlay is shown below, see ERM 1.
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Wedge sliding
(use intersections)

Plane sliding
(use normals)

Y/, =dip angle
of face

Note that, for each of the instability modes, the lower limit for slope
angle is given by the friction angle, which in this case is 30°. The upper
limit for slope angle will be selected during the analysis in order to avoid
instability.

The toppling instability overlay is shown below, with the friction angle
forming one of the limits to the overlay.

Direction of

slope dip

To identify the maximum permissible slope angle to avoid instability
at each azimuth, we use each of the overlays in turn (see ERM 1).
For each of the azimuth values under consideration, we identify the
maximum slope angle that will avoid instability for each of the three
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instability mechanisms. These are then tabulated, as shown below.

Slope dip direction Maximum slope angle Critical angle Critical mode

plane wedge

000 90 55 55 wedge
015 90 57 57 wedge
030 90 63 63 wedge
045 75 70 70 wedge
060 75 65 65 wedge
075 90 52 52 wedge
090 90 45 45 wedge
105 90 38 38 wedge
120 90 35 35 wedge
135 35 35 35 plane

150 35 38 35 plane

165 35 40 35 plane

180 90 47 47 wedge
195 90 57 57 wedge
210 90 75 75 wedge
225 90 90 90 plane

240 90 90 90 plane

255 90 87 87 wedge
270 90 75 75 wedge
285 65 68 65 plane

300 65 60 60 wedge
315 90 57 57 wedge
330 90 53 53 wedge
345 90 52 52 wedge

All angles in degrees.

Toppling instability has not been included in this table because there
is little, if any, incidence of it in this rock mass. This may be readily
seen, because the two principal requirements for direct toppling — i.e.
two fracture sets which possess a near-vertical line of intersection, and a
horizontal fracture set — are not present. The only likelihood of toppling
instability is with those blocks formed by sets 1, 2 and 3. For a friction
angle of 30° these blocks should suffer sliding instability on set 2 but, if
they are prevented from doing so by some form of ’keying’, and at the
same time are sufficiently high in the direction of the intersection of sets
1 and 3 to form unstable blocks, then toppling may occur.

Q18.4 Prepare a similar table as in Q18.3 but for the case when the
friction angle is not known.

A18.4 In the case when the friction angle is unknown, we must select
a slope angle such that the kinematic feasibility of all instability modes
is prevented. This is the same as determining the maximum permissible
slope angle to prevent instability when the friction angle is zero. Again,
three overlays are required: one for each of the instability modes of plane
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sliding, wedge sliding and direct toppling. The maximum slope angles
are given in the following table.

Slope dip direction Maximum slope angle Critical angle  Critical mode

plane wedge
000 15 10 10 wedge
015 15 13 13 wedge
030 15 13 13 wedge
045 75 12 12 wedge
060 75 10 10 wedge
075 90 8 8 wedge
090 90 10 10 wedge
105 90 1 1 wedge
120 90 12 12 wedge
135 38 20 20 wedge
150 38 35 35 wedge
165 38 28 28 wedge
180 90 24 24 wedge
195 90 22 22 wedge
210 90 20 20 wedge
225 90 20 20 wedge
240 90 22 22 wedge
255 90 23 23 wedge
270 90 15 15 wedge
285 65 12 12 wedge
300 65 10 10 wedge
315 90 9 9 wedge
330 90 8 8 wedge
345 90 9 9 wedge

All angles in degrees.

Again, toppling instability is found to be unimportant. However, what
is clear now is just how troublesome wedge instability has become. We
find that, over the entire range of azimuths, wedge instability is the critical
mode, and that avoiding it drives the slope angle down to very low values.

Q18.5 Use the results from Q18.3 to draw a plan of the slope crest
around the quarry excavation assuming that the floor of the quarry
is circular. Determine the best orientation for a radial access road
to the quarry floor (assume that the road can be constructed in any
direction and that the optimal orientation is for a road with the
steepest possible side slopes — so that excavation associated with
the road is minimized).

Repeat part (b) for an unknown friction angle, as was the case in
Q18.4.

A18.5 If we assume that the walls of the quarry are of uniform height
H, then the horizontal distance from the crest of the slope to the toe is
given by H/tany, where y is the slope angle. In addition, the volume of
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excavation required for this slope is | Hihany

given by H?/2tanys per unit length of

slope crest.

Thus, to sketch the quarry we can
draw a circle of some convenient dia-
meter to represent the quarry floor, and
then mark a radial distance outwards
from this at each of the azimuths in the

stability tables, such that the distance
is proportional to 1/ tan ¢. Connecting the points thus marked will give
an approximation to the crest of the slope. In order to determine the
optimal trend for the access road, we simply use the equation above to
compute the area of excavation required for the two side slopes, and
choose the direction for which this is a minimum. The result of these
calculations is given in the table below, together with a sketch of the
slope crest around a circular quarry.

A=H’/2tan 74

Slope dip direction 000 015 030 045 060 075 090 105 120 135 150 165
Slope angle, ¥ 55 57 63 70 65 52 45 38 35 35 35 35
1/ tan() 0.70 0.65 0.51 0.36 0.47 0.78 1.00 1.28 1.43 1.43 1.43 143
1/2tan(v) 0.35 0.32 0.25 0.18 0.23 0.39 0.50 0.64 0.71 0.71 0.71 0.71
Slope dip direction 180 195 210 225 240 255 270 285 300 315 330 345
Slope angle 47 57 75 90 90 87 75 65 60 57 53 52
1/tan(v) 0.93 0.65 0.27 0.00 0.00 0.05 0.27 0.47 0.58 0.65 0.75 0.78
1/2tan(y) 0.47 0.32 0.13 0.00 0.00 0.03 0.13 0.23 0.29 0.32 0.38 0.39
Opposing slope 000, 015, 030, 045, 060, 075, 090, 105, 120, 135, 150, 165,
dip directions 180 195 210 225 240 255 270 285 300 315 330 345
Combined exca-  0.82 0.65 0.39 0.18 0.23 0.42 0.63 0.87 1.00 1.04 1.09 1.10

vation volume

slope crest

\\
N
line of ~~ S

access road

\

quarry floor
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The minimal volume of side slope excavation is required by the two
facing slopes whose dip directions are 045° and 225°, which means that
the optimal trend for the road is either 135° or 315°. If we examine
the quarry faces at these azimuths we see that they are 35° and 57°,
respectively, and on this basis it makes sense to use the slope whose dip
direction is 135° for the access road.

We can undertake the same process for the case when the friction
angle is unknown, and the results of this analysis are given in the table
below. In this case, the minimal volume of side slope excavation is
required by the two facing slopes whose dip directions are 015° and 195°,
which means that the optimal trend for the road is either 105° or 285°.
The quarry faces at these azimuths have slope angles of 11° and 12°,
respectively, and so either orientation may be used for the road.

Slope dip direction 0 015 30 45 60 75 90 105 120 135 150 165
Slope angle, ¥ 10 13 13 12 10 8 10 11 12 20 35 28

1/ tan(y) 5.67 4.33 4.33 470 5.67 7.12 5.67 5.14 470 2.75 1.43 1.88
1/2 tan(y) 2.84 217 2.17 2.35 2.84 3.56 2.84 2.57 2.35 1.37 0.71 0.94
Slope dip direction 180 195 210 225 240 255 270 285 300 315 330 345
Slope angle 24 22 20 20 22 23 15 12 10 9 8 9

1/ tan(y) 2.25 248 2.75 2.75 248 2.36 3.73 4.70 5.67 6.31 7.12 6.31
1/2tan(y) 112 1.24 1.37 1.37 1.24 1.18 1.87 2.35 2.84 3.16 3.56 3.16

Opposing slope 000, 015, 030, 045, 060, 075, 090, 105, 120, 135, 150, 165,
dip directions 180 195 210 225 240 255 270 285 300 315 330 345

Combined exca-  3.96 3.40 3.54 3.73 4.07 474 4.70 492 519 453 4.27 4.10
vation volume

\\
~
~

~
ling of ~~< _
access road

crest of slope
with ¢=3o’—/

quarry floor

-~

. ~
line of ~~_ -

access road

~

crest of slope

T \ /7 with =0°

We have included the case of zero angle of friction because, although
it is not a realistic case, it clearly shows how the amount of land required
by the quarry increases as the friction angle decreases: note that the scale
of this sketch plan is much smaller than that of the previous one.

The following diagram illustrates how the volume of excavation re-
quired at each slope dip direction varies with the friction angle. This plot
shows that, not only is the volume always much less with the higher fric-
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tion angle, but the volume requirements are also much more anisotropic.
This gives greater scope for the designers of the excavation to minimize
the volume of additional (probably wasted) excavation, by preferentially
selecting those dip directions (i.e. 045° and 225°) for the excavation faces.

165 180 495
0 1 1 7 210
< T I / Ve volume for

Q" friction

255

volume for
30° friction

Q18.6 Add toppling due to interlayer slip to the analysis of Q18.3.

A18.6 We use the hemispherical projection plot of fracture normals for
flexural toppling, with a simplified overlay as we are only analysing the
stability of the rock mass when the friction angle is 30°. This overlay
is shown below, with the radial scale calibrated directly in the required
slope dip angle.

Dip direction of slope
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For each of the azimuth values under consideration, we identify
the maximum slope angle that will avoid instability for this particular
mechanism, and then tabulate the results, as shown below.

Slope dip direction Maximum slope angle  Critical angle critical mode

flexural toppling all modes
000 90 55 wedge
015 90 57 wedge
030 90 63 wedge
045 90 70 wedge
060 90 65 wedge
075 90 52 wedge
090 90 45 wedge
105 90 38 wedge
120 55 35 wedge
135 90 35 plane
150 90 35 plane
165 90 35 plane
180 90 47 wedge
195 90 57 wedge
210 90 75 wedge
225 40 40 flexural toppling
240 40 40 flexural toppling
255 90 87 wedge
270 90 75 wedge
285 90 65 plane
300 90 60 wedge
315 80 57 wedge
330 80 53 wedge
345 80 52 wedge

All angles in degrees.

We see that flexural toppling does indeed become a dominant po-
tential failure mode at two of the azimuth orientations, namely 225°
and 240°.

Q18.7 A trial design for a proposed 100 m deep roadstone quarry
can be approximated in plan by a circle. The quarry has been
designed with a number of 10 m high benches, such that the overall
slope angle is 45° and the individual bench angles are 60°.

Preliminary mapping of the site has established that the rock
mass contains four dominant sets of fractures, having the following
mean orienfations:

Feature Cleavage JointsetA JointsetB Bedding
Dip 36° 75° 45° 28°
Dip direction 015° 330° 080° 260°

(a) Using kinematic feasibility techniques, determine whether or
not conditions exist that could lead to instability in the proposed
slopes.
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(b) Indicate, in general terms, the design changes required to
overcome any predicted instability problems.

A18.7 A schematic section through the quarry face reveals that the
profile of the face is as below.

slope angle = 45° i

This indicates that, in general, sliding instability involving the entire
face will occur on features (either fracture planes for plane sliding or
lines of intersection of two planes for wedge sliding) that dip at an angle
that exceeds the angle of friction but is less than the face angle of 45°.
Instability involving individual benches will occur for features that dip
at angles greater than 45° but less than 60°.

If we assume that the fractures in the rock mass are cohesionless and
possess a friction angle of 35°, then we can construct the following two
kinematic overlays for plane sliding and wedge sliding instability.

plane P wedge
sliding ~ . sliding
/ -

$=35
s~

————
slope dip
direction

wr=45"
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These overlays are used in conjunction with a hemispherical projection
plot of both the great circles (for wedge sliding) and normals (for plane
sliding) of the fracture data, which is shown below.

Bedding

O
+ bedding
normal

cleavage
normal

Joint A

Joint A
normal

7

7

e ..

The result of this kinematic assessment is as shown in the table below.

Slope dip Plane sliding Wedge sliding
direction
000 normal to cleavage, entire face  Joints A and B, individual benches
030 normal to cleavage, entire face Joints A and B, entire face
060 normal to Joints B, entire face Joints A and B, entire face
090 normal to Joints B, entire face  Joints A and B, individual benches
120 x X
150 X X
180 X X
210 X N
240 X N
270 N x
300 N x
330 X X

Instability due to toppling has not been included in this table as the
conditions for its development (i.e. normal to one fracture set and the
intersection of two other fracture sets both sub-vertical) are absent from
the rock mass.

The sketch below summarizes the instability conditions, with the
overlay being used to determine more exactly the angular boundaries
between the various instability conditions. It is clear from this sketch
that almost the entire southwest quadrant of the quarry will suffer from
sliding instability that will effect the entire face. There are regions to the
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extremes of this range where sliding on individual benches may occur.
This will be controlled by the local geometry of the fractures, and so will
need to be identified in situ. Usually these small instabilities can either
be reinforced, or the unstable blocks removed. However, the principal
problem is how to overcome the instability of the entire face.

wedge sliding, 355° "
I plane sliding,
individual benches ‘\ individual benches

T

,
{ /S
\ /

wedge sliding,
entire face
060°

plane sliding,
\ 0752 — entire face

N 100"

\ 105

N

\\ / wedge sliding,

S - s ge s
~._. 7 individual benches

The engineer has essentially three options to reduce the effect of this
sliding instability: flatten the slopes, reinforce the slopes, or change the
shape of the quarry to reduce the amount of face that is subject to
instability.

The first two of these options will usually be unacceptable for an
asset such as a quarry. Flattening the slopes will reduce the amount of
material that can be extracted from the quarry, and the installation of
reinforcement over a large part of the quarry faces will be too expensive
to be economic. The third option — changing the shape of the quarry —
may be possible, and leads to some interesting design issues.

The design problem is to re-
duce the length of quarry face
that is subject to sliding instabil-
ity. One way of doing this would
be to use a rectangular quarry,
with its major axis aligned along,
say, 055°-235°, as shown in the
sketch below. If the rectangle has
an aspect ratio of 1:2, then with
such an arrangement the length

. Only this length of face
of unstable face is reduced to / subject to instability
only 1/6, or 17%, of the entire
face length. This compares to 25%

for the case of the circular quarry.
It may now be economic to reduce the overall slope angle for the
southwest face of the quarry, and avoid all instability.
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Q18.8 A rock slope with a face angle of ¥; is cut into a rock mass
containing a single set of fractures dipping into the slope at an
angle S. The strength of the fractures is purely frictional. Assume
that tan¢, ¥ and B8 can all be considered as normally distributed
variables with the following parameters:

Variable tang Yy B

Mean 0.55 50° 60°
Standard deviation 0.15 5° 10°

Investigate the variability of the factor of safety due to interlayer
slip for this slope, using either standard normal random values ob-
tained from statistical tables, or values produced by your computer/
calculator. Perform as many trials as you have the patience for (but
at least 35).

A18.8 A straightforward way of solving this is to use a computer
spreadsheet. We start by entering standard random variables into three
columns (one column for each of the random parameters) and then using
these to compute random values of the parameters using the relation
random variable = (standard random variable x standard deviation) + mean.
Each triplet of the random values is then used to compute a factor of
safety. The table will look like the one below.

tan(g) 723 B

Mean: 0.55 50° 60°
Standard deviation: 0.15 5° 10°
Standard normal randoms Random values Factor of safety
—0.258 —0.083 —-0.103 0.51 48.7 574 1.77
—0.514 2.382 2.006 0.47 474 54.9 217
1.282 —2.004 —0.529 0.74 56.4 72.8 091
0.394 1.054 -1.315 0.61 52.0 63.9 1.25
-0.919 —0.360 0.067 0.41 45.4 50.8 3.78
0.547 0.097 —1.085 0.63 52.7 65.5 1.18
—1.381 0.972 —0.283 0.34 43.1 46.2 —2747
0.926 —-0.768 —2.011 0.69 54.6 69.3 1.03
0.283 -1.761 0.903 0.59 51.4 62.8 1.32
0.350 -1.133 1.050 0.60 51.8 63.5 1.28
—0.424 0.731 0.541 0.49 479 55.8 2.00
—1.854 —0516 —2.065 0.27 40.7 41.5 -1.98
0.507 0.784 —0.854 0.63 52.5 65.1 1.20
-0.153 -0.319 1.328 0.53 49.2 58.5 1.65
—-0.795 -0.055 —2.569 0.43 46.0 52.1 3.04
—0.611 1.601 0.448 0.46 46.9 53.9 2.39
—1.495 —0.842 0.546 0.33 425 45.1 —7.69
2,059 —0.805 -0.276 0.86 60.3 80.6 0.70
0911 —-0.371 -1.502 0.69 54.6 69.1 1.03
0.322 -0.018 —-0.133 0.60 51.6 63.2 1.29
0.997 0.147 0.340 0.40 45.0 50.0 4.54
1431 0.167 -1.072 0.76 57.2 743 0.87

—0.172 1.903 0.366 0.52 49.1 58.3 1.67
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Standard normal randoms Random values Factor of safety
0.353 1.084 -0.232 0.60 51.8 63.5 1.28
2271 0.021 —0.003 0.89 61.4 82.7 0.65
0.310 —0.448 0.643 0.60 51.6 63.1 1.30
—0.361 0.741 0414 0.50 48.2 56.4 191
—1.140 0.665 —0.193 0.38 44.3 48.6 7.48
—0.746 0.269 0.834 0.44 46.3 52.5 2.83
0.321 —1.190 0.429 0.60 51.6 63.2 1.29
—0.962 —0.337 —0.306 0.41 452 50.4 4.16
0.975 —1.552 1.076 0.70 54.9 69.8 1.01
1.332 —2.155 0.310 0.75 56.7 73.3 0.89
1.306 —1.412 —1.343 0.75 56.5 73.1 0.90
—1.607 —2.746 0.186 0.31 42.0 439 —4.30
2.140 -1.312 1.109 0.87 60.7 81.4 0.68

Means: 0.57 50.5 61.0

Notice that some of the factors of safety are negative. This is due to the
combination of random values used, and such a factor of safety is clearly
wrong. In rigorous Monte Carlo simulation they have to be accounted
for, but here we will simply ignore them.

The factor of safety computed using the means of the random values
(shown at the foot of the table) is 1.43, whereas if the actual mean values
quoted at the head of the table are used the factor of safety is 1.51. This
discrepancy is simply due to the limited number of trials performed.
However, if the mean of all of the positive factors of safety is taken, the
result is 1.86, which is a very different value. This indicates that the mean
factor of safety taken over all of the trials is not the same as the factor
of safety computed using the mean values of the random variables, and
shows why Monte Carlo simulation should be performed.

The factors of safety are plotted as a histogram below.

0.25T proportion
W in category

0.20 +

0156

0.10 T

0.05 T

8<F

0<F<0.2
0.2<F<0.4
0.4<F<0.6
0.6<F<0.8
0.8<F<1
1<F<1.2
1.2<F<1.4
1.4<F<1.6
1.6<F<2
2<F<3
3<F<4
4<F<6
6<F<8

Even if we ignore the number of trials that result in a negative factor of
safety, there is a substantial proportion with a factor of safety less than one.
Indeed, for these results we have N(O < F) =32, NO < F < 1.0) =7,
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and N(O < F < 1.5) =19, giving Pr(0 < F < 1.0) = 7/32 = 0.22 and
Pr(0 < F < 1.5) = 19/32 = 0.59. Using the probabilistic criteria given by
Priest and Brown (1983) 2, the slope can be regarded as unstable, despite
the mean factor of safety being 1.86.

Finally, in order to investigate the form of the distribution of factors
of safety more precisely, we must perform many more trials. For 10000
trials, the histogram looks like that shown below, and gives a mean factor
of safety of 2.19, with probabilistic assessments of Pr(0 < F < 1.0) = 0.29
and Pr(0 < F < 1.5) = 0.54. The distribution can be seen to be lognormal
in form, the mean factor of safety has increased, but the slope remains
unstable when judged against the probabilistic criteria.
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Q18.9 A proposed dam will exert a vertical force of 9400 kN/m and
a horizontal force of 4400 kN/m on its horizontal foundation, as
shown in the figure below. At a depth of 6 m below the founding
surface there is a horizontal bedding plane, the strength of which is
purely frictional with ¢ = 32°, The unit weight of the rock above this
plane is 22 kN/m3.

For a polar co-ordinate system,
the origin of which coincides with
the rectangular co-ordinate system
as shown in the diagram, the com-
ponents of radial stress due to a
vertical line load P and a hori-
zontal line load Q may be calcu-
lated from o, = (2Psin8)/nr and
orq = (2Qcos8)/mr, respectively.

At what value of x-ordinate is the
radial stress on the bedding plane

2Priest S. D. and Brown E. T. (1983) Probabilistic stability analysis of variable rock
slopes. Trans. Inst. Min. Metall. 92, A1-12.
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zero, and will the stress state on the bedding plane to the left of
this point be sustainable? Over what range of x-ordinate values to
the right of this point will slip occur on the bedding plane? What
conclusions can be drawn about the overall stability of the proposed
dam?

A18.9 The forces P and Q are applied to the ground through the
material of the dam, and hence exert normal and shear stresses on
the foundation, rather than line loads. However, in order to make a
preliminary analysis we will assume that these forces are, in fact, applied
to the foundation as line loads.

Although we could find the position of zero radial stress algebraically,
it is both more convenient and instructive to sketch the general form
of the shape of the contours of radial stress (the so-called ‘bulbs of
pressure’) beneath an inclined line load, and use this to identify an
approximate location for it. This analysis will be approximate because it
does not take into account the direct stress in the radial direction due
to the weight of the rock overlying the bedding plane. The radial stress
contours take the following form:

line of action of /

. . . VRN
inclined force ~~ line of zero

radial stress

compressive
radial stress

tensile radial
stress

This shows that the position of 0
zero radial stress is given simply \
by the orientation of the line load. P
Sketching the geometry of the prob-
lem allows us to evaluate this:

Thus we fmd that " ground surface

tana = — = 6m

P~ 9400

from which we obtain
9400

4400 m

and hence the x-ordinate of the approximate position of zero radial stress
isx =-12.8 m.

The sketch of the contours of radial stress shows that, in general, the
stress state to the left of this point will not be sustainable due to the pres-
ence of the tensile radial stresses. However, we would need to undertake
a detailed analysis that took into account the vertical stress due to the

6
d

bedding plane
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weight of the rock overlying the bedding plane and any water pressures
induced due to the operation of the dam to make certain of this.

In order to determine the range of x-ordinate values to the right
of this position over which the bedding plane is stable, we need to
compute the stress state induced on the plane and compare this with
its strength parameters. Again, although we could determine a solution
for the position of the specific point at which the plane is in limiting
equilibrium, it is more useful and instructive to determine the conditions
at a number of points and hence plot the variation with distance.

This first step in this analysis is to sketch the geometry of a general
point on the bedding plane, in order to determine the angles required
for computation of the radial stresses (from the equations given) and the

stress transformations:

T
Geometry: Corresponding

Mohr’s circle:
G
%

—_—

O, 0'0 =0

T

a
(On,T)

From this we can see that Fo)

27

1o/
oy = %(1 +cos2a) and T = ErsinZa.

A table of results can now be constructed, as shown below.

X, m -15 -10 -5 0 5 10 15 20 25 30
r, m (= Ny 16.16 1166 781 6.00 7.81 11.66 16.16 20.88 25.71 30.59
a, deg (= tan~! (6/).‘)) —682 -590 -398 00 398 59.0 682 733 765 787
6, deg (= 90° — a) 158.2 1490 1298 90.0 502 310 218 167 135 11.3
o p), l(.N/II’l2 137.6 2640 588.6 9974 588.6 264.0 137.6 82.4 543 384
oK Q) kN/m? —161.0 —206.0 —229.6 0.0 229.6 206.0 161.0 128.5 1059 89.8
Oy(combined) kN/m2 —234 580 3590 997.4 818.2 470.0 298.6 210.8 160.3 128.1
ay, l(.N/II’l2 -32 154 2119 9974 4829 1244 412 174 87 49
7, l(.N/ITl2 81 —256 —176.6 0.0 4024 207.3 1029 580 36.4 24.6
On, kN/m2 (=oy+6y) 1288 1474 3439 1129.4 6149 256.4 173.2 1494 140.7 1369
Drequired, deg

(= tan‘l(t/an)) 3.6 -99 =272 00 332 390 307 212 145 102

The results for these 10 points are plotted on the following graph,
together with the curve that joins them. This curve represents the
variation in required friction angle, and from this we can see that there
is a region from about x = 4.5 m to x = 14.0 m where slip will occur
(the actual values, found algebraically, are x = 4.69 m and x = 14.38 m).
Notice that no slip occurs for negative values of x, although the change
in sign of the friction angle indicates that the sense of the shear stress
changes at x = 0.
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40.0-
available friction angle

30.04

20.0-

required friction angle,
degrees

~. R x -coordinate,m
-15 10 -5 )] 5 10 15 20 25 30

Overall, we can conclude that the stability of the dam will be marginal.
Firstly, the negative radial stresses to the left of the dam will not be
sustainable (as the tensile strength of bedding planes can be taken to be
zero). Secondly, slip will take place in the region to the right of the dam
where the frictional strength of the bedding plane is exceeded. Although
a more sophisticated analysis may show that the dam is, theoretically,
stable, we must never forget that the consequences of instability in a
structure such as a dam will usually be catastrophic.

Q18.10 Using the principle of virtual work, determine the value of P
for limiting equilibrium for the foundation shown below.

AD & BD: ¢'=50kPa, ¢'= 302
CD: ¢'=25kPa, ¢'=20

A18.10 We start by drawing a free body diagram of the entire found-
ation, and mark vectors representing the virtual displacements taking
place on the various block boundaries.
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In this diagram the force W represents the weight of the material
which overlies the foundation, and W; and W, represent the weight of
the two blocks 1 and 2, respectively.

Having drawn the free body dia- =
gram, it is necessary to compute the re-
lations between the various virtual dis-
placements. This is most easily done v,

by accurately drawing the vectorson a ) Y
separate diagram. "
One of these vectors must be given

an arbitrary value in order to scale the 735" v 60° v
remainder. Here, we set vy = 1.0, and e Viy N
so we find W vy B

— = v, = 0.4880,

sin120 _ sin25 27

v V1
o = = vy = 06623,

sin35 ~ sin 120
viy = v sin35 = vy = 0.5736,

and
Vig = v cos35 = vy = 0.8192.

We can now write down an expression for the external virtual work:
Psin30-v, + Pcos30-vyy + Wa-voy — (W + W) - viy = EVIW
which, because v,y = 0.0, simplifies to
Psin30-vy — (W + W) - vy = EVIV.
The internal virtual work is given by

5
50 x 5¢0s30- vy 4+ 50 x S5cos30- v, + S x 25¢c0s820-v; = IVW.

For equilibrium we have EVW = IVW, algc} 5so
25030 - (v + v12) + 125CO 122 — Psin30-v, — (W, + W) - vy,
from which we have
P= sin | M g (18.1)
sin30 - v,

We now need to compute W; and W, the weight of block 1 and the
weight of the overburden:

Wl = l X 5 x

2 tan 15

x 25 = 1166.3 kN/m,

and

5
W= x 4 x 19 = 1418.2 kN/m.
tan 15

Thus, substituting into Eq. (18.1), we have
250 cos 30 x (0.4880 + 0.6623) + 453.8 + 2584.4 x 0.5736
sin 30 x 0.4880

P =

= 8956 kN/m.
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18.3 Additional points

Foundations and rock slopes are generally at the Earth’s surface and
hence will be excavated in rock masses that have been subjected to
some form of weathering. The range of this weathering varies from
that in cold regions and the effects of permafrost to that in hot regions,
where high temperatures and rainfall can cause mineralogical altera-
tion and associated mechanical degradation to significant depths. The
weathering may be expected to extend to a depth of up to 35 m —
which is of the same order as the dimension of an engineered slope.
Moreover, the weathering is likely to be non-uniform, and so the slope
will have different properties at different locations, making the analysis
and design more complex. An example of this is the heterogeneous rock
and soil strata forming the slopes of the Panama Canal, for which precise
geotechnical predictions of the performance of the slopes are difficult.

The consequence of the near-surface conditions is that rock property
characterization for slope design is always critically important, as are
sensitivity analyses of the influences of the various parameters on stabil-
ity. Furthermore, although we have given examples of quarries in which
slopes occur at all azimuths, many rock engineering structures may
contain slopes at fixed locations and orientations. Such a circumstance
may occur with the cuttings for a transport route through mountainous
terrain. Under these conditions, the engineer has little scope for adopting
a design that minimizes the risk of instability, and must instead adopt
measures that protect the transport corridor and its users. This will prob-
ably involve the installation of fences and rock fall traps. Development
of techniques for designing such protection from rock fall instability is
currently a major activity.

The principal difficulty in the design and analysis of rock slopes and
foundations is the DIANE nature of near-surface rock masses. As engin-
eers are called upon to make ever more ambitious designs, so the need
to incorporate the DIANE features into a design becomes paramount.
As a result, more sophisticated techniques for characterization of the
rock mass and analysis of the engineered structures are required. For
example, all of the questions and answers we have presented use sets of
parallel fractures, so that the analyses can be simplified for convenience.
More advanced techniques using actual field fracture data are currently
being developed, and these will assist in improved design.






Underground
excavation instability
mechanisms

19.1 Underground instability

In Chapters 17 and 18, we presented information relating to the potential
for rock instability at or close to the ground surface. When an excavation
in rock is made entirely underground, there are somewhat different rock
mechanics circumstances primarily related to the nature of the rock mass
and stiffness of the loading system — as indicated in Fig. 19.1.

At depth, the weathering and rock fracturing will be less intense, so
the rock mass will be more coherent, stiffer and stronger. However, the
rock stress and water pressure increase with increasing depth, so there
will be a greater potential for stress-induced damage and water pressure
effects such as water pressure-induced block movements. At the ground

Soft
loading
system

Rock slope

Rock stress and ~ Weathering
water pressure and fracturing
increasing decreasing

Figure 19.1 Rock engineering at the surface and at depth.
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Figure 19.2 Measuring fracture surface roughness.

surface, e.g. the element at the top left of Fig. 19.1, the loading system
is soft: the load will not decrease significantly with displacements of
the rock mass, because of the ‘dead weight’ nature of the loading.
Conversely, at depth, for example an element of rock around the tunnel
being loaded by the surrounding rock, the loading system can be much
stiffer.

It is more difficult to obtain information about the rock mass properties
underground than at the surface. As we noted in Q2.8, the amount
of rock core obtained during a site investigation programme may be
only of the order of 0.0005% of the rock mass being considered. Also,
in addition to this small sampling volume for underground design
(compared to the information available from surface rock outcrops for
surface design), some of the rock properties are much more difficult to
measure, for example the persistence of fractures. These properties, such
as the fracture surface roughness shown being measured in Fig. 19.2, are
often limited to the core dimensions.

The rock mass will be disturbed by the rock excavation process, but
the elegant pre-splitting technique used to protect the remaining rock
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Figure 19.3 Tunnel boring machine.

in surface blasting cannot be used so effectively underground because
of the influence of the rock stress. Although the use of tunnel boring
machines, as shown in Fig. 19.3, causes less additional disturbance
compared to blasting, they are susceptible to significant changes in rock
stiffness and strength. If the rock becomes too soft, there is insufficient
resistance for the gripper pads to hold to provide the forward thrust;
if the rock becomes too strong, the machine will not be able to cut
the rock adequately — and both these factors could occur at the same
time.

Thus we see that, for rock engineering underground, more information
may well be required about the rock conditions than for engineering at
the surface, but generally less is available.

Similarly, it is difficult to predict the support that will be required in
a rock tunnel without detailed information on the rock conditions. The
tunnel may need no support in some regions and a stiff, strong support
in other areas, as illustrated in Fig. 19.4. A “design as you go” approach
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Figure 19.4 Pilot tunnel with stecl arch support.

Figure 19.5 Inflow of toxic water.
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can be used for tunnel support but not for TBM excavation, because the
TBM cannot easily be changed.

There may be other factors involved depending on the purpose of the
tunnel. The performance requirements for a conveyor tunnel, road tun-
nel, rail tunnel, gas storage tunnel, pressurized water tunnel, radioactive
waste repository tunnel, explosive storage tunnel, defence headquarters
tunnel and public access museum tunnel will all be different. There may
also be environmental problems, such as the inflow of contaminated
water, as illustrated in Fig. 19.5.

Thus, we need to understand firstly that creating the excavation causes
the three primary effects of the rock moving in, the alteration of the rock
stress field, and increased flow of water, and secondly we should design
with a knowledge of the instability mechanisms that can occur, given
the project objective and hence the excavation requirements. The two
main factors causing instability are the movement of rock blocks and
the disturbance caused by the induced stresses. It is essential therefore
to understand the method for assessing the kinematic feasibility of rock
blocks, and how stress concentrations around underground excavations
can cause rock failure.

19.2 Questions and answers: underground
excavation instability mechanisms

Questions 19.1 to 19.6 are a set of questions all concerning rock block
instability in the same underground rock cavern, and so we recommend
that they are approached in the correct order.

Q19.1 The diagram on the right shows 507 L 2m
the cross-section of an underground ma- | |
chine hall. The hall is to be excavated in a A

sequence of metamorphosed argillaceous / A\ §
rocks, of unit weight 22 kN/m3, which con- ~
tains five fracture sets with the following
orientations:
Set Dip direction Dip angle

1 058° 54° B 5

2 195° 70° .

3 127° 81°

4 160° 32°

5 335° 64°

Each set has a friction angle of approxim-
ately 30° and zero cohesion. It is proposed
that the axis of the machine hall will be
oriented on a heading 030° and will be horizontal.

Determine the kinematic feasibility of all the tetrahedral blocks
formed by the intersection of the fracture sets and the roof.

20.0m
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A19.1 To solve this question we use hemispherical projection tech-

niques (see Chapter 7 for an illustration of the techniques and note that

a hemispherical projection sheet is included in Appendix B).

(1) Plot the fracture data on the hemispherical projection. Mark a tick
on the periphery at the appropriate azimuth for each of the five
fracture sets, and label them with the fracture set number and the set

orientation.

(2) Draw the great circle for each fracture set in turn, labelling each great

circle with the set number.

(3) Draw a concentric circle representing the friction angle. In this case,
this is a circle 30° in from the periphery. The completed projection is

as follows:

195/70

160/32

(4) Write down — in ascending numerical order — the identifying code
for each tetrahedral block formed by the fractures, and then examine
each one in turn to determine its kinematic feasibility. If the spher-
ical triangle defining a block contains the vertical direction, then the
block falls. If the spherical triangle lies outside the friction circle, then
the block is stable. All other blocks slide. The result is as follows,
with the blocks shown in the succeeding projections.

Block

Instability ~ Block

Instability Block Instability

123
124
125
134
135
145

sliding
sliding
sliding
sliding
sliding
falling

234
235
245

sliding 345 falling
falling
sliding
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taz/at

19570 160/32 195/70 16032

Block 125 Block 134

195/70

Block 135 Block 145
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COSTSTSe
o
XK
O X %
K 5#
K

195770 160/32

Block 234 Block 235

058/64

935
127/81

18570 160/32 195/70 160/32

Block 245 Block 345

Q19.2 For the unstable roof blocks established in the answer to
Q19.1, determine the direction of movement, and plane(s) of sliding
where relevant.

A19.2 For each block which has been identified as being unstable due

to sliding, we need to identify the sliding direction. This will be the most

steeply dipping of:

(i) one of the three lines of intersection of two planes which make up
the faces of the block; or

(ii) the line of maximum dip of one of the planes which forms the block,
providing the line of maximum dip lies on the periphery of the spherical
triangle that defines the block.

(1) Identify and label each of the intersections shown on the projection,
and determine the orientation of each one. The intersections are as
follows:
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Intersection Orientation Intersection Orientation Intersection Orientation

12 119/34 23 191/70 34 214/20
13 049/54 24 114/24 35 044/37
14 126/27 25 268/39

15 029/50 45 246/02

(2) For each block already identified as being unstable due to sliding,

write down the candidate sliding directions and their orientations.
The most steeply dipping of these is the sliding direction.
The candidate sliding directions, together with the critical direction,
are given in the table below. Note that only block 134 has three
candidate planes for plane sliding, and that blocks 124 and 135 have
none: this reflects the fact that the line of maximum dip of a plane
can only be the candidate for a sliding direction if it is located on the
spherical triangle representing the block.

Block Planes Intersections Critical

123 | ¢, 185/54 dy 150/81 | L1z 119/34 3 191/70 [ 049/54 | 43 150/81
124 Ny 119/34 Ly 114724 Iy 126727 | I1; 119/34
134 | dy 185/54 dy 150/81 ds 160/32 | f3 049/54 I, 214/20 Iy 126/27 | dy 150/81
135 113 049/54 s 044/37 [Is; 029/50 | Iy 049/54
234 ds 160/32 | I3 191/70 Iiq 214/20 14 114724 | I3 191/70
245 | dy 195/70 ds 160/32 hs 114/24 I 246/02 Is; 268/39 | d, 195,70

Q19.3 For the unstable roof blocks established in the answer to
Q19.1, determine the volume of the largest block that could fall
from the roof and hence calculate the necessary support pressure to
ensure stability.

A19.3 Four blocks — 125, 145, 235 and 345 — have been identified as
falling from the roof. We need to draw each of these to scale in order
to determine their volumes, which requires the plan traces of the lines
of intersection that make up their roof edges. In addition, we need the
orientations of these lines of intersection in order to compute the block
volumes. For the blocks listed above, we need intersections 12, 14, 15, 23,
25, 34, 35, and 45.
(1) For all of the required intersections, identify and label each one on the
projection and determine its orientation. Then draw a radial dotted
line from each one to the periphery. The intersections are as follows:

11 lis Iis I Izs I I35 Lis
119/34 126/27 029/50 191/70 268/39 214/20 044/37 246/02

(2) For each plane that forms a block face, draw its strike on the
projection, using a dashed line.

(3) For each block in turn, draw a pair of lines representing the boundary
edges of the roof. Within these draw the outline of the face triangle,
using the dashed strike lines plotted on the projection to determine
their trends. Also draw the intersections representing the roof edges,
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using the dotted intersection lines on the projection to determine
their trends. The three roof lines should meet at a point: if they do
not, your drawing is not accurate enough.

(4) Measure the length of the three face lines and the three roof edges.
Compute the included angle at each face apex using the dip direc-
tions of the fractures that make up the roof planes, and write down
the dip angle of each roof edge. Using these results, compute the area
of the face triangle, the height of the block and hence its weight and
the average support pressure.

(5) The results of the calculations for these blocks are shown in the series
of diagrams below. From these we see that block 235 is the largest, at
2616 kN, and that the support pressure required to ensure stability of
the various falling blocks is 53.3 kN/m?.

It is worthwhile comparing the weight of each block with the size of
the block’s spherical triangle on the projection: this clearly shows that
there is no relation between the two, and hence block weight cannot be
estimated by studying the projection alone. Note also that, for blocks that
deviate widely from a regular tetrahedron, the three individual values
of face area and height are liable to differ markedly. This is an inherent
problem with the technique, caused by the difficulty of drawing the
blocks and scaling the measurements sulfficiently accurately. For critical
work, a computational method must be used.

Angles taken from the hemispher-
ical projection:

012 = oy — ay| = 1058 — 195] = 137
65 = oy — as| =195 — 335| = 140
6s_ = |as — ;| = |335 — 058 =277
P2 =34
Bas =39
Bs1 =50

Scale drawing of block (original scale
Block 125 5mm:1 m);

L5=36mm _.- VR

.-*"L25-p4mm /L15=16mm\
L1 2-00mm. L1=34mm

L2=52mm ~~~-. v
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Ap = 3GGLiba| sinByy| + 3hls|sinbys| + 315l sin 6s)])
3452 |sin137] + 1 - 5236 |sin 140] + 1 - 36 - 34 | sin 97))

602.9 + 601.6 + 607.4) = 604.0 mm? = 24.16 m?

Wl— -

~ ~_~ o~
D= N~

W=

h = 3(2tan Bi; + s tan Bos + Is; tan Bs)
= 1(29 - tan34 + 24 - tan 39 + 16 - tan 50)
=1(19.6+19.4 +19.1) = 1937 mm =39m

W =3yAth =3 x 22 x 24.16 x 3.9 = 691.0 kN, and
p =3ivh=1x22x39=286kN/m’.

Angles taken from the hemispher-
ical projection:

014 = |oy — g = |058 — 160] = 102
Ous = |atg — ats| = |160 — 335| = 175
85, = |as — | = [335 — 058 = 277
Bia =27
Bas =2
Bs1 =50

Block 145

Scale drawing of block (original scale 5 mm: 1 m):

Pt
P
P
-

L45=75mm __ -7~

PR
g

- B

L14=6mm

L1=7mm L15=3mm

Ar = $(3h1s| sinBa| + 3lals| sinOss| + 31511] sin bs)])
=11.7.78|sin102} + } -78-77 - |sin 175} + § - 77 - 7 - | sin 227))
= $(267.0 +261.7 + 267.5) = 265.4 mm* = 10.62 m*
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h = 3(hstan B4 + ls tan Bys + L5, tan fs))
= 1(6-tan27 + 75 - tan2 + 3 - tan 50)
=1(3.0+26+36) =31mm=06lm

W =1yAjh=1x22x10.62x 0.61 =47.5kN, and
p =3yh=13x22x061 =45KkN/m’.

Angles taken from the hemispher-
ical projection:

63 = lap — a3} = 1195 — 127} = 68

635 = |a3 — a5 = [127 — 335] = 208
s, = |os — ] = [335 — 195 = 140
B3 =170

Bis =37

Bs2 = 39

Block 235

Scale drawing of block (original scale 5 mm: 1 m):

A = 3(3hl3] sinby| + 3lals| sin B35| + 315b| sin s,])
=3(3-44-60 - |sin68) + 1 - 60 - 87 - |sin208} + 1 - 87 - 44 - | 5in 140))
= 1(1223.9 + 1225.3 + 1230.3) = 1226.5 mm? = 49.06 m?
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h = (latan B3 + ly3 tan Bss + Is; tan Bsy)
3(13 - tan 70 + 49 - tan 37 + 45 - tan 39)
1(35.7+36.9 +36.4) =363 mm = 7.27m

IYAjh =5 x 22 x 49.06 x 7.27 = 2615.6 kN, and
tvh =14 %x22x727=533kN/m?.

W=
p

Angles taken from the hemispher-
ical projection:

634 = |z — a4 = |127 — 160| = 33
945 = |a4 —(15| = |160 - 335] =175
O3 = |as — a3 = 335 — 127] = 208

B =20
Bas =2
Bsz =37

Block 345

Scale drawing of block (original scale 5 mm: 1 m):

A = 5(lals| sin B3] + 3lals| sinss| + 31503] sin653))

=1(.14.75|sin33| +1.75.87-|sin175| + 1 - 87 - 14 - | sin 208|)
3
3

286.0 + 284.3 + 285.9) = 285.4 mm? = 11.42 m?

1
2
1
2

h = 3(lstan Bas + [34tan Bys + Is3 tan Bs3)
= $(5-tan20 + 83 - tan2 + 9 - tan 37)
= 1(1.82+2.90+6.78) = 3.83 mm = 0.77 m
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W =3yAjh =13 x22x 1142 x 0.77 = 64.5 kN, and
p =3yh=43x22x077=56KkN/m’.

Q179.4 Repeat Qs 19.1 and 19.2 for the haunch A (as illustrated in
Q19.1).

A19.4 We use the same method but with an inclined projection (see
Chapter 7 for examples of the use of an inclined projection) giving the
following results.

Block 123 Block 124
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Block 134

Block 125
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Block 245 Block 345
Block Stability condition Direction

123 falls

124  stable (block is directed upwards)

125  slides along line of maximum dip of set5  355/64
134 falls

135  slides along intersection of sets 1 and 3 049/54
145  slides along line of maximum dip of set5  355/64
234  slides along line of maximum dip of set2  195/70
235 falls

245  slides along intersection of sets 2 and 5 268/39
345  falls

Q19.5 Repeat Qs 19.1 and 19.2 for side wall B (as illustrated in

Q19.1).

A19.5 Using the same methodology but with an inclined projection, the
following results are obtained.

Inclination of principal elements

Inclined projection
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Block 234 Block 235

Block 245 Block 345
Block Stability condition Direction

123  slides along line of maximum dip of set 3 127/81
124 slides along intersection of sets 1 and 2 119/34
125 slides along intersection of sets 1 and 2 119/34
134 slides along line of maximum dip of set 1 058/54
135 slides along line of maximum dip of set 1 058/54
145 stable (no part of the block dips in excess of the friction angle)

234  slides along line of maximum dip of set 3 127/81
235 slides along line of maximum dip of set 3 127/81
245 stable (no part of the block dips in excess of the friction angle)

345 slides along intersection of sets 3 and 5 044/37

Q19.6 For both the haunch A and the side wall B studied in Qs 19.4
and 19.5, and with the information given in Q19.1, calculate the
factor of safety of the block formed by fracture sets 1, 2 and 5.

A19.6 In the south east haunch of the excavation, block 125 suffers from
sliding along the line of maximum dip of fractures from set 5 (i.e. in
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the direction 335/64). We are told that the strength of the fractures is
purely frictional, with ¢ = 30°. If we furthermore assume that there is
zero water pressure, then the stability problem reduces to that of a block
sliding on a plane, and is independent of the size and shape of the
tetrahedral wedge. The only controlling factors in this type of problem
are the friction angle and the dip angle of the fracture, and the factor of
safety is therefore given by

_tang¢ tan30 0577
P tany  tan64 ~ 2.050

In the north west wall of the excavation, block 125 exhibits sliding along
the line of intersection of fracture sets 1 and 2. As with the case above,
the wedge stability problem reduces to that presented earlier for rock
slopes in which we used the concept of the wedge factor to determine
the factor of safety.

As with rock slopes, the orientations of the excavation surface and
the third plane making up the tetrahedral wedge (fracture set 4 in this
case) do not enter into the calculation, other than to ensure the kinematic
feasibility of the wedge (and this, of course, was checked in A19.5). The
geometry of the wedge and the angles required for the wedge factor are
shown in the lower hemispherical projection below. The factor of safety
is then given by

0.28.

sinf  tang sin80 tan30 0.985 0.577

= = = = 1.47.
sin% X tanyr  sin35 X tan34 0.574 X 0.675

/" Plane 2
Planc / S (195/70)
normal | ’

oIz .
| “Excavation

v wall (120/90)

If the factor of safety is computed analytically, its value is found to
be 1.50. The discrepancy between this and the value given above is
due to the limited accuracy of the hemispherical projection. However,
as the error is only some 2%, we can see that hemispherical projection
techniques are a practical means of making preliminary assessments of
wedge sliding stability.
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Q19.7 At a depth of 450 m, a 3-m diameter circular tunnel is driven
in rock having a unit weight of 26 kN/m? and uniaxial compressive
and tensile strengths of 60.0 MPa and 3.0 MPq, respectively. Will the
strength of the rock on the tunnel boundary be reached if

(a) k=0.3, and

(b) k = 2.5?

A second tunnel, of 6 m diameter, is subsequently driven parallel
to and at the same centre line level as the first, such that the centre
line spacing of the two tunnels is 10 m. Comment on the stability of
the tunnels for the field stresses given by (a) and (b) above.

AT19.7 This is a problem to be
solved using the Kirsch solution
for circular openings in a state
of plane strain. We are asked
to examine the stability of the
rock on the boundary of the tun- £
nel. As the tunnel has neither a
support pressure nor an internal
pressure applied to it, the rock |
on the boundary is subjected to
a uniaxial state of stress, with
the local o3 = o, = 0 and local
gy = 0p.

The Kirsch solution for the cir-
cumferential stress is

a? at
0y = 10, [(1 +k) (1 + —2) + -k (1 +3—4> 00829]
r r

and for a location on the tunnel boundary, where a = r, this reduces to

0s = 0, [(1 + k) + 2(1 — k) cos 26] .

We assume that the vertical stress is caused by the weight of the
overburden, in which case we have

o, =y -z7=0.026-450 = 11.70 MPa.

The extreme values of induced stress occur at positions aligned with
the principal in situ stresses, and so in order to compute the stress
induced in the crown and invert of the tunnel we use 8 = 90°, and for
the sidewalls we use 8 = 0°. For the case of k = 0.3, the stresses are then
found to be —1.17 MPa (i.e. tensile) and 31.59 MPa, respectively. For the
case of k = 2.5, the induced stresses are 76.05 MPa and 5.85 MPa. Thus,
we see that the compressive strength of the rock, 60 MPa, is reached at
the crown and invert of the tunnel for the case of k = 2.5.

After the second tunnel has been driven, we can find an approximate
solution to the problem through a multiple application of the Kirsch
solution. We start by determining whether the tunnels are inside each
other’s zone of influence. Given the approximate nature of the solution,
a rigorous computation of this is not justified. Instead, we take the
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distance of the 5% zone of influence for the hydrostatic case and examine
the tunnel spacings on this basis.

For the first tunnel we have ¢ = 1.5 m, from which we find that
r(5%) = a+/20 = 1.5+/20 = 6.7 m. For the second tunnel, for which
a = 3.0 m, we find r(5%) = 13.4 m. The centre-to-centre spacing of
the tunnels is 10 m. Thus, on the basis of the 5% zone of influence,
we see that the first tunnel is affected by the second, but the second
is not affected by the first. This means that the stresses induced on the
boundary of the second tunnel are as computed above, but for the first
tunnel we need to use an approximation. We do this by computing the
stress state induced by the second tunnel at the position of the centre of
the first tunnel, and then using this computed stress state to determine
the stresses induced on the boundary of the first tunnel.

As the centre-to-centre distance of the tunnels is 10 m, and as the two
tunnels are at the same elevation, we use r = 10 m and ¢ = 0° in the
Kirsch equations. As the second tunnel has a radius a = 3 m, for the case
of k = 0.3 we find oy = 12.48 MPa and o; = 4.20 MPa. The shear stress is
zero. This means that, for the first tunnel, we have ¢, = 12.48 MPa and
k' = 4.20/12.48 = 0.336. The stress induced in the crown and invert is
then found to be

op =0, [(1 + kY +2(1 - k')cosZG]
= 12.48 [(1 + 0.336) + 2(1 — 0.336) cos 180] = 0.12 MPa

and the stress induced in the sidewalls is
o9 = o, [(1 + k') +2(1 — k') cos 26]
= 1248 [(1 4+ 0.336) + 2(1 — 0.336) cos 0] = 33.25 MPa.

For the case of k = 2.5 the stresses induced at the centre of the first
tunnel by the second tunnel are o, = 13.33 MPa and o; = 24.46 MPa,
which means that, for the first tunnel, we have o, = 13.33 MPa and
k' = 24.46/13.33 = 1.84. The stress induced in the crown and invert is
then found to be

o5 =0, [(1 + &) +2(1 — k') cos 20]
= 13.33[(1 + 1.84) + 2(1 — 1.84) cos 180] = 60.05 MPa

and the stress induced in the sidewalls is
op =0, [(1+ k) +2(1 —K)cos26]
= 13.33[(1 + 1.84) +2(1 — 1.84) cos 0] = 15.53 MPa.

As a check of the accuracy of the approximate method, we can analyse
the problem using a computational method. For the case of a CHILE
material under plane strain, a simple 2D boundary element method
is ideal for computing the induced stresses. Here, we have used the
program BOUND, as presented by Beer and Watson (1992) 1.

' Beer G. and Watson ]. O. (1992) Introduction to Finite Element and Boundary Element
Methods for Engineers. Wiley, Chichester. Note that the program BOUND is a simple
educational tool and ideal for investigating problems such as the one in Q19.7.
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The discretization of the problem is shown below. We have taken
advantage of vertical symmetry, and used four boundary elements on
the half-boundary of each tunnel.

curved, 3-node isoparamelric boundary elements
forming tunnel surface (mid-point nodes not shown)

19

5
imaginary boundary 7 e 3
node number between upper and lower
F half-spaces of problem

We initially examine the stresses induced around each of the tunnels
individually, and the stresses induced when they both exist. The results
are given below.

3.0 m diameter tunnel 6.0 m diameter tunnel 6  Kirsch solution
k=03 k=25 k=03 k=25 k=03 k=25
node circum- node circum- node circum- node circum- circum-
ferential ferential ferential ferential ferential
stress stress stress stress stress
(MPa) (MPa) (MPa) (MPa) (MPa)
1 31.50 1 5.90 13 31.50 13 5.90 0° 3159 5.85
5 -1.14 5 76.00 17 -1.14 17 76.00 90° -1.17 76.05
9 31.50 9 5.90 21 31.50 21 590 180° 31.59 5.85

These results show how the induced stresses are independent of the
size of the tunnel, and how the induced stresses are symmetric for each
tunnel. They are also essentially identical with the results obtained using
the Kirsch solution.

We now analyse the problem when both tunnels are in place. The
results are shown in the table below and in the two graphs following.

Boundary element Kirsch-based approximation
3.0 m and 6.0 m diameter tunnel 3.0 m and 6.0 m diameter tunnel
k=03 k=25 k=03 k=25
node circum- node circum- node circum- node circum-
ferential ferential ferential ferential
stress (MPa) stress (MPa) stress (MPa) stress (MPa)
1 33.10 1 12.20 1 33.25 1 15.53
5 —0.26 5 62.50 5 0.12 5 60.05
9 33.70 9 19.70 9 33.25 9 15.53
13 32.10 13 10.90 13 31.59 13 5.85
17 -1.12 17 73.90 17 -1.17 17 76.05
21 31.90 21 6.94 21 31.59 21 5.85

The results here are revealing and instructive. Two points need to be
emphasized.
(a) Ina general sense, the approximation gives reasonable results (it does,
for example, correctly predict zones of tension and compression).
(b) The approximation predicts the stresses around both tunnels equally
well.
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k=0.3
1 Boundary
element
results
U Approximate
solution
13

40 -
3+ |
30 -
25 -
20 -

15 1

Induced stress, MPa

10

T -

1 5 9 17 21

Node number

80 -
70

60
50

40 +

Induced stress, MPa

30 1 C1 Boundary
element
20 1 results

U Approximate
10 — solution

0 - w.:L

1 5 9 13 17 21
Node number

Q19.8 The diagram shows the 5m 3m
relative positions of two paral- <
lel horizontal tunnels, each 3 m A
in diameter. Prior to excavation,
the principal stressesinthe area
were px = p, = p; = 11 MPa.

‘ 4am
(a) Determine the principal
stresses and their directions at —
point A after excavation has

been completed. z

(b) A horizontal fault coincident with the x-axis passes through A.
If the shear strength of the fault is purely frictional with ¢ = 20°, will
slip on the fault occur at A?

v
A
N

X
Y
>

@

A19.8 Here we will apply the Kirsch solution to each excavation and
superpose the results in order to estimate the state of stress at point A.
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For the left-hand tunnel and point A, the parameters required for the
Kirsch solution are k = 1.0, 6, = 11.0 MPa, a = 1.5 m and r = 5 m. The
induced stresses at point A are then

1 a? at
oo==o, |0+ 1+ L)+ -k (1+3L )cos26
2 r? r4
a2
=av<1+—2)=11.99MPa
r

and

1 a? a* _a*
o = Eau [(1 + k) (1 - ;5) —(1-k) (1 —4r—2 +3r—4) 00820]
a2
=0, <1 — —2) = 10.01 MPa.
r

For the right-hand tunnel and point A, the parameters required for the
Kirsch solution are identical to those used above. Furthermore, as the in
situ stress state is isotropic, then the stresses induced at point A due to
the right-hand tunnel are the same as those due to the left-hand tunnel,
i.e. gy = 11.99 MPa and o, = 10.01 MPa.

In order to superpose the above results, we must first ensure that the
stress states are referred to the same co-ordinate system. Later, we are
asked to consider the stability of a horizontal fault through point A,
and on this basis it is appropriate to use the system of axes shown. As
a result, we must transform the stresses computed for the right-hand
tunnel. Here for simplicity we will use stress transformation equations
based on Mohr’s circle.

At point A and for the right-hand tunnel, the angle to be turned
through to rotate from the direction of the major principal stress (i.e. op)
to the direction that is normal to the fault (i.e. vertical) is

« = arctan (%) = 53.1°.

The transformed stresses are then

05 + o7 Oy — O
0, = > + o > cos 2o
11.99 +10.01  11.99 — 10.01
- er + _ cos(106.2) = 10.72 MPa
Oy = % + o 42 cos 2(ar + 90)
2 2
11.99+10.01  11.99 — 10.01
— er n : c0s(286.2) = 11.28 MPa
—o, 11.99 —~ 10.01
s = =2 % Gin(a) = — o ——sin(106.2) = —095 MPa

When we superpose stress states computed using the Kirsch solution,
we must remember to subtract the additional field stresses that are
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included in each solution. The final stress state is then given by

Oy Ty o 0 N Oy Ty, ko, 0

Tyz O, 0 oy Ty, O 0 o
z point A left tunnel e right tunnel ¥ I field stresses

which evaluates to

O Tus 1001 0 N 11.28 —0.95 110 0
ISR 0 11.99 —0.95 10.72 0 11.0
(10.29 —-0.95
= MPa.
—0.95 11.71

and from this the friction angle required to maintain stability is com-

puted as
‘ -0.95
¢ = arctan | =% ) = arctan = —4.6°
o, 11.71

where the negative sign is an indicator of the sense of shearing. As the
friction angle for the fault is 20°, it is therefore stable.

We can perform the calculation sequence given above for a number
of different points (say, by using a computer spreadsheet) in order to
examine the stress distribution along the fault. The results of this are
shown in the figure below, together with stress distributions computed
using a boundary element program. Notice that there is very good
agreement between the two methods.

25.00
I
. normal stress
20.00 numerical analysis: full lines
o Kirsch approximation: crosses
=
o 15.00 1
E
5
© i
g 10.00
&
o
@ 500
shear slress
0.00 1 2 : - e } - —
.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Distance from LH tunnei centreline, m
-5.00 -

The figure below shows the variation of required friction angle, com-
puted using both the Kirsch approximation and a boundary element
program. The errors involved are relatively small — no more than half
of one degree — and show how the Kirsch approximation can be used
for initial assessments of stability.
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8.0 "

6.0 7 = numerical analysis

- - - Kirsch approximation
4.0 A

2.0 -
Distance from LH tunnel centreline, m

0.0 1 - + '
.0
2.0 -

12.0 14.0 0

-4.0

Required friction angle, degrees

6.0 -

-8.0 -

Q19.9 An ovaloid excavation at a depth of 750 m has in vertical
section its major axis horizontal, and the ratio of its width to height
is 4. The radius of curvature of its ends is equal to half its height.
Assume that the in situ stress state can be calculated on the basis of
complete lateral restraint in a CHILE medium (ERM 1, Section 4.6.2)
with y =28.0 kN/m® and v = 0.3.
An elastic boundary element analysis for k = 0 shows that the
stress in the centre of the roof is —20.5 MPa, and in the side wall
is 104 MPa. An analysis with k = 1 gives corresponding stresses of
4.59 MPa and 84.2 MPa. What stresses would the boundary element
analysis give for the in situ stress state?
Using the equations for stresses in terms of radius of curvature:
(a) compare the stress in the centre of the roof of the excavation
with that for an elliptical excavation with the same width/height
ratio; and

(b) compare the stress in the side wall with that for a boundary of
equal radius of curvature.

A19.9 As the numerical analysis used an elastic model, we can de-
termine the stresses induced for any value of &, the ratio of horizontal
to vertical stress magnitudes, pro rata. For a case of complete lateral .
restraint, the ratio of horizontal to vertical stress magnitude is given by 2
(o) v

k=2 =

oy 1—v

which means that in this case we have k = 0.3/(1 — 0.3) = 0.429. As we
already have results for k = 0 and & = 1, the stress magnitudes for the in

2 This simple formula is a traditional one in rock mechanics but note that, in a specific
field case, the ratio between the horizontal and vertical stress components cannot be
estimated using this formula, because of the influence of other factors, such as erosion
and tectonic stresses as discussed in Chapter 4.
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sifu case can be computed using

0k=0429 — Ok=0 __ Ok=1 — Ok=0
0429-0 ~  1-0
and so for the roof we find

Oroof = 0.4294.59 — (=20.5)] + (—20.5) = —9.74 MPa

and for the side wall we find
Oide watl = 0.429[84.2 — 104] + 104 = 95.5 MPa.

In addition, the magnitude of the vertical stress is
oy = yz = 0.028 x 750 = 21 MPa.

For an elliptical opening oriented with its major axis horizontal, the
circumferential stress induced in the boundary at the top and bottom of
the opening is

WZ
2H

2H

ptop

Olop = 0, <k — 14k ) where pyop =

Combining these equations and substituting g = W/H leads to
2k
G‘OP = gy [_ +k - 1]
q

and from this, knowing that g = 4 for this particular opening, we find
that

2k 2-0.429
Otop = Oy ?+k—l =21 T+0.429—l = —7.5 MPa.

The stress induced at the ends of this elliptical opening is given by

2w
Oend =0, | 1 — k+
Pend

where penq = H/2 because the opening is an ovaloid. These relations
lead to

Oend = Oy (l —k +2ﬁ)
from which we obtain

Oeng = 21 (1 — 0429 + 2«/?1) — 96.0 MPa.

These approximate solutions agree reasonably well with the results
found from the rigorous numerical analysis. The first graph below gives
a visual assessment of how the various computed stresses compare, and
shows that for the side walls the agreement is very good, although for
the roof and floor the agreement is not so good. The second graph below
shows how the stresses compare for values of k = 0 and k = 1 for a
range of values of g. With the exception of the case for stress induced in
the roof when k = 1, the agreement is very good. Taken as a whole, these
results show that the approximate solution can give a good insight into
the behaviour of the opening.
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1201 side walls
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Q19.10 The axes of a long horizontal elliptical excavation are in-
clined at +45° to the horizontal, and their lengths are in the ra-
tio 2.5:1. The vertical and horizontal principal field stresses are
8.5 MPa and 25.5 MPq, respectively.

(a) Calculate the maximum and minimum elastic stress values
induced on the boundary of the excavation.

(b) Investigate the possibility of failure of the rock on the exca-
vation boundary, on the basis that the strength of the rock in com-
pression is given by ¢ = 30 MPa and ¢ = 40°, and in tension is zero.

AT19.10 The equation for the circumferential stress induced in the ma-
terial at the boundary of an elliptical excavation is

p A+ [A+4¢) + (1 —g*)cos2(x — )]

Y —(1 = k) [(1+ q)*cos 2y + (1 — g*) cos 28]

where p is the vertical stress magnitude, k is the ratio of horizontal to
vertical stresses, ¢ is the ratio of the two axes of the ellipse, g is the

Og
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inclination of the long axis to the horizontal, and x is a parameter for
locating position on the boundary. These parameters are shown in the
sketch below, together with another location parameter 6.

TT[;

w H
q=W/H

For the case when g = 45°, then cos 2(x — B8) = cos(2y — 90) = sin2y and
cos28 = cos 90 = 0. Substituting these values into the equation above,
reduces it to

0p = % {+0) [T+ + 0 —gH)sin2x] — (1 — k) [(1 +g)*cos2x]} .

In order to determine the locations on the boundary where the circum-
ferential stress is a maximum or a minimum, we can differentiate this
expression with respect to x, set the result to zero and solve for x. Thus,
we have

d
C% _ 2 [2(1 + k(1 —qz)cos2x + 2(1 — k)(1 +q)zsin2)(}.
dx 2q
and, by equating this to zero and rearranging, we find

Y €q g gimng,

(I+K)(1—-q)

tan2y = ————.
(I-Kk)(1+4qg)

For this particular excavation, we have ¢ = 2.5 and k = 25.5/8.5 = 3,
which leads to

(I+K(1 - 4)]

(1=Kl 4+9

= larctan | —— | = larctan[—0.857] = —20.3°.
2 7 2

X = %arctan [—

The form of the tangent function means that both x = —20.3° and
x = 90°4+(—20.3°) = 69.7° satisfy this equation. If we substitute these into
the equation for oy in order to find the magnitude of the circumferential
stress at these orientations, we obtain

o5 = 28_255 [0 +3) [(1+2.5%) + (1 — 2.5%) sin(—40.6%)]
— (1 =3)[(1 4 2.5) cos(—40.6)]} = 104.2 MPa
and
oy = 28% [+ 3) [(1+2.5) + (1 — 2.5 5in(139.4%)]

— (1 =3)[(1 + 2.5 cos(139.49) ]} = —5.6 MPa.
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Thus, we see that the first of these angles represents the location where
the rock is subjected to the greatest compressive stress, and the second is
the location where it is subjected to the greatest tensile stress.

In order to determine the compressive strength of the material, we use
the relation

2c
%= an (45— %)

which was derived in A6.3 to find
2-30 60

tan (45 — ?) an25

Thus, as the compressive strength of the rock is 128.7 MPa and its tensile
strength is zero, we can see that the excavation boundary is stable at the
location of maximum compressive stress, but unstable at the location of
greatest tensile stress.

It is important to realize that the parameter x is the angle the tangent
to the boundary of the opening makes to the horizontal. A more useful
parameter for locating position is the angle a point subtends to the major
axis, and this is shown by 6 in the sketch above. From the geometry of
an ellipse, we find that these angles are related through the relation

1
g tan(x — B)
although, in order to take account of the correct quadrant of the tri-

gonometrical functions, the angle 6 is better evaluated using the atan2
function?

= 128.7 MPa.

o, =

tand = —

6 = atan2 [—q sin(x — B), cos(x — B)].

Using this relation, we find that the locations of the points of max-
imum and minimum boundary stress relative to the major axis of the
ellipse are then

Omax = atan2 [—2.5 sin(—20.3° — 45°), cos(—20.3° — 45")]
= atan2(2.271, 0.418) = 10.4°
and

Bmax = atan2 [—2.5 sin(69.7° — 45°), cos(69.7° — 45%)]
= atan2(—1.045, 0909) = 139.0°

The following diagram shows the complete boundary stress distribu-
tion, together with the locations of the maxima and minima. The lines
drawn normal to the boundary represent the stress magnitude at that
position, with lines inside the excavation profile indicating tensile stress.

A useful technique for qualitatively assessing stress distributions is
the so-called ‘streamline analogy’, whereby we picture the opening as an
obstruction standing in flowing water. For the case under consideration

? Programming languages such as Fortran include the atan2 function in order to
resolve the issue of correct quadrant. The same effect can be obtained on a calculator
using ‘rectangular to polar’ co-ordinate conversions.
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here, the water is flowing horizontally across the page as this is the
direction of the major principal stress. We can see that the boundary
stress is greatest in those regions where the flowing water would first
come into contact with the obstruction, and that the regions of tensile
stress coincide with where we would expect eddies, or turbulence, to
occur behind the obstruction.

minimum stress =
-5.6 MPa

maximum stress =
104.2 MPa

19.3 Additional points

We have emphasized the basic principles and techniques involved in
considering underground excavation instability mechanisms. There is
no substitute for this basic understanding of the 3-D geometry of rock

Figure 19.6 Visualizing a rock mass dissected by four fracture sets.
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4 indicates that a block can form from three fractures and slide into the shaft

Figure 19.7 Example composite diagram showing the type of presentation that can be
prepared to assist a rock engineer in deciding on the necessity and type of rock support.

blocks and the nature of stress distributions, but computer programs are
commercially available now which can support the analysis with graph-
ics and do most, if not all, of the tedious computation. For example, the
rock mass visualization shown in Fig. 19.6 was obtained using 3DEC*.

4 3DEC and other programs are available from Itasca at www.itascacg.com
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Computer programs are available for many rock mechanics purposes
including the analysis of rock mass geometry, the blocks which will
be intersected by an excavation and which blocks will be unstable, the
stresses and strains induced by excavation, and other subjects such as
coupled thermo-hydro-mechanical predictions. The diagram in Fig. 19.7
of the predicted unstable blocks in shaft excavation was compiled from
outputs of UNWEDGE”.

The seminal book on the design of underground excavations is Hoek
and Brown (1980), which includes chapters on planning considera-
tions, classification of rock masses, geological data collection, graphical
presentation of geological data, stresses around underground excava-
tions, strength of rock and rock masses, underground excavation failure
mechanisms, underground excavation support design, rockbolts and
shotcrete and mesh, blasting in underground excavations, and instru-
mentation.

S UNWEDGE and other programs are available from www.rocscience.com
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20.1 The project objective

The purpose of the engineered structure will influence its design. For
example, the stabilization measures required for an excavation such as
that illustrated in Fig. 20.1 will depend on whether it is to be a permanent
structure for a civil engineering project or a temporary structure for a
mine. In civil, mining and petroleum engineering, there will be different
constraints on the tolerable disturbance caused by excavation, on the
rock displacements, on the type of instability that can be allowed to
occur, on the type of support that could be installed, etc.

We have to consider what types of instability might be expected.
Will it be instability of rock blocks defined by pre-existing fractures,

5 5
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Figure 20.1 Construction of an underground excavation for a hydro-electric scheme.
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Figure 20.2 Interaction of high stresses and rock mass fractures has combined to cause
failure of the rock mass and the installed support in an underground gold mine.

stress-induced failure of the intact rock, or a combination of the two?
The consequences of interaction between high stresses and rock mass
structure are illustrated in Fig. 20.2, where we can see that the individual
rock blocks have been displaced by a considerable amount and the
installed support has been significantly distorted.

As with the design of surface structures on rock masses, it is necessary
to establish the project objective before deciding on the type of analysis
that will be conducted. The project objective determines the perform-
ance requirements of the structure, the modelling that should be used
to provide the necessary predictive capability for rock engineering, and
hence the rock mechanics information required. Although knowledge
of, for example, the structural geology of the host rock and its basic
mechanical properties will always be useful, there is no such thing as a
standard modelling procedure and hence no standard site investigation
procedure for rock engineering.

We encourage you to apply the basic principles of rock mechanics
and rock engineering to all potentially complex analyses, as most of the
trends in rock behaviour can be predicted from basic principles. The type
of approach illustrated by the list of questions following in Section 20.2
is a good way to begin. It is only when the overall rock behaviour is
not clear, or when large numbers of numerical values are required, that
more sophisticated analyses should be implemented. Accordingly, we
concentrate in this chapter on the application of the basic principles and
techniques to a variety of rock engineering circumstances.
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20.2 Question and answers: design of underground
excavations

Q20.1 A vertical shaft is to be sunk through a rock mass in which
the magnitudes of the two horizontal principal stresses have a ratio
of 3:1. A clear space of 5 m x 5 m must be maintained within the
shaft for equipment installation. The three excavation cross-sections
shown in the sketch are under consideration for the shaft design.

Discuss the relative design merits of each cross-section in terms
of rock mechanics principles, and hence provide recommendations
for the optimal shape (and in the case of profile (b) and (c), optimal
orientation) for the excavation.

Installation profile
oy Y % Y
(a) (b) ()
A
) kil
" Excavation profile -

A20.1 (a) Circular shaft c

A CHILE analysis of the stresses ¢ "’/
around the circular shaft using the

Kirsch solution shows that there

will be a variation in the stress ~™® Q '30-h
concentrations, from a k

high induced stress
( tangential stress = 80y )

value of 8 to a value of 0. Such
large variations in stresses may lead
to rock failure, and it is dif-
ficult to design the shaft with a single support or reinforcement solution.

low induced stress
(tangential stress = 0)

(b) Elliptical shaft c
When the shaft is elliptical, if the ratio of ¢ h
the major axis to the minor axis is made
equal to the stress ratio, and the excava-

tion is aligned with its long axis parallel = <§O‘/
to the major principal stress, then the tan- !
gential stresses at points A and B are given

by oo = o = (1 + k)ay,. Thus, if in this t

case the axial ratio is made equal to 3, then
the stresses at points A and B are both equal to 463, In fact, this tangential
stress magnitude is constant around the periphery of the opening.
Providing that this stress is sufficiently less than the strength of the
rock, the elliptical geometry is preferred because the uniform, induced
stress field provides a zone of uniform tangential compression around
the opening. This stabilizes the rock, in contrast to the stresses induced
around the circular shaft.
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(c) Square shaft

A closed form solution for the stresses
induced around a square opening is not
available, because of the discontinuous
geometry at the corners. However, if
we use the streamline analogy, together
with knowledge of the relation between
induced stresses and radius of curvature
of the boundary of the opening, we can make an estimate of the stability
of the excavation.

The small radius of curvature at the corners indicates that the tangen-
tial stress induced at this location will be large and compressive. Along
each wall of the opening, the radius of curvature is effectively infinite,
and so we can expect low, and probably tensile, stresses to be induced at
these locations. This will be the case regardless of the orientation of the
square within the stress field, or the exact values of the stresses.

O-h large compressive

/ induced stress

e
30y
\ large tensile

induced stress

!
T

Thus, the design strategy is to use an elliptical shaft oriented with its
major axis parallel to the major principal stress, and the axial ratio of the
opening equal to the stress ratio, i.e. 3.

Q20.2 You have been asked for an initial decision on the orientation
of an underground structure. The structure comprises ten parallel
tunnels, each 5 km long, to be built in a rock mass containing
definite fracture sets. You have also been asked about the best
shape for the cross-section of the tunnels.

The dip direction and dip of the fracture sets are 270/45 and
90/45; the direction of the maximum principal stress is horizontal,
west-east, and its magnitude is twice the value of both the ver-
tical and the other horizontal stress component. The ratio of the
maximum principal stress component to the intact rock uniaxial
compressive strength is 0.5.

What would be your initial design based on this information
alone?

A20.2 The initial design should be based on avoiding instability of rock
blocks and instability of the intact rock due to rock stress failure.

Given that there are only two main fracture sets, there may not
be any potential for block failure (the minimum number of faces a
rock block can have is four — a tetrahedral block — which requires
the excavation surface and three fractures). However, it is good rock
engineering policy to tunnel perpendicular to fractures where possible,
because this reduces the problems of block instability, which would
indicate a tunnel orientation of west—east.

The ratio of rock stress to rock strength is high: for example, a stress
concentration value of 2 will raise the induced stress to the value of
the rock strength. To reduce stress concentration problems, the tunnel
should be parallel to the maximum principal stress, i.e. in a west—east
direction. Since this is the same direction as indicated by avoidance of



Question and answers: design of underground excavations 377

fracture problems, the choice of a west—east orientation should definitely
be made based on this information alone.

The stress components perpendicular to the tunnel axis would then
be equal. This means that a circular tunnel cross-section would be
preferable because it will minimize stress concentrations.

Such design thinking, based on the rock mechanics principles alone,
can often be all that is required to ensure the success of a rock engin-
eering project. Wang and Fan (2000)' give an example of the strategic
optimization of new coal mine development in soft rock in China based
on such principles. The optimization procedure has enabled coal mines
to be operated much more effectively than before because the roadway
maintenance has been significantly reduced.

This example illustrates the significance of the concept of stress as
a tensor. Although clear from the principles discussed, we may not be
intuitively expecting that horizontal tunnelling in different directions
through a homogeneous rock mass will produce different effects: in one
direction the tunnel is stable and in another direction it is unstable. The
fundamental reason for this phenomenon is that rock can sustain a shear
stress.

Q20.3 A site is under investigation for use in a geothermal energy
project. It is planned to drill a number of boreholes to a depth of
about 2000 m and use these for injecting water at high pressure
into the naturally fractured rock mass. The water will take heat from
the surrounding rock, and will then be extracted from production
boreholes and used for heating. A key question is the stability of the
fractured rock mass during this process.

Extensive site investigations have revealed that the rock mass
contains three pervasive sets of fractures, oriented at 000/00,
165/90 and 245/90, all of which have a friction angle of 44°. Also,
a stress determination programme has established that the three
principal stresses have orientations 000/90, 040/00 and 130/00.
Their magnitudes (in MPa) are given by 26z, 6 + 12z and 15 + 28z
respectively, where z is the depth below ground surface. Although
the intact rock is essentially impermeable, the rock mass is so highly
fractured that it is naturally saturated with groundwater and hence
effective stress conditions exist within the fractures.

The water injection holes have to be located relative to the pro-
duction hole such that the pressurized water will flow along the
natural fractures between them. For the target depth, examine the
effective normal stress induced on a fracture from each of the three
sets, and identify which set will be jacked open by the injected water.
Hence, propose a layout for the injection boreholes. Bear in mind
that the boreholes can be deviated during drilling such that they
run horizontally, so that a vertical flow regime can be established if
necessary.

! Wang Tongliang and Fan Qiuyan (2000) Optimization of Soft Rock Engineering with
Particular Reference to Coal Mining. Int. . Rock Mech. Min. Sci. 37.



378 Design of underground excavations

Compute the water pressure required to open the critical fracture
set (1) 250 m above, (2) 250 m below, and (3) at the target horizon.

Using these results, predict the flow regime and overall stability of
the rock mass when water is injected at the target horizon.

Does this affect the layout of the boreholes and operation of the
system, and if so, how?

A20.3 The relations given for the in situ stress magnitudes are
0, =26z, o, =6+ 12z and oy = 15 + 28z.

The unit weight of rock is usually about 25 kN/m?, and so it appears
from these equations that the depth, z, has units of kilometres, with the
constant of proportionality having units of MPa/km. The constant of
proportionality in the relation for o, is comparable in magnitude to the
unit weight of rock, and so shows that these are total stress relations. To
convert them into effective stress relations, we need to subtract the unit
weight of water, giving

0, =26-10z=16z, o0,=6+(12-10z=6+2z, and
o =15+ (28 — 10)z = 15+ 18z.

At the target horizon, which is situated at a depth of 2 km, the in situ
effective stresses are then o, = 32 MPa, o = 10 MPa and of; = 51 MPa.

In order to determine which of the three fracture sets is most suscept-
ible to being jacked open by the pressurized water, we need to determine
the effective normal stress acting on each of the sets. For the horizontal
set, this is the vertical stress, giving o,, = 32 MPa. For the two vertical
sets, we need to apply a stress transformation in the horizontal plane
to determine the normal stresses. The geometry of the problem in the
horizontal plane is as shown below.

N
40°

Oy’ =51 MPa=0) /O'h'=10 MPa =03

165°-90° =75°

set 2

7 \od

245° -90° = 155°

set 3

This diagram shows that the angle between the major principal stress com-
ponent in the plane, oy, and the normal toset 2 is 130° — (75° 4+ 90°) = —35°,
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and the angle to the normal to set 3 is 130° — (155° — 90°) = 65°, reckoning
anticlockwise as positive. The Mohr circle diagram associated with this

geometry is shown below.

T

__2x65°=130°

O3= 10 MPa

O)1=51 MPa

2x35°=70°7

Gn2.72

From this diagram we can see that set 3 has the lowest normal stress
acting on it, and will therefore be the fracture set that is first jacked open
by the pressurized water. By inspection of the diagram we see that the
normal stress is

o = % 4 T2 %% 005130 = 305 + 20,5005 130 = 17.3 MPa.

As a consequence, the boreholes will need to be drilled such that
they intersect these fractures as near to perpendicular as possible; the
required borehole orientation is then either 065/00 or 245/00.

We can now examine the behaviour of these fractures at the three
required depths of 1.75 km, 2.25 km and 2.00 km. We start by comput-
ing the normal and shear stress on the fractures, and then determine
the fluid pressure required to induce shearing on the fracture. These
calculations are shown in the table below, and in these the angle 0 is
130°. The limiting normal stress for a given induced shear stress is cal-
culated from the geometry of the strength criterion for the fractures, i.e.
T =0, tan¢ = o, tan44.

Depth Induced Induced Limiting Critical
normal  shear normal fluid
stress, stress, stress, pressure,

oy o, (‘=UH —;Uh r=(rH ;Uh c+rcosf T=rsin@ Unm:mﬁ4 O —Otim
(km) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1.75 46.5 95 280 18.5 16.11 14.17 14.68 143
200 51.0 100 30.5 20.5 17.32 15.70 16.26 1.06
225 555 105 33.0 225 18.54 17.24 17.85 0.69

From this table, we sce that the critical fluid pressure decreases with
depth. This means that, once the water pressure at a given horizon ap-
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proaches the maximum allowable, it will induce shearing immediately
below the horizon and hence the injected water will flow downwards. As
aresult, if the water is to be retrieved, the production boreholes will need
to be located below the injection boreholes.

Q20.4 A circular tunnel of radius 4 m is to be driven in a weak
rock mass subjected to an in situ hydrostatic stress field of 9 MPa.
The triaxial compressive strengths of the rock mass in its initial and
fractured states are given by ¢, = 8 + 403 (MPa) and o1 = 303,
respectively.

A preliminary analysis for design is to determine the relative in-
stabilities of the roof, sidewalls and floor.

Plot the ground response curves for the roof, sidewalls and floor,
taking G = 2.1 GPq, f = 1.4 and y = 25 kN/m?3, and comment on the
appropriate support pressure,

A20.4 The ground characteristic for this tunnel has two parts: a linear
part, extending from the in situ conditions to the point at which frac-
turing starts at the tunnel boundary; and a nonlinear part thereafter.
We start by finding the support pressure below which a fracture zone
develops. This is given by

2p —C,
1+b

and for this case we have p = 9 MPa, C, = 8 MPa and b = 4 (because the
strength of the unfractured rock is 0, = 8 + 403 = C, + bo3). The critical
pressure is then

P =

2p—Cy 2x9-8 10
= = =—=2M .
=T 1+4 5 Pa

The radial deformation at the boundary of the fractured zone is given by

P— D1
re
2G
where r, is the radius of the fractured zone. For the case of the critical

pressure, which is when the fracture zone just starts to develop, we have
re = a =4 mand p, = 2MPa. With G = 2.1 GPa we find that

9-2 4 28
2x20x10° * 7T 42X 1P
The linear part of the ground characteristic therefore extends from

(0, 9) to (0.0067, 2) — in (displacement, pressure) co-ordinates.
For the nonlinear part of the ground characteristic, we choose a series

of support pressure values, and then compute r¢, u;, Proof and pgoor for
each value. The appropriate equations are

_ [2p=C 7" _ap=p)[f—1  re\1+
’°‘“{<1+b>p,-] u__G(1+f)[ + () ]

Ure = —

= 0.0067 m.

Ure =
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Proof = Pi + (re — ) ¥rock Picor = Pi — (Fe — ')¥Vrock-

We are told that f = 14, d = 3 (because o, = 303 = do3) and
Yok = 25 kN/m?. Sample calculations are shown in the table, with
the three ground characteristics shown in the diagram below.

Pi re u Proof Phloor
(MPa)  (m) (m)
9.00 0.0000

2.00 4.000 0.0067 2.00 2.00
1.80 4216 0.0074 1.81 1.79
1.60 4472 0.0084 1.61 1.59
1.40 4781 0009 142 1.38
1.20 5164 0.0114 123 1.17
1.00 5.657 0.0139 1.04 0.96
0.80 6.325 0.0178 0.86 0.74
0.60 7303 0.0247 0.68 0.52
0.40 8944 0.0394 0.52 0.28
020 12649 0.0892 042 —0.02

The diagram shows how the floor stabilizes without a support pres-
sure after a radial displacement of about 85 mm. However, the roof
and sidewalls never stabilize and will always require supporting. It is
also interesting to see from the table of results how the thickness of the
zone of fractured rock increases with reducing support pressure. If an
engineering requirement is to minimize the size of the fractured zone,
then the support pressure needs to be close to 2 MPa.

4.00 - 1
3.50 + \ elasl_ic
| behaviour
3.00 \ e,
2.50 : limit of elastic™ "
/ behaviour

150~ -

radial pressure, MPa
n
o
o

1.00 +

0.50

0.00 T T T ; T T . : T |
0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 0.100

radial displacement, m

Q20.5 For the design of part of a large underground civil defence fa-
cility in a rock mass, there are two competing excavation geometries,
as shown in the sketches of the vertical cross-sections given below.
Both geometries consist of excavated rooms separated by rock pil-
lars.
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[ & Je[ ] ¢s

My bl W 812

a = (56.20 — 3.304p, — 0.533pc) x 103
3¢ = (56.20 — 0.533p, — 3.304pc) x 10-3

[ 1a[_Je[ Je[ ] ¢s

12, 8 12 é 2 ‘L 12

$a = (56.20 — 3.304ps — 1.121p — 0.533pc) x 103
g = (66.52 — 1.121p, — 3.602ps — 1.121pc) x 103
¢ = (56.20 — 0.533pa — 1.121pg — 3.304pc) x 1073,

Analysis of these geometries has been undertaken using a CHILE
boundary element program, in order to determine the relation
between displacement and support pressure at the various pillar
locations. These relations are given below the sketches with § rep-
resenting displacement and p representing support pressure.

The support pressure is to be supplied by the rock pillars. Perform
a rock-support interaction analysis for each of the two geometries in
order to determine which is the preferred design. The stress—strain
characteristics of the two pillars are as given below:

o (MPa) 5.0 80 100 111 114 109 100 8.7 3.0 0.5
ex102* 05 10 15 20 25 30 35 40 7.0 120

A20.5 Two-pillar system
For the two-pillar layout, we have the following two ground character-
istics (i.e. one for each pillar):

8a = (56.20 — 3.304ps — 0.533p¢) x 1073
8¢ = (56.20 —0.533pa — 3.304pc) x 1073,

However, as the layout of the rooms is symmetrical, we can put
pa = pc = p and 84 = 8¢ = & to obtain one equation

8 = (56.20 — 3.837p) x 1073, (20.1)

This equation for the displacement of the boundary now has to be
converted into an equation for strain in the pillar. This strain has two
components: an initial strain due to the effect of the in situ stress
before the excavation was made; and a subsequent strain induced by
displacement of the boundary. It is therefore given by

b
8=8;+8d=8i+ﬁ (20.2)

where £, the height of the pillar, is 6 m in this case.
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To determine the initial strain, we use the general form of Hooke’s
law, 1.e.
1
& = E [0’1 — U(O’j + O'k)] . (203)
Now, as these pillars can be considered to be very long out of the plane
of the cross-section, we can assume that they are in a state of plane
strain. Taking the y-direction to be out of the plane of the cross-section,
this allows us to write

0= ! [ay —v(o, + ax)]

E
and hence discover that
oy, =v(0o, +0y)

which, upon substitution into Eq. (20.3) leads to

1
& = ;v [(1 =)o, —voy].
Substituting v = 0.2 and E = 9.12 GPa, together with the initial stress
state of o, = 1 MPa and o, = 5 MPa, gives the initial strain in the vertical
direction as 0.5 x 1073, Eq. (20.2) then becomes

8
e=05x 107+ < (20.4)
Substituting Eq. (20.1)) into Eq. (20.4) leads to
6000  59.20
= —— &+ —— = 1564 + 15.43
P="3gg T gy - D

which is the ground characteristic in terms of strain. This can be plotted
along with the pillar characteristic to find the operating point, as shown
in the diagram below. The operating point is then found to be at a pillar
pressure of 11.19 MPa but, much more importantly, is beyond the peak
strength of the pillar. As the figure shows, the system is only marginally
stable.

16.0

\ground characteristic

14.0 \
/N/ Operating point
6.0 // \\
* .
7 pilar
2.0 Nacteristic

0-0 T T T T ¥ T
0.0E+00 2.0E-03 4.0E-03 6.0E-03 8.0E-03 1.0E-02 1.2E-02 1.4E-02

strain

-
n
o

stress, MPa
>
o
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Three-pillar system
For the three-pillar layout, we have the following three ground charac-
teristics (i.e. one for each pillar)

8a = (56.20 — 3.304pa — 1.121 pg — 0.533pc) x 1073
8y = (66.52 — 1.121 py — 3.602pg — 1.121 pc) x 1072
8c = (56.20 — 0.533pa — 1.121 pg — 3.304pc) x 1073,

As the layout is symmetric, we can put pc = pj to give

8a = (56.20 — 3.837pp — 1.121pg) x 1073
8p = (66.52 — 2.242p4 — 3.602pg) x 1073
and from these we find (by using Eq. (20.4))
ea = (9.867 — 0.6395ps — 0.1868pg) x 1073

er = (11.587 — 0.3737pa — 0.6003pg) x 107>

Rearranging these equations into the usual format of y = mx 4 ¢ gives
1000 9.867 — 0.1868 pp

Pa= G605t 0.6395 (20.5)
1000 11.587 — 0.3737px
_ 20.
P» = ~G5e003%8 T 0.6003 (20.6)

In this case we have four unknowns (g4, €, pa, pp) and four equations
(the two ground characteristics above and a pillar characteristic for each
of the two pillars). If we had linear equations for the pillar characteristics,
we would be able to solve the system of equations directly. However,
as the pillar characteristics are nonlinear this means that an iterative

IAssume an initial value for p,

I Derive a pillar characteristic formula for pillar B in terms of p, and 8, ’é——

| Find the operating point of pillar B and hence determine p, and 851 No: repeat

v

| Use the new value of p; to derive a pillar characteristic formula for pillar A in termsof p, andd,

Compare the new values of
p, and p, with the previous
values:are the changes

insignificant?

Yas:stop
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approach is required to solve the system. The iteration follows the steps
as shown in the diagram above.

Although it is easiest to determine the operating point of each pil-
lar graphically and perform the iteration manually, it is reasonably
straightforward to use a spreadsheet program to perform the iteration
automatically. In this case, calculations are required in order to find an
operating point in terms of the intersection of a ground characteristic
and the appropriate segment of the pillar characteristic.

An example of the solution, starting with an assumed pressure of
25 MPa at pillar A, is given in the table below. This particular starting
pressure has been selected simply for demonstration: a better initial
estimate could have been made on the basis of tributary area theory.

Itera- Pillar A Pillar B
tion . .
m ¢  pressure strain m ¢  pressure strain
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 25.00
2 -1666 3.739 3.178 3.368 x 10~*
3 1564 14.50 11.18 2126 x 1073
4 ~1666 12.345 9.891 1473 x1073
5 1564 12.54 10.11  1.552x 1073
6 -1666 13.01 10.29 1.631 x 1073
7 -1564 1242 1005 1.521x10°3
8 ~1666 13.05 1031 1.642x107°
9 —1564 1242 10.04 1.519 x 1073
10 ~1666 13.05 1031 1.643x10°?
11 —1564 1242 1004 1519 x 1073
12 —1666 13.05 1031 1.643x103

The operating conditions are therefore pillar pressures of 10.0 MPa and
10.3 MPa at A and B, respectively. The figures below show how the system
converges.

Ground and pillar characteristics at iterations 2 and 3:

- \\
Pillar
12.0 N 4K/»//,_characlerisﬁc

8.0 '/
\ Ground
6.0 characteristic ——————
\ at pillar A

4.0
Ground
20 characteristic
at pillar B \

0.0 — T T T T T
0.0E+00 2.0E-03 4.0E-03 6.0E-03 8.0E-03 1.0E-02 1.2E-02 1.4E-02
strain

10.0

stress, MPa
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Ground and pillar characteristics at iterations 11 and 12:
140

Ground
characteristic
atpllarB ~  Pillar
characteristic

120 |

100
60 \
- \\

40 | — characteristic
at pillar A \\‘\
20 \

00 T T o T T
00E+00 2.0E-03 40E-03 60E-03 80E-03 10E-02 1.2E-02 1.4E-02

strain

stress,MPa

From the graph of the final state, we can see along which segment of
the pillar characteristic the operating point lies. This allows us to demon-
strate how the problem could be solved were each pillar characteristic a
linear equation.

For both pillars the equation of the appropriate segment of the pillar
characteristic is

pa = 2200e4 + 6.700 (20.7)
pe = 2200¢p + 6.700 (20.8)
and so Eq. (20.5) through to Eq. (20.8) can be written as the following
system of linear equations:
1-pa+0.2921pp + 1563e4 + 0-ep = 15.43
0.6225pa + 1-pg+ 0-64+ 1666 = 19.30
l-pa+ O:-pp—2200ea+ O-e5= 6.70
0. pa+ 1-pg+ 0-ga—2200eg = 6.70
In matrix form these are

1 0.2921 1563 0 PA 15.43
0.6225 { 0 1666 pe| | 1930
1 0 —200 o | le| |670
0 1 0 —2200 £B 6.70
and the solution of this matrix equation is
Pa 10.04
pe | 10.31
en | 115191072

£p 1.643 x 1077
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These values can be seen to be identical to those obtained by iteration.

Clearly, the second of the two designs is preferable on the basis of
pillar stability. Adoption of this geometry also reduces the roofspan and
hence will mitigate instability in the excavation roof.

Q20.6 A new mining operation is planned which can extract from
one of two coal seams. The first seam is at a depth of 250 m and has
a thickness of 3 m, and the second seam is at a depth of 500 m with
a thickness of 1 m. A preliminary design for the longwall mining
panels calls for the upper seam to be mined with a panel width of
200 m, and the lower seam to have a panel width of 400 m (see the
sketch below for typical geometry, in which the mining direction is
into the page).

Centreline Panel edge

Surface

]
Thickness ¢ P Paneliwidth

Depth

_— - C Coal seam
f Mined panel

It has been suggested that the Subsidence Engineers’ Handbook
(SEH) (National Coal Board, Mining Department, 1975)? can be used
to provide estimates of the surface subsidence profile and horizontal
strain distribution transverse to the direction of mining.

Assess the svitability of the extraction geometries for each seam
(based on estimates of surface subsidence and horizontal strain),
using the following data taken from the SEH.

The SEH gives values of the ratio of maximal subsidence to ex-
traction thickness of about 0.75 and 0.72 for the upper and lower
seams, respectively. The proportion of subsidence that occurs at a
given position along the transverse profile for both seams is given
by the table below, taken from the SEH.

Subsidence
proportion 0.95 090 0.80 0.7 06 05 04 03 0.2 0.1 0.0

Ratio of

distance from

panel centre

to depth 0.08 0.1 0.17 0.2 0.25 0.29 0.32 0.38 0.42 0.62 1.11

Similarly, the strain proportion that occurs at a given position
along the transverse profile for both seams is given by the table
below, also taken from the SEH.

2 National Coal Board, Mining Department (1975) Subsidence Engineer's Handbook. Na-
tional Coal Board, Mining Department. London, 2nd ed. (revised).
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Strain
proportion -0.70 -0.80 -1.00 -0.80 —0.40 0.00 0.40 0.80 1.00 0.80 0.60 0.40 0.20 0.00

Ratio of

distance from

panel centre

to depth 0.00 0.02 0.11 0.19 0.24 0.29 0.31 0.38 0.42 0.49 0.52 0.59 0.67 1.11

In addition, the multipliers for the maximum contractile and ex-
tensile strains for these panel width to panel depth ratios are both
equal to about 0.7.

A20.6 Width of panel = 200 m, depth of panel = 250 m, seam thick-
ness = 3 m.

As the ratio of maximal subsidence to extraction thickness is about 0.75,
for an extraction thickness of 3 m the maximal subsidence — directly
above the centre of the panel — will be about 2.25 m. This figure is now
used to scale the dimensionless profile data taken from the SEH, in order
to produce the subsidence profile.

The subsidence profile data are converted into actual subsidence val-
ues by multiplying the values in the first row by 2.25 m (the magnitude
of the maximum subsidence) and actual distances by multiplying the
values in the second row by 250 m (the depth to the panel). This results
in the following;:

Subsidence (m) 2.138 2.025 1.800 1.575 1.350 1.125 0.900 0.675 0.450 0.225 0.000
Distance (m) 200 250 425 500 625 725 80.0 950 1050 1550 277.5

These results can then be plotted, as shown in the following diagram.
Notice from this diagram that, above the panel edge, the subsidence is
greater than 0.5 m, and that the overall width of the subsidence trough is
more than 500 m.

distance from panel centre line, m
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The transverse strain profile is produced in the same way as the
subsidence profile. The results are given in the table and diagram below.
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Notice that the strain profile is drawn using the sign convention given in
the SEH, which is tension positive.

Strain -50 —-58 —-72 -58 -29 00 29 58 72 58 43 29 14 00
x1073 107> x107? %1073 x107? x10%° x10* x1073 x107? x107? x1072 x10~* x10~3 x101°

Distance (m) 0.0 50 275 475 600 725 775 950 1050 1225 130.0 1475 1675 277.5

2.5E-3 1o . : B

strain

0.0E+0 s
0 0 150.0 200.0 250.0 300.0

distance from panel centre line, m

-2.5E-3

-5.0E-3

g5E3 Lo Sl

Width of panel = 400 m, depth of panel = 500 m, seam thickness = 1m
As the ratio of maximum subsidence to extraction thickness is about
0.75, for an extraction thickness of 1 m the maximum subsidence will
now be about 0.72 m. Using a multiplier for distances of 500 m, the
subsidence profile is given by the values in the table below, and is shown
in the diagram following. Notice from the diagram that, above the panel
edge, the subsidence is greater than 0.5 m, and that the overall width of
the subsidence trough is now more than 1000 m.

Subsidence (m) 2.138 2.025 1.800 1.575 1.350 1.125 0.900 0.675 0.450 0.225 0.000
Distance (m) 20.0 25.0 425 500 625 725 800 950 105.0 155.0 2775

distance from panel centre line, m

0 0 100 200 300 400 500 600

subsidence,m
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With the depth to the panel being 500 m, and the maximal subsidence
being 0.72 m, the strain profile is given in the table and the diagram
below. Again, the strain profile is drawn using the sign convention of
tension positive.

Strain -71 -81 -10 -81 -—-40 00 4.0 8.1 1.0 8.1 6.0 4.0 2.0 0.0
x107% x1079 x1073 x107* x107* x10%9 x107* x10* x1073 x1074 x10~% x1074 x10~* x10*?

Distance (m) 0.0 100 550 950 120.0 1450 155.0 190.0 210.0 245.0 260.0 295.0 335.0 555.0

1.25E-3 4

1.00E-3

7.50E-4

5.00E-4 -

2.50E-4

strain

0.00E+0
d.

-2.50E-4

200.0 300.0 400.0 500.0 600.0
distance from panel centre line, m

-5.00E-4 {-

-7.50E-4

-1.00E-3

panel edge (i.e. ribside)

-1.25E-3

From the results shown above, we can see that — unless there is a
constraint on the width of the subsidence trough — extraction of the
deeper seam is preferable, because both the maximal subsidence and
maximal horizontal strains are significantly less than for the shallow
seam. Other factors, such as the magnitudes of differential subsidence
(i.e. tilt of the ground), will indicate the same conclusion.

Q20.7 A bauxite room and pillar mine is to be opened at a depth of
100 m in a rock mass whose unit weight is approximately 27 kN/m?3.
The design of the mine calls for a factor of safety of 2 against
compressive failure of the pillars, and the substantial body of data
regarding the design of pillars in this bauxite shows that their
compressive strength may be calculated from the expression

(0 )piLar = 10 + 4570184

where A is the plan area of the pillar in square metres.

(a) What is the uniaxial compressive strength of the bauxite as
measured in the laboratory, and what is the super-REV compressive
strength of the pillars?

(b) For operational reasons, the rooms must have a minimum
width of 5.0 m. What is the greatest extraction ratio that can be
achieved with this size of opening?

(c) 1If the roof of a room is reinforced with rock bolts, then the
maximum achievable opening width is about 8 m. Is it cost effective
to do this?
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A20.7 (a) When A is very small, the expression (o)pypag = 10+45¢ 0184
tends to a value of 55 MPa — this is the laboratory compressive strength.
Similarly, when A becomes very large, the strength tends to 10 MPa,
which is the super-REV pillar compressive strength.

(b) Room-and-pillar designs are usually produced using the tributary
area theory, and the formula

(o w?
S (209)
%  (we+ wp)”

where o, is the vertical stress which, for this case, is given by
vz = 0.027 x 100 = 2.7 MPa. Also, the maximal stress that a square
pillar can be subjected to is given by

1 .
o= ( 10 + 45e—°-‘8wp) (20.10)

where F is the factor of safety.

Egs. (20.9) and (20.10) can be combined to find a pillar width for a
given set of parameters, but the resulting equation has to be solved by
iteration. It is more instructive to plot a series of curves for the opening
width in terms of the pillar stress and the pillar width. Rearranging

Eq. (20.9) gives
g,
w0=wp<l:t /;S ,

| 10+ 45exp (—0.18w2)
we=wp | —1x | —

and hence

o F

The resulting curves of opening width in terms of pillar width and
factor of safety are as shown below.

20 7
18
16
14
12
10

opening width, m

pillar width, m
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We can see from this that with F = 2 the minimal pillar width for an
opening of 5 m is about 14 m, and hence the maximal extraction ratio is
(wo +wp)" —w? (54147 — 142 165 o
(w0 +wp)’ S+ 361 (20.11)
(c) If a room can be increased to 8 m wide, then the graph above shows
that the pillar width will need to increase to about 22 m. The extraction
ratio in this case is

2 2
YCE i L
(84+22) 900

and so it will not be cost effective: the extraction ratio (and hence the
revenue) does not change, yet the reinforcement will have to be paid for.

The way in which extraction ratio changes with pillar width is shown
below. In this diagram, the maximal opening width for a given pillar
width has been used. It is clear from this figure that no benefit arises
from pillars greater than about 6 m wide.

60.0 T 1.00
g \ . . T 0.90
% 50.0 T — Pillar compressive strength
< - - - Extraction ratio 70.80
g 400 + T 0.70 %
% os0 2
02, 30.0 T T 0_50-‘3
3 ©
g 1040 £
T w
g— 20.0 | 030
8
I 100+ I 0.20
& +0.10
0.0 —m+———+r+tr——t+rt——t—d—frrt—t—+ 0.00
0 2 4 6 8 10 12 14 16 18 20 22

Pillar width, m

Q20.8 In an attempt to improve the profitability of the mine in
Q20.7, the possibility of reducing both the opening width and the
pillar size is to be investigated. Plot the curve of extraction ratio
against opening width, for openings in the range 0.5 m to 4.0 m, and
hence determine the optimal opening width and the corresponding
extraction ratio.

if the extraction ratio thus identified is to be kept, what value of
the factor of safety is required if the opening width is to be changed
to 3.5 m?

A20.8 As the diagram below shows, the extraction ratio will be better
than about 0.85 if the opening width can be kept below about 2.5 m.
This is a result of the significant reduction in pillar strength with size.
An opening width of 2.5 m will require a pillar width of about 2 m but,
as the plot immediately above shows, at these sizes the pillar strength is
variable and so they are best avoided.
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For a given extraction ratio and opening width, rearranging Eq. (20.11)
in A20.7 shows that the associated pillar width is given by the solution to

rw? = 2w (1 —=rywy, —wl(1~r)=0

In this case r = 0.85 and w, = 3.5 m, and so the pillar width is found
from

0.85w) — 1.05w, — 1.84 =0
to be 2.2 m. The strength of the pillar is then
10 + 45exp (—0.18 x 2.2?) x 2.2> = 140 MN
and the load carried by it is

o (wo +wy) =2.7(35+22)% = 88 MN,
giving a factor of safety of 140/88 = 1.59.

Q20.9 A proposal has been made to use an old underground lime-
stone quarry as a storage facility. A site visit to the quarry has
revealed that it was mined using the room and pillar method, with a
regular rectangular array of pillars. The clear spacing between the
pillars is 6 m, the pillars are each 7 m square, and the excavation is
at a depth of 80 m.

Examination of the pillars shows that the limestone is horizontally
bedded with moderate spacing and gentle undulations. The bed-
ding planes themselves are smooth to touch with slightly weathered
surfaces and no visible aperture. Conditions inside the quarry are
generally dry. A point load test of the pillar rock conducted at the
quarry estimafed its uniaxial compressive strength to be 100 MPaq;
whereas a laboratory triaxial test found that the rock failed when
the axial stress in the sample was 110 MPa and the confining pres-
sure was 4 MPa. The unit weight of the limestone is 28 kN/m3.

Estimate the Rock Mass Rating (RMR) for the pillars (see the RMR
table in Appendix €) and hence determine the Hoek-Brown strength
parameters m and s for the rock mass, by using the equations

RMR - 100 RMR - 100
m=mexp| — o and s = exp —e )
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Use these values together with the Hoek-Brown criterion,

g1 o3 03
—=—+ /m——+s,
O O O

to determine the maximal vertical stress the pillars can sustain (1)
at their faces and (2) at their centres. Assume that the ratio of hori-
zontal to average vertical stress is 0.075 at the centre of each pillar.

Use the tributary area theory to estimate the average vertical stress
in the pillar, and hence determine the factor of safety of the pillars.

A20.9 If we consult a table of RMR parameters (see Appendix C), we
can assign the following values to the rock mass of the pillars:

Parameter Comments Rating
Compressive strength ~ measured as 100 MPa 4
Groundwater conditions described as generally dry 12
Spacing described as ‘moderate’ 10
RQOD value associated with a spacing of, say, 0.4 m

will be close to 100% 20

Discontinuity condition persistence of bedding planes will be high (0),
aperture js zero (6), smooth to touch (1),
no infilling (6), slight weathering (5) 18

Total 64

The Hoek—Brown criterion,

o 03 a3
—=—+4 /m—+s,
o, O (o

requires us to know both m and s but, for the case where we are
examining the face of a pillar, we can assume o3 = 0 and hence use the
reduced form of

g1 = 0/,
Substituting the relation s = exp [(RMR — 100) /9] into this equation we

obtain
RMR — 100 RMR — 100
01 = O¢, | €Xp ———9 = O exp —_]8

from which, with o, = 100 MPa and RMR = 64, we find ¢, = 13.5 MPa.
This is the maximal vertical stress that the rock at the face of the pillar
can sustain.

For the case when we are examining the centre of the pillar, where
triaxial conditions exist, the laboratory triaxial test data can be used
to determine a value for the parameter m. As the laboratory test took
place on a specimen of intact rock, we know that s = 1. Consequently,
rearranging the Hoek-Brown criterion of

01 03 03
—=—+4 /m—+s
O¢ O¢ O¢
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(where m; is the value of m for intact rock) and substituting o; = 110 MPa,
o3 =4 MPaand s = 1, we find that

2 2
mim | (2T | %o | (MO 190 5 0.
oA 03 100 4

Using this value of m; together with RMR = 64, we obtain

RMR — 100 64 — 1
m = mjexp (——28——) = 3.09exp (TOO> = 3.09 x 0.277 = 0.86

and

RMR - 100 64 — 100
5§ =exp (T) = exp <——§——) = 0.018.

The ratio of horizontal to average vertical stress is 0.075 at the centre of
the pillar, and so we can substitute 03/0, = 0.075 into the Hoek—-Brown
criterion to give

(1 —0.075)% 0 — 0.075mo.0y — sa? = 0.
If we substitute the values of m = 0.86, s = 0.018 and o. = 100 MPa into
this relation and solve the quadratic equation, we find o; = 18.8 MPa,

which is the maximal vertical stress the pillar can sustain at its centre.
The geometry of the tributary area for each pillar is thus:

tributary area

Wy Wo

- pillar

I
|
|
|
______ R e P e 1=

|
t
|
Wo + Wy |
|

This shows that the force due to the weight of rock supported by each
pillar is

Fo = y2A = 72 (o + )’
and so the vertical stress induced in each pillar is

Fo _ va{wo+ w,)?

PTA, w?

Substituting the values of y = 0.028 MN/m3, z = 80 m, w, = 6 m and
wp = 7 m we find that o, = 7.7 MPa.

Finally, we can determine the factor of safety at the pillar faces and the
pillar centres. At the face the factor of safety is

Tface - 13.5 - 175
op 7.7

Fface =
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and at the centre it is

[of .
Feentre = %ptre = W =244
This shows that the effect of the confinement offered by the bulk of the
pillar is to produce a marked increase in factor of safety at the pillar
centres, in comparison to the pillar faces. However, given the uncertainty
that will surround the assessment of the geomechanical parameters,
both of these factors of safety are very low. Careful consideration would
need to be given to the acceptability of these values, and whether
reinforcement of the pillars should be considered.

Q20.10 A gold-bearing quartz vein, 2 m thick and dipping at 90°, is
to be exploited by a small cut-and-fill stoping operation. The mining
is to take place at a depth of 800 m, and the average unit weight
of the granite country rock above this level is 29 kN/m?3. The strike
of the vein is parallel to the intermediate principal stress, and the
major principal stress is horizontal with a magnitude of 37.0 MPa.
The uniaxial compressive strength of the vein material is 218 MPq,
and the tensile strength of the country rock is 24 MPa. Poisson’s
ratio and Young’s modulus for the quartz are 0.2 and 48 GPaq,
respectively. During mining, each blast will extend a stope up-dip by
about 2 m.

Assuming that no stress-induced failure is permissible, what is the
maximum height of a stope?

It is considered that the backfill will offer sufficient support to
prevent degradation of the side walls of a stope, and that the only
stress-induced failure of concern is that in the crown. What is the
maximum permissible height of a stope in these circumstances?

A20.10 We will assume that, in the cross-section of the excavation, the
stresses induced in the sidewall and the crown of the stope can be
approximated using the equations for an elliptical excavation. On the
basis that the sidewall stress can be computed using the inscribed ellipse,

we have
Osidewall —1—k+2 (E)
h

Overtical

and if the crown is semi-circular we have

wn 2h h
Jerown _ g — 14k =k—1+2k/—.
Overtical Pcrown w
Rearranging these gives the height of the excavation as the minimum of

2 w ’
h=o-—.L_OTh=—w2<o'cron+l—k) .
sidewall +k—1 4k Overtical

Overtical
The maximal stress that can be sustained by the crown and the
sidewall are 218 MPa and —5 MPa, respectively. Note that the sidewall
stress is negative because this represents the tensile strength.
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The vertical stress is
Overtical = ¥ - 2 = 0.029 x 800 = 23.2 MPa

and hence the ratio of horizontal to vertical stress is

k_37.o_159
2320 T

The maximal height of a stope such that the compressive strength of
the rock in the crown is not exceeded is given by

2 2
w Ocrown 2 218
= — l—k)] =————(—=—+1-159} =153 m.

4k? (Uvertical + ) 4 % 1.592 <232 + ) m

The maximal height of a stope such that the tensile strength of the rock
in the sidewall is not exceeded is given by

L 2w _ X2 og
R o
327

Overtical

Thus we see that sidewall failure is the limiting condition if no
stress-induced failure is allowed. If backfill is used to prevent degrad-
ation of the sidewalls, then the height can be increased to about 15 m
without failure occurring in the crown.

20.3 Additional points

In the last four chapters we have been able to highlight some of the
main rock mechanics techniques used in the design of surface and un-
derground excavations. However, it is not possible to cover all aspects
in a book because in a real design case there will be additional factors
related to the specific nature of the rock mass, the site and the engineer-
ing objective. This means that not only must the engineer be competent
in the techniques we have presented but also be able to approach new
projects with a creative eye and brain.

Much can be achieved in understanding a new site and the require-
ments for design by thinking through the subjects covered in the book
chapters. For example, some of the most important questions stimulated
by the content of the chapters are

(1) Where can information on previous similar work be obtained?

(2) Is the structural geology of the area understood? Are there any
major faults or shear zones present?

(3) Is the regional pattern of in situ stress understood for this area?

(4) Are local factors influencing the in situ stress distribution at the site?

(5) Isitlikely that the rock mass can be modelled as an elastic material?

(6) Is the deformability, strength and failure of the intact rock under-
stood?

(7) Are the geometrical and mechanical properties of the fractures
known?

(8) What are the special rock mechanics features of the rock mass at the
site?
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(9) Is the groundwater understood at the site? Is groundwater likely to

be a problem?

(10) Are there any significant anisotropic and/or inhomogeneous rock
mass characteristics?

(11) Exactly what type of rock testing is required and why?

(12) Will a rock mass classification approach be useful?

(13) Are there any time-dependent aspects that should be taken into
account?

(14) Are there any adverse interactions that could lead to positive
feedbacks and hence instabilities?

(15) Are the rock properties used in the design those of the rock mass
before or after excavation?

(16) Should rock stabilization be primarily reinforcement or support?

(17) Have all the potential failure mechanisms been identified?

Being observant, being competent in the techniques, systematically
going through the rock mechanics factors, and having the courage of
your convictions to ensure that all the work is completed properly will
significantly reduce the chances of unexpected events occurring when
your rock engineering design is implemented.



Part B:

Questions only

The Questions in Part A are reproduced here without the answers
for those who wish to attempt the questions without the answers
being visible.






Questions 1.1-1.5:
intfroduction

Q1.1 Define the following terms:
e rock mechanics;
e engineering rock mechanics;
e rock engineering;
o structural geology;
e engineering geology;
e soil mechanics;
e geotechnical engineering.

Q1.2 Explain the fundamental purposes of excavation in civil engineer-
ing, mining engineering, and petroleum engineering.

Q1.3 The photograph below illustrates construction of the 61 m span,
25 to 50 m deep, underground Gjevik Olympiske Fjellhall (Olympic
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Mountain Hall) in Precambrian gneiss in Norway. This is the largest
roofspan public-access civil engineering cavern in the world. Describe
the engineering rock mechanics factors that would have to be considered
in the design and excavation of such a cavern.

Q1.4 Why do you think that the techniques used in rock mechanics for
site characterization, analysis and modelling are not the same as those
used in soil mechanics?

Q1.5 How can the subject of ‘engineering rock mechanics’ be useful
to organizations outside the civil and mining engineering professions,

e.g. to the petroleum industry, to insurance companies, to environmental
engineers?



Questions 2.1-2.10:
geological setting

Q2.1 The picture in Fig. Q2.1 shows a limestone slope above a highway
in Spain. Comment briefly on the geological factors that could influence
rock slope stability at this location.

Q2.2 The picture in Fig. Q2.2 shows the surface of a fault in a hard rock

aggregate quarry on which a rock slide has occurred. Explain

(a) why the existence of this fault could indicate that other similar
features will be encountered as quarrying continues, and

(b) why encountering an adverse geological feature such as this is likely
to be less significant in a quarry than in a road cutting.

Q2.3 The picture in Fig. Q2.3 shows tooth marks from the bucket of a
mechanical excavator in the Carboniferous rocks of a near-surface slope

Figure Q2.1
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in an opencast coal mine. What evidence is there here of geological
disruption to the rock strata?

Q2.4 A site investigation was conducted in a granitic rock mass
(Fig. Q2.4). One side of fracture #300 in the core is shown to the
right. What does this fracture indicate about the rock mass history and
what significance does this have for rock mechanics design of slopes and
tunnels in the rock mass?

Q2.5 In the first Glossop Lecture on geology for engineers, Fookes
(1997) quotes from Glossop’s 1968 Rankine Lecture: “What you look for
should be suggested by the natural environment and by the nature of
the construction problem to be solved.” Explain why this quotation is
critically important for rock mechanics and rock engineering.
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Figure Q2.4
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Q2.6 The quotation at the beginning of the Glossary of Geology is that:
“It is not really a mark of distinction for a geologist’s writing to be so
obscure that a glossary is required for its comprehension.” Discuss this
in the context of engineering rock mechanics.

Q2.7 When considering the geological setting for a rock engineering
project, would an engineer expect information relating to all potential
geological hazards to be available?

Q2.8 In an article on geological and geotechnical investigations for tun-
nelling, Parker (1996) estimates that “even comprehensive exploration
programs recover a relatively miniscule drill core volume, less than
0.0005% of the excavated volume of the tunnel”. Do you think that
sampling only this proportion of the rock mass is enough?

Q2.9 A cavern (165 m long, 22 m wide and 15 m high) is to be excavated
in chalk strata beneath the sea. The crown of the cavern will be 35 m
below the seabed. What is the main geological information you would
like to have before proceeding with the excavation?

Q2.10 The pre-existing stress state in a rock mass is caused by geological
processes and is often a critical factor for rock engineering. Why do you
think that quantifying the rock stress is important?



Questions 3.1-3.10:
stress

Q3.1 Show how the stress state in a solid can be described via the stress
components (normal and shear) on an elemental cube of rock. Also,
show how these components are listed in the stress matrix. What do the
components in a row of the stress matrix have in common? What do the
components in a column of the stress matrix have in common?

Q3.2 When is a matrix symmetrical? Why is the stress matrix symmet-
rical?

Q3.3 Explain the differences between scalar, vector and tensor quantit-
ies. Why is stress a tensor quantity?

Q3.4 How are normal and shear stress components plotted on Mohr’s
circle?

Q3.5 What is a principal stress plane? What is a principal stress?

Q3.6 What are the following stress states: uniaxial stress, biaxial stress,
triaxial stress, polyaxial stress, pure shear stress, hydrostatic stress?

Q3.7 Show how to add two tensors and hence how to calculate the
mean of n stress states. How would you calculate the mean of n different
stress states which were specified by their principal stresses and the
associated principal stress directions?

Q3.8 What are the first, second and third stress invariants?

Q3.9 By considering the rates of change of the stress components in
the answer to Q3.1, establish force equilibrium in the x, y and z direc-
tions and hence write down in differential form the three equilibrium
equations for an elemental cube.

Q3.10 Given an elemental cube with a normal stress component and
two shear stress components acting on all its faces, it is always possible
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to find a cube orientation such that the shear stresses disappear on all
faces and only normal stresses (the principal normal stresses) remain.

Is it possible to find a complementary orientation such that the normal
stresses disappear on all faces and only shear stresses (i.e. principal shear
stresses) remain? Explain the reason for your answer.



Questions 4.1-4.10:
in situ rock stress

Q4.1 There is no internationally agreed terminology for words describ-
ing the state of stress in a rock mass. However, describe in one sentence
what you think is meant by each of the following terms.

Natural stress Thermal stress
Induced stress Palaeostress
Gravitational stress Near-field stress
Tectonic stress Far-field stress
Residual stress Local stress

Q4.2 Add the following 2-D rock stress states, and find the principal
stresses and directions of the resultant stress state.

30 \

N
\/ \‘/15 MPa
@/ AT

20 MPa
10 MPa 20 MPa

Q4.3 How many experimental set-ups are required to determine the
3-D state of stress in a rock mass, using each of the standard stress
measurement methods of flatjack, hydraulic fracturing, USBM gauge
and CSIRO gauge? (Assume that the stress field is constant in the
vicinity of the test site.)

Q4.4 Three flatjack tests have been
made close to each other in the wall
of a long, straight tunnel, the axis 55°

of which dips at 7°. The measure- \] A )
ment position is approximately 250 m ‘

below the ground surface and it is
assumed that the flatjacks are in the

same stress field. The slots for the flat-
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jacks were cut normal to the wall of the tunnel, and were oriented
relative to the tunnel axis as shown.

The cancellation pressure for each of the flatjacks A, B and C was
7.56 MPa, 6.72 MPa and 7.50 MPa, respectively. Compute the principal
stresses and their directions, and ascertain whether they accord with
worldwide trends.

Q4.5 Two further flatjack measurements have been made in the wall of
the tunnel considered in Q4.4. These dip at 20° and 90° relative to the
tunnel axis, and produced cancellation pressures of 7.38 MPa and 7.86
MPa, respectively. Compute the best estimate of the principal stresses.

Q4.6 The stress in a granitic rock mass has been measured by the
hydraulic fracturing technique. Two tests were conducted in a vertical
borehole: one test at a depth of 500 m, and the other test at a depth of
1000 m. The results were as follows:

Depth  Breakdown pressure, Py Shut-in pressure, Ps

(m) (MPa) (MPa)
500 14.0 8.0
1000 245 16.0

Given that the tensile strength, oy, of the rock is 10 MPa, estimate and list
the values of 01, 0; and o3 at the two depths.

State all of the assumptions you have to make in order to produce
these estimates. Are any of them doubtful? State whether the two sets
of results are consistent with each other, and justify your reasons for the
statement. Are the results in agreement with trends exhibited by collated
worldwide data?

Q4.7 How are three-dimensional tensors transformed so that the stress
components on any plane can be calculated?

Q4.8 Suppose that we have measured the pre-existing stress state in the
ground by some means and that the results are as follows:

o1, magnitude 15 MPa, plunges 35° towards 085°%

03, magnitude 10 MPa, plunges 43° towards 217

03, magnitude 8 MPa, plunges 27° towards 335°.
Find the 3-D stress tensor in the right-handed xyz ) z
co-ordinate system with Right-

" handed
x, horizontal to the east, CO_O,Z?n:,e y
v, horizontal to the north, system

z, vertically upwards.

Q4.9 A fault is present in the same rock (continuing from Q4.8) with
an orientation of 295°/50°. Determine the stress components in a local
co-ordinate system aligned with the fault. Assume for this question that
the presence of the fault does not affect the stress field.
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Q4.10 The plan below shows a horizontal section through a rock mass.
Stress measurements were made from the gallery along the borehole
line Ox using the Japanese CCBO technique. The measured principal
stresses in the horizontal plane are plotted on the plan. What are the
main conclusions that you can draw from the stress variations?

Fault Il
20 MPa

Stress scale

21304 15 46 17
Gallery

9?0 11 K







Questions 5.1-5.10:
strain and the theory of
elasticity

Q5.1 What is the meaning of the first stress invariant and the first strain
invariant?

Q5.2 The differential equations of force equilibrium were the subject of
Q3.9. The equivalent equations for displacement and strain are the com-
patibility equations; these equations ensure that the normal and shear
strains are compatible, so that no holes, tears or other discontinuities
appear during straining. Show that the following compatibility equation
is valid:

3%, N 3eyy vy
ay? dx? dxdy’

Q5.3 Draw a Mohr circle for strain, indicating what quantities are on
the two axes, how to plot a 2-D strain state, and the location of the
principal strains, €, and ¢;.

Q5.4 Show why the shear modulus, Young’s modulus and Poisson’s
ratio are related as G = E/2(1 + v) for an isotropic material. This
equation holds for an isotropic material but not for an anisotropic
material — why? Hence explain why five elastic constants are required
for a transversely isotropic material rather than six.

Q5.5 (a) How can the strain in a particular direction be found from the
strain matrix components and hence how can a strain gauge rosette be
used to estimate the state of strain at a point, and hence the state of stress
at a point?

(b) Assume that strains measured by a strain gauge rosette are
ep = 43.0 x 1079, 69 = 7.8 x 107® and £z = 17.0 x 1075, and that the
gauges make the following angles to the x-direction: 8, = 20°, §, = 80°
and 6z = 140°. Determine the principal strains and their orientations and
then, using values for the elastic constants of £ = 150 GPa and v = 0.30,
determine the principal stresses and their orientations.
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Q5.6 Explain clearly why an isotropic rock has two independent elastic
constants, a transversely isotropic rock has five independent constants
and an orthotropic rock has nine independent constants (compared to
the general anisotropic case where there are twenty-one independent
elastic constants).

Q5.7 Each of the following four rock masses is to be modelled using

elasticity theory. State whether you think that an isotropic rock assump-

tion is justified, or whether one of the anisotropic assumptions would be
more appropriate. Assume that the fractures have a significant effect on
the rock deformability.

(a) A limestone with effectively three fracture sets, i.e. the bedding with
mean strata thicknesses of 1 m, plus fracture set 1 (perpendicular to
the bedding) with two fractures/m, and fracture set 2 (perpendicular
to both the bedding and fracture set 1) with five fractures/m.

(b) A welded volcanic tuff with five fracture sets.

Fracture set 1: dip direction 089°; dip 50°; frequency 2.9/m.
Fracture set 2: dip direction 278°; dip 88°; frequency 1.3/m.
Fracture set 3: dip direction 224°; dip 08°; frequency 0.9/m.
Fracture set 4: dip direction 169°; dip 23°; frequency 2.1/m.
Fracture set 5: dip direction 113°%; dip 70°; frequency 0.7/m.

(c) A strong sandstone with almost no fractures present.

(d) A granodiorite with three fracture sets.

Fracture set 1: dip direction 314°; dip 35° frequency 1.2/m.
Fracture set 2: dip direction 048°; dip 43°; frequency 1.3/m.
Fracture set 3: dip direction 089°; dip 79°; frequency 0.9/m.

Q5.8 (a) At the time of writing this book, most elastic analyses that have
been conducted for rock engineering design purposes have assumed that
the rock is perfectly isotropic with two elastic constants. Why do you
suppose that is, given that most rock masses are clearly not isotropic?

(b) Conversely, no elastic analysis for rock mechanics has been con-
ducted assuming that the rock mass is fully anisotropic with 21 elastic
constants? Why is that?

(c) In this context, what do you think will happen in future analyses?

Q5.9 (a) How do you know if a material is elastic?
(b) How is time taken into account in the theory of elasticity?

Q5.10 When a rock specimen fails in a compressive test in the laborat-
ory or when an in situ rock mass fails due to natural compression (see
Fig. Q5.1), is “stress’ or ‘strain’ the cause of failure?
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Force transducer signal

Displacement

transducer signals

Servo-valve

— =S —— .t |

Figure Q5.1 Left: Laboratory rock testing controlled using load or displacement feedback
(courtesy of MTS Systems Corp.). Right: An underground rock pillar being stressed or
strained?






Questions 6.1-6.10:
intact rock

Q6.1 Predict how the volume of a specimen will change during a
uniaxial compression test, and sketch the variation of volumetric strain
versus axial strain. What physical processes are occurring in the sample
as the curve manifests significant gradient changes?

Q6.2 What causes a rock to break when it is compressed uniaxially
to failure? Is it when the stress reaches a certain value or when the
strain reaches a certain value? Or is it when some other parameter
reaches a critical value, such as the energy input per unit volume, or the
microcrack density per unit volume?

Q6.3 The geometry of the linear Mohr—Coulomb envelope is such that
a number of useful relations between strength parameters can be drawn
from it. Derive an expression for the uniaxial compressive strength of
rock in terms of the cohesion and angle of internal friction.

Q6.4 The linear Mohr-Coulomb envelope with a tensile cut-off sets a
definite limit on the maximal uniaxial tensile strength of a material. By
considering the largest uniaxial tensile Mohr circle that can be drawn,
determine this tensile strength limit in terms of o, and ¢.

Q6.5 A firm whose judgement has been questioned on a previous
occasion has been entrusted with the strength testing of rock in a site
investigation project. During their first uniaxial compression test, the
equipment failed to measure the peak axial load, but the technician did
record that the specimen failed by the formation of a single fracture
inclined at 20° to the loading axis. In a subsequent triaxial test, as the
confining pressure was being increased before application of the axial
stress, the specimen failed prematurely when the confining pressure in
the Hoek cell was 85 MPa.

On the basis of these results, propose a failure criterion of the form
o1 = aoy + b for the rock.
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Q6.6 A servo-controlled compression test has been conducted on a
weak soapstone such that the specimen length remained unchanged
throughout: as the axial stress, 0,, was increased, so the confining
pressure, p, was increased so that no net axial strain resulted. A plot
of axial stress (vertical axis) against confining pressure (horizontal axis)
gave an initial straight line passing through the origin. At a critical
confining pressure of p = 85 MPa (when o, = 39.1 MPa), the slope of
the o,—p plot suddenly changed to 29° and remained constant for the
remainder of the test. This change in slope may be taken to represent the
onset of yield.
(i) Determine an elastic constant from the slope of the initial portion of
the o,—p curve.
(ii) Assuming that the Mohr—Coulomb criterion is applicable, determine
a., ¢ and ¢ for the rock.

Q6.7 Laboratory tests on specimens of a limestone have produced
unconfined compressive and tensile strengths of 80 MPa and 10 MPa,
respectively. Using the Hoek—Brown and plane Griffith criteria, estimate
the maximum principal stress at failure for two biaxial tests in which
o, = 20 MPa and o; = 40 MPa. Which of these two criteria would best
predict peak strength under these conditions?

Q6.8 Comment on the applicability of each of the Griffith, Mohr-
Coulomb, and Hoek-Brown criteria for the following triaxial test results
on quartzite:

(or+03)/2 —665 100 135 160 200 298 435 MPa
(01 —03)/2 6.65 100 130 150 180 248 335 MPa

Q6.9 In 1926, in a paper on tensile tests for cotton yarns (Pierce, 1926),
Pierce stated, ”it is a truism, of which the mathematical implications are
of no little interest, that the strength of a chain is that of its weakest link”.
What is the relevance of this statement to the tensile strength of intact
rock?

Q6.10 The two marble panels illustrated opposite are from the Greek
Parthenon frieze which depicts the four-yearly procession of the ‘Great
Panathenaia’. They were sculpted in light relief under the direction of
Pheidias and placed in position around 450 BC. One panel is from the
north side of the Parthenon and one panel is from the south side. Which
is which?
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Questions 7.1-7.10:
fractures

and hemispherical
projection

Q7.1 The overall RQD for 134 m of borehole core was found to be 58%.
(a) Compute estimates for the total number of pieces of core, and the
total length of those pieces of core that could be expected to be greater
than 0.1 m long.
(b) How many pieces of core could be expected to have a length
greater than 0.2 m, and what is their mean length?

Q7.2 Based on a sample of 128 fracture spacing values which gave a
mean spacing of 0.215 m, estimate the range of the population mean
fracture spacing and frequency at the 80% confidence level. How many
fractures should be in the sample for an error of £10% at the 90% and
95% confidence levels?

Q7.3 The mean fracture frequency in a vertical direction in a sandstone
rock mass is 1.22 m~!, and a total of 500 vertical 3-m-long rockbolts are
to be installed to stabilize the roof of an underground excavation in this
rock mass. How many rockbolts would you expect to:

o intersect no fractures;

o intersect less than 3 fractures; and,

o intersect more than 4 fractures?

What length should the rockbolts be if 95% of them are required to
intersect at least 3 fractures, i.e. extend to the fourth rock block back into
the rock mass?

Q7.4 A fault plane with orientation 234/56 has been discovered during
a site investigation. Closer inspection shows that it has surface lineations
which have a pitch of 78° measured from the northwest strike line. What
is the trend and plunge of these lineations?

Q7.5 The line of intersection between two planes trends approximately
northwest and plunges at 38°. The orientation of one of the planes is
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256/50, and the strike of the other is 132°. What is the trend of the line of
intersection and what is the dip of the second plane?

Q7.6 Surveys have revealed that a rock mass contains 3 fracture sets, the
dip directions/dip angles and fracture frequencies of which are 161/23
and 7.72 m~!, 218/58 and 3.07 m~!, and 100/75 and 5.34 m~.

(a) What will be the fracture frequency and mean length of the
recovered pieces of core in:
 a vertical borehole;
+ a horizontal tunnel heading due north; and
o an inclined borehole with a trend/plunge of 280/35?
Consider the engineering implications of this variation in terms of site
investigation procedures and subsequent engineering design.

(b) Using the frequency values determined above, compute the theor-
etical RQD values that would be encountered in this rock mass using
the customary threshold value of 0.1 m. Adopting a threshold value

given by
tr = 42 In (Amax>
A'max - )‘min )‘min

will maximize the range of RQD values. How do the RQD values
computed with this threshold compare to the earlier values?

Q7.7 A rock mass is known to contain two sets of fractures, the orient-
ations of which are 265/42 and 003/69. What borehole orientations will
allow one to drill through the rock mass and intersect all of the fractures
at an angle of 45° (measured between the borehole axis and the normals
to the fractures)? What is the minimum angle that all fractures can be
intersected at?

Q7.8 A petroleum reservoir is known to contain numerous fractures
which are highly conductive. These fractures dip almost vertically in a
northeasterly direction. To maximize production from the reservoir, the
production wells are to be deviated to run sub-horizontally, so that they
intersect the fractures as close to perpendicular as possible.

In order to determine the optimal orientation of the production holes,
two test holes have been drilled to orientate the fractures. The orienta-
tions of these test holes within the reservoir are 011/09 and 087/03, and
impression packers which were run down these holes show that in both
holes the angle between the normal to the fractures and the hole axis is
40°.

Determine the orientation of the fractures, and the required trend of
the production holes.

Q7.9 A length of core, from a borehole whose orientation is 143/68,
contains a fracture plane of 204/47. The core has rotated through a
clockwise angle (looking down the borehole) of 140° during retrieval.
What will be the apparent orientation of the fracture as it emerges from
the borehole?
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Q7.10 A borehole of orientation 136/55 intersected six fractures belong-
ing to the same sub-parallel set, the orientations of which were 201/39,
213/50, 215/63, 230/52, 247/42 and 253/28. Compute the mean orienta-
tion of the set,

(a) without accounting for sampling bias, and

(b) accounting for sampling bias.






Questions 8.1-8.10:
rock masses

Q8.1 For a simple sedimentary rock mass in which the only effective
fractures are the bedding planes, the elastic modulus of the rock mass
can be found from the addition of the displacements due to both the
intact rock and the fractures, noting that the rock mass can comprise
more than one stratum, each containing bedding plane fractures with
different frequencies.

Unfractured strata. Consider firstly the case of n strata of intact rock,
each with a thickness ¢, and modulus of elasticity E;. Derive an ex-
pression for the composite elastic modulus, En, of the rock mass in a
direction normal to the strata by considering the total displacement (and
hence strain) of the total thickness of the rock mass due to the applied
stress. Write the expression in terms of E; and t;, and assume that the
interfaces between adjacent units have no mechanical effect.

Strata with bedding plane fractures. Now consider the case where each
stratum of rock contains a set of bedding plane fractures parallel to
the stratum boundaries. The fracture frequency of the set within each
stratum is unique — stratum i possesses a frequency 2;; similarly, the
modulus of deformation (i.e. applied stress/displacement) within each
stratum is unique and for unit / is Ey. Extend the expression for E,, to
include ti, E;, A and Eq.

Q8.2 For the unfractured and fractured stratified rock mass geometries
described in 8.1, develop expressions for the composite shear modulus
of a rock mass, G, using a shear stress 7 and the parameters ¢, G;, A;,
and Gd,'.

Q8.3 When the application of stress is not perpendicular to the fractures,
as in Q8.1 and 8.2, it is necessary to transform the stress components
in order to establish rock mass deformation moduli using the fracture
stiffnesses or compliances. This results in equations for the rock mass
modulus, E,,, of the type (Wei and Hudson, 1986)

i

1 . . .
=g+ Asi cos® o + A s, cos? arsin & + Aysi, cos” a sin® o 4 Aps? sin @
m
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for a 2-D analysis with uniaxial loading.

The equation is for two orthogonal fracture
sets, where E is the modulus of the intact
rock, A; and A, are the fracture frequencies of
the two sets, s}, s5,, s?,, and s2, are the nor-
mal and shear compliances for the fractures
in each set, and « is the angle between the
applied normal stress and the normal to the
first set.

The equation reduces for one set (i.e. A, =
0) to

Lr_1 ash cos? o 4 As)
E " F + Asjy cos” o + As,, cos
and if we put s}, = s and s), = ks, and then /
rearrange, we obtain

TN

2 2

o sin” « l

1
— = — + Ascos’ & (cos® & + k sin’ a)
El“

Diagram Q8.1



Questions 8.1-8.10: rock masses 427

from which we find

E, .
F" =1 — Epks cos® a (cos’ & + ksin® @) .

Using E = 2.75 GPa, A =2 m ! and s = 0.05 m/GPa, the plots as shown
in Diagram Q8.1 result.

For two sets with A, = A, = A, 5|, = s}, = s and s}, = 52, = ks, the
basic equation reduces to

E, . .
F" =1 — Ephs (cos® o + 2k cos” a sin” a + sin” @) .

Using E = 2.75 GPa, A =2 m™! and s = 0.05 m/GPa, the plots as shown
in Diagram Q8.2 result.

Explain why terms such as cos*« appear in the formula and comment
on any general principles that are apparent from these illustrative plots.

Two sets

k=0.25

Diagram Q8.2

Q8.4 A rock mass has the following characteristics: the compressive
strength of the intact rock is 80 MPa, the RMR (Rock Mass Rating) is
62%, and the GSI (Geological Strength Index) is 50. Estimate the in situ
deformation modulus, E,,.
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Q8.5 To study the effect of a fracture on the rock strength, plot a graph
of (o1 — 03) vs. By using the single plane of weakness formula included
in Section 8.1. Assume 03 = 10 MPa, ¢ = 0 and ¢,, = 35° and that the
intact rock strength is given by oy = 75 4+ 5.2903. Also, explain the form
of the resulting graph.

Q8.6 If a rock mass contains more than one fracture set, we can apply
the single plane of weakness theory to each set, and superimpose the
results to find a lowest-bound envelope of strength.

(a) Plot the 2-D variation in strength for a rock mass containing
two orthogonal sets of fractures, A and B, the strengths of which are
ca = 100 kPa, ¢pa = 20° and cg = 0°, ¢ = 35°, when the minor principal
stress has the value 10 MPa. The intact rock strength is again given by
o) = 75+ 5.290’3.

(b) How would this strength variation change if the minor principal
stress were reduced to zero?

Q8.7 When a rock mass contains a large number of fracture sets and
each set has similar strength properties, the rock mass strength can
tend to become isotropic, with the multiple plane of weakness theory
generating an approximately isotropic strength criterion. Develop such
a criterion for the 2-D case of a rock mass that contains four sets of
fractures mutually inclined at 45°, the shear strengths of which are given
by a linear Mohr—Coulomb criterion with ¢ = 100 kPa and ¢,, = 30°. The
intact rock strength is given by o, = 75 4+ 5.2903. Assume that the minor
principal stress, o3, is 10 MPa.

Q8.8 How does the significant cffect of fractures on the rock mass
strength indicate some of the differences between rock mechanics and
soil mechanics?

Q8.9 The peak strength of a poor-quality, closely jointed and weathered
granite may be represented by the Hoek—Brown criterion,

o1 = 03 + {/mooy + 502, with m = 1.3 and s = 0.00001.

The uniaxial compressive strength of the intact rock material is estim-
ated as 0. = 40 MPa, and the residual strength of the fractures is given
by ¢; =0, ¢ = 15°

(a) Plot, in T—o space, the expected peak shear strength envelopes for
the intact rock material, a fracture at residual strength, and the jointed
rock mass for normal stresses up to 10 MPa.

(b) The Hoek-Brown criterion is to be used for the analysis of potential
circular slopes cut in the rock mass. Determine values of instantaneous
cohesion and friction angle for normal stresses up to 10 MPa.

Q8.10 To study the influence of fracture persistence, consider a rock
mass containing two fracture sets, A and B, mutually inclined at 45°,
as shown to the right. Fracture set A is continuous and contains clay
infilling, while fracture set B is rough, clean and intermittent with a ‘two-
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dimensional proportional extent of fracturing’ of
0.5. PP e ' " S
Plot the expected peak strength of this rock mass
as a function of the orientation of the principal
stresses to the fracture directions, for a minor prin- Oy
cipal stress of 5 MPa and given the following peak
strength characteristics: B Ty
Intact rock: 6, = 75 + 5.290; TO',
Fracture set A: ¢ = 100 kPa, ¢ = 20°,
FracturesetB: ¢ =0, ¢ = 35°







Questions 9.1-9.10:
permeability

@9.1 How long does it takes for water, subjected to a 10-m head

difference, to pass horizontally through

(@) a 5 m length of intact granite which has an isotropic hydraulic
conductivity, K, of I x 1072 m/s, and

(b) through a 5 m length of fractured limestone with an isotropic
hydraulic conductivity of 1 x 10™* m/s?

@9.2 The hydraulic conductivity of an array of parallel fractures (Hoek
and Bray, 1977) in the direction parallel to the plane of the fractures is
given by the equation, K = Age®/12v where A is the fracture frequency,
g is gravitational acceleration, e is the fracture aperture, and v is the
kinematic viscosity of the fluid.

For a rock mass with a fracture frequency of one fracture per metre
and with fracture apertures of 0.01 mm, the hydraulic conductivity is
8.3 x 1079 m/s.

(a) What is the hydraulic conductivity of a second rock mass which
has ten fractures per metre and fracture apertures of 1 mm?

(b) What is the main factor contributing to the difference in the
hydraulic conductivity of the two rock masses?

@9.3 In question Q9.2, the hydraulic aperture was used. For a fracture
with planar and parallel sides, this aperture is the perpendicular distance
between the two sides (see Fig. Q9.1).

(a) Explain the meaning of fracture aperture when the fracture surfaces
are rough.

(b) Do you think that the mechanical aperture and the hydraulic
aperture of a fracture have the same value? If not, which is greater?

Q9.4 What is meant by the term ‘transmissivity’?
@9.5 The horizontal section below shows two sets of rock fractures in

a 10 m square rock block of unit thickness. On the left-hand side, there
is a hydraulic head of 3 m; on the right-hand side, the head is 1 m; and
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Figure Q9.1

along the top and bottom edges the head linearly decreases from the left
to the right.

1 17

Hydraulic Hydraulic
head of 3 m head of I m
on this side L1g  on this side

2

The (x, y) co-ordinates (in m) of the fracture intersections, i.e. the
numbered nodes, relative to an origin at the bottom left of the diagram,
are given in the table below.

Assuming that all the fractures have the same aperture, 0.12 mm, and
that there is no variation in flow throughout the thickness of the rock
block, determine the nodal heads and hence the direction and magnitude
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of flow in each fracture segment.

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

0.00 0.00 0.00 2.10 2.74 5.16 6.61 8.06 5.16 6.13 3.06 5.81 6.61 7.42 8.71 10.00 10.00 10.00
6.94 419 1.29 5.16 4.52 2.42 1.13 0.00 5.32 2.58 10.00 6.61 5.65 4.84 3.23 1.45 6.94 5.00

Q9.6 Determine the nodal heads and hence the direction and magnitude
of flow in each rock mass fracture segment for the same case as Q9.5, but
with different fracture apertures, as given in the matrix below.

[ T1]2[3 4[5 67 8]9|10][11][12]13]14]15] 16]17] 18
1 0.07

2] 0.16

I 024

4 0.07 0.16 ]

5 0.07 0.18

6 0.07 0.24

7 007 [0.09

8

9 009 | [0.18

10 0.24

11 0.06

ER 0.06

13 0.06 0.18
14 0.06 013
15 0.06

16

(17 |
18] ! |

Note that this matrix is symmetric, and we have suppressed the values
in the lower left of the matrix. The units are millimetres.

Q9.7 The following rock mass hydraulic conductivity data were obtained
from four sets of tests on fractured rock samples with volumes 1 m3, 5m?,
10 m®, and 15 m®. In each case it was assumed that the hydraulic conduct-
ivity was a scalar quantity. The data values are in units of 1 x 107® m/s.
As the test volume increased, so did the difficulty and the cost of the tests,
so there are fewer data for the tests at larger volumes.

Data for test size of 1 m?

2122 1156 3.696 1.165 1.649 2.886 1.652 2.876 1.197 2.593
2114 2771 16214 2529 1700 7.658 10.928 0.627 9.854 0.847
0.670 1.623 2.274 5.163 2.209

Data for test size of 5 m?
1.630 1.981 2.436 3.700 1.215 1.767 0.909 0450 3.512 1.314

Data for test size of 10 m*
1.369 1.188 2.037 1.688

Data for test size of 15 m*
1.487 1.343 1473 1.738

Using the data above, estimate the REV value for the hydraulic conduct-
ivity of the fractured rock mass tested.
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Q9.8 The values and directions for the principal hydraulic conductivit-
ies in a dolomitic rock, shown below, were obtained from back analysis
of induced drainage discharges at the Morro da Usina Mine, Vazante
District, State of Minas Gerais, Brazil!. These are the mean principal
hydraulic conductivities for a rock mass volume greater than 3 km®.
What geological circumstances could cause these values and orienta-
tions?

270 o E

210 150
180
K max = 1.596E-4 m/s
B K min=3.042E-6 m/s
@ Kint=5927E-6ms

Q9.9 (a) Explain the term ‘effective stress’.

(b) If a fracture contains water under pressure and the stresses at the
fracture surfaces are being considered, what would be the effect on the
normal stress and on the shear stress in the rock of steadily increasing
the water pressure?

Q9.70 In the photograph below, the water pressure in a borehole in
marble has been steadily increased. In addition to the normal pressure
created at the rock surface, the water pressure in this configuration
also creates a circumferential tensile stress of the same magnitude in
the rock, as in Q4.6. A crack developed and was propagated under
servo-controlled conditions from A to B. The water not only penetrated
the crack but also the intact marble, forming the dark inverted V visible

! The authors are grateful to Prof. E. Quadros and Dr. F. O. Franciss for permission to
use this example.
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in the photograph. How do we deal with the effective stress under these
circumstances?
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Questions 10.1-10.10:
anisotropy and
inhomogeneity

Q10.1 On the rock mass photograph (see Fig. Q10.1), identify ex-
ample features that indicate that the rock mass is more DIANE than
CHILE.

Q10.2 With reference to the photograph in Fig. Q10.1, explain why
inhomogeneity and anisotropy can be related.

Q10.3 The following data are pairs of point load strength (PL) and
uniaxial compressive strength (LICS) values for a particular rock type.

UCS (MPa) 524 60.7 44.6 66.6 47.6 563 615 482 49.6 472 56.7 484 61.5 529
PL(MPa) 251 287 214 3.04 231 2.64 290 221 225 218 255 223 275 255

We wish to correlate these strength values, and can do so either in
the form PL = ago. + b or in the form o. = ¢PL + d. On the basis of
the best independent variable, which of these forms is appropriate?
Determine values for the appropriate constants (i.e. either 4 and b, or ¢
and 4).

Q10.4 Imagine that a new index test for determining the tensile
strength of specimens of intact rock is under development in the Rock
Mechanics Laboratory at Imperial College. This test involves bonding a
steel rod to the surface of a specimen with high strength adhesive, and
then measuring the tensile load required to pull the rod together with
a small piece of rock away from the main block of rock. Four test con-
figurations are under consideration, and for each of these a theoretical
relation between rock strength and pull-off force has been developed.
Test results for the four configurations, together with the appropriate
theoretical relation, are given below. The first row in each table is the
load measured in the new test. The second row in each table is the tensile
strength of the rock as measured by a standard method.

Classify each configuration in terms of accuracy and precision, and
hence recommend which configuration(s) should be retained for further
development.
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Figure Q10.1

Configuration 1: strength = 0.049 x load

Load (N) 673 76.8 839 104.8 153.7 1689 191.2 194.7 237.5 258.3
Strength (MPa) 42 48 52 65 96 106 117 122 146 161

Configuration 2: strength = 0.066 x load

Load (N) 68.9 1053 106.2 120.1 148.5 164.8 1974 220.5 232.8 236.9
Strength (MPa) 47 24 33 74 67 109 63 78 82 76

Configuration 3: strength = 0.074 x load

Load (N) 83.5 95.0 111.7 151.6 170.0 189.5 190.2 193.9 201.1 205.3
Strength MPa) 6.1 71 83 114 127 138 143 143 149 153

Configuration 4: strength = 0.094 x load

Load (N) 68.9 1053 106.2 120.1 148.5 164.8 197.4 220.5 232.8 236.9
Strength (MPa) 5.5 101 105 116 144 123 201 229 209 218
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Q10.5 A vertical site investigation borehole intersects a stratum of sand-
stone which is dipping at 17°. A length of intact core from this borehole
was taken to the laboratory for hydraulic conductivity testing, and two
small-diameter plugs drilled from it: one axially and one radially. These
plugs were then tested in a permeameter, and the values of the hydraulic
conductivity were found to be 1.728 x 107" m/s and 1.557 x 10~° m/s in
the axial and the radial directions, respectively. Stating any assumptions
that you make, compute estimates of the hydraulic conductivity normal
and parallel to the bedding.

Q10.6 The diagram shows a polar plot of the variation in hydraulic
conductivity, K, of a sandstone, with the maximal and minimal values
occurring parallel and perpendicular to the bedding.

Why is there a cusp in the (K, 6) locus on the line representing the
direction normal to the bedding?

Bedding dipping
at 17°

Q10.7 What does the term ‘structural domain’ mean in the context of
engineering rock mechanics?

Q10.8 During a site investigation for quarry development, geometrical
properties of the fractures on a large surface rock exposure were meas-
ured. Eight sampling squares, each 100 m x 100 m, were established on
the rock exposure. One of the set of statistics produced during the site
investigation was the number of fractures with a mean aperture exceed-
ing 10 mm in each sampling square. These results were as follows:

Square: 1 2 3 4 5 6 7 8
461 397 453 362 389 421 382 423
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On the basis of these data alone, is there sufficient evidence to conclude
that the sampling squares should be regarded as different structural
domains?

Q10.9 The following list of fracture locations, quoted in metres, is taken
from the fracture log of a borehole core which transects a well known
stratigraphic boundary between two units of limestone. Evidently, this
boundary is clear to sedimentologists, but not to geotechnical engineers.

5.780, 6.391, 6.761, 7.105, 7.180, 7.401, 7.478, 8.142, 8.455, 9.139, 10.072,
10.264, 10.470, 10.539, 10.678, 11.421, 11.541, 12.178, 12.596, 12.620, 12.736,
12.936, 13.134, 13.325, 13.430

Use the concept of moving averages to help locate this boundary.

Q10.710 The subject of geostatistics deals with the variation of property
values in space, and so anisotropy and inhomogeneity can be quantit-
atively studied. The basic device of geostatistics is the semi-variogram,
defined as

1) « 2
y (h) = (2n) ; [P ) = p(x +h)]

where y (h) is the semi-variogram statistic for samples distance h apart, n
is the number of sample pairs, p(x) is the rock property value at location
x,and p(x + h) is the value at location x + .

Using this statistic, a graph can be constructed of y(h) versus h to
indicate the variation in rock property values as a function of distance
between the observations.

nw 7(h) Y i)
R
ga
Case (i) Case (ii) Case (iii) 2 Case (iv)
> —» “S >
h h h h

In the diagram above, there are four examples of such semi-variogram
curves for a rock mass. In each case, the length of the h axis represents
50 m.

(a) Explain what type of variation in rock property values, or inhomo-
geneity, each type of semi-variogram represents.

(b) For each type of semi-variogram behaviour, how far away from a
borehole would you feel confident in extrapolating results obtained from
a borehole core?
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testing techniques

QI1.1 The section of site investigation borehole core shown in the
photograph is from a vertical borehole and contains three stress-induced
fractures. The top of the core is a stress fracture of the same kind. The
bottom end is a drilling break. Assuming that the strip of translucent
tape (adjacent to the numbers written on the core in the photograph) is
on the northern side of the core, in which horizontal directions do you
think the major and minor principal stresses act?
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Q11.2 With reference to fracture property measurements made during
a site investigation

— on borehole rock core,

- on the borehole walls, and

— on rock exposures,

complete the table below indicating your opinion of how well you
think that the listed fracture properties can be measured or estimated.
The first column of the table represents the ten fracture measurements
recommended by the ISRM, as in Fig. Q7.7. Use the letters G for Good,

M for Medium, and P for Poor.

Characteristic

Orientation

Measurement method

Compass-clinometer

Core

B/H wall

Exposure

Spacing

Measuring tape

Persistence

Roughness

Measuring tape

Against reference chart

Wall strength

Schmidt hammer

Number of sets

Block size

Aperture Feeler gauge
Filling Visual
Seepage Timed observations

Stereographic projection

3-D fracture frequency

Q11.3 The results of a series of scanline surveys at a particular site are
as follows:

Scanline trend (°) 000 355 085 153 216 271
Scanline plunge (°) 90 35 28 51 05 12
Fracture frequency (m') 554 793 602 7.00 699 7.65

Analysis of the fractures intersected by the scanlines has shown that the
rock mass contains four fracture sets, with orientations 145,08, 148/88,
021/76 and 087/69 (given as dip direction/dip angle). What is the best
estimate of the frequency of each fracture set?

Q11.4 Aspartof asite investigation study, a rock mass was found to con-
tain four fracture sets with dip/dip direction and frequencies as follows:

Set 1: 08/145, 3.48/m

Set 2: 88/148, 3.91/m

Set 3: 76/021, 3.58/m

Set 4: 69/087, 3.26/m
In order to establish in which directions through the rock mass an excav-
ation will encounter the minimal and maximal numbers of fractures, the
fracture frequency in different directions through the rock mass, A, was
calculated using the formula A, = X/ |A; cos 6;| (see Q7.6 and A7.6). The
results are presented below on a hemispherical projection, with the con-
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touring corresponding to the fracture frequency values in the different
directions.

Direction of

maximal
“Pole, i.e. set normall frequency

Extreme values

O Local minimum

® Global minimum:3.36
¢ Local maximum

@® Global maximum:8.86

Contour values

S e 700
-------- 6.00
5.00

4.00

Set normals
+ with set number

Direction of
minimal

: .00
ﬁ_—_ T n frequency
min J Tmax

Explain from first principles why the directions of the minimal and
maximal frequencies occur where they do.

Q11.5 When cyclic deformability tests are conducted on rock masses,
the typical force-displacement curve is as shown below (Schneider, 1967;
Goodman, 1989).

/
. / /'
Local unloading modutus —p/
o) /7
o /7
; /7
L? Local reloading modulus /
/
/ / ////
/////
Overall loading modulus 7
\
\’/
//
//
/// /
g
/
/
/

7 .
/ / Displacement

Explain why, with cycles of repeated unloading and reloading, the
curve manifests different unloading and reloading moduli, permanent
deformations and hysteresis.
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Q11.6 The tensile strength of an architectural granite was measured to
ensure that the granite would be strong enough to form the structural
elements of a pedestrian bridge in a shopping mall. Ten specimens were
tested in each of four test configurations, and the values obtained were
as follows.

Type of test Mean value Standard deviation
(MPa) (MPa)

Direct tension test 8.4 3.2

Point load test 9.6 3.8

Beam test 104 45

Ring test 129 6.7

Are these results consistent with what you know about tensile strength
variation and which value would you use for the structural calculations?

QI11.7 The following table shows data obtained from a single-stage
triaxial compression test on a cylindrical rock sample, conducted with
closed-loop servo-control, at a confining stress of 10.0 MPa, and at zero
pore pressure.

Total axial load Sample height Sample diameter

(kN) (mm) (mm)
0.00 100.84 50.20
19.89 100.80 50.20
39.60 100.77 50.20
63.40 100.74 50.20
88.67 100.71 50.21
116.18 100.68 50.21
144.68 100.65 50.22
162.38 100.63 50.22
185.23 100.58 50.24
190.62 100.56 50.25
191.99 100.54 50.25
180.22 100.52 50.26
137.56 100.49 50.26
115.79 100.46 50.27
101.93 100.43 50.28
97.97 100.40 50.28
96.98 100.37 50.28

Estimate values for the following:

(i) yield strength oy;

(ii) peak strength oyey;

(iii) residual strength o;;

(iv) tangent Young's modulus E,,, at 50% peak axial stress; and
(v) tangent Poisson’s ratio v, at 50% peak axial stress.

Q11.8 Explain why the introduction of servo-controlled testing machines
in the early 1970s revolutionized rock mechanics laboratory testing, and
why we are now able to test rocks under virtually any loading conditions.
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Q11.9 (a) The results in the table below represent shear displacement
and shear stress recorded during a direct shear test on a fracture in slate.
The shear displacement range was from 0 to 15 mm as shown in the
table below. The normal stress during the test was 0.34 MPa.

Shear displacement (mm) 00 05 10 15 20 25 30 35

Shear stress (kPa) 0 281 344 344 328 281 281 297
Shear displacement (mm) 4.0 45 50 55 60 65 70 75
Shear stress (kPa) 281 281 266 266 266 281 281 281
Shear displacement (mm) 80 85 9.0 95 100 105 11.0 115
Shear stress (kPa) 297 297 297 313 313 313 313 313
Shear displacement (mm) 12.0 125 130 135 140 145 150

Shear stress (kPa) 313 313 313 313 313 313 313

Use these results to determine the residual shear strength of the fracture.

(b) A series of direct shear tests was undertaken at different normal
stress values on samples from the fracture, and the peak shear stress
encountered during each test was recorded, as shown in the table below.

Normal stress (kPa) 336 648 961 1273 1586
Peak shear stress (kPa) 344 516 719 953 1156

Use these results to determine the basic friction angle, ¢, and the asperity
angle, i, for the fracture. Also comment on the validity of the bi-linear
approximation for the failure locus.

Q11.10 The diagram below shows example results from a numerical
modelling code for predicting the elastic displacements (indicated by the
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arrows) of a 2-D assemblage of distinct rock blocks through which a
tunnel has been excavated. The plot shows the displacement vectors.

(a) Write down a list of rock properties that you think would be
required as input to such a modelling exercise.

(b) Indicate which of these are likely to be practicably measureable.
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Q712.1 A mudstone rock mass at a depth of 200 m contains three fracture
sets. One set comprises bedding planes; these are highly weathered,
slightly rough surfaces, and are continuous with an orientation of 180/10.
Another set is jointing; these joints are slightly weathered, slightly rough,
and have an orientation of 185/75. The third set is also jointing; again, the
joints are slightly weathered and slightly rough, and have an orientation
of 090/80. The strength of the intact rock has been assessed as 55 MPa,
and values for the RQD and mean fracture spacing are reported as 60%
and 0.4 m, respectively.

Use the RMR system to classify this rock mass, and assess the stability
of a 10 m wide excavation being driven from east to west.

Q712.2 A 7-m-diameter tunnel is to be driven through a sequence of
shale and basalt rock at a maximum depth of 61 m. The shales dip
towards the east, and the basalts form sub-vertical dykes. The bedding
dips between 15° and 20°, the joints dip between 70° and 90°. The joints
in the shale are rough, and most of them are thin and healed with calcite,
but overall the rock is described as ‘blocky and seamy’. The groundwater
level is about 50 m above the invert of the tunnel. The average uniaxial
compressive strength of the shale is 53 MPa, of the basalt it is 71 MPa.
The vertical stress is about 1.0 MPa, and the horizontal stress is about 3.4
MPa. The snaking nature of the tunnel’s route means that at some place
along its length it will head in all directions between 090° and 180°.

Use the RMR system to predict how the rock will behave in the
excavation.

Q172.3 Use the Q system to assess the stability of the rock mass as
described in Q12.1.

Q712.4 Use the Q system to assess the stability of the rock mass de-
scribed in Q12.2.

Q712.5 Using your assessments of RMR and Q for questions Q12.1,
Q12.2, Q12.3 and Q12.4, investigate the relation between the 0 and RMR
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values. Do your results correspond with a generally accepted relation,
RMR =91n Q + 44?

Q712.6 The diagram below (Singh and Goel, 1999) shows RMR-Q cor-
relations for case studies in India, Scandinavia, UK and USA.
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The suggested RMR-Q correlation lines shown on the diagram are

RMR =9InQ + 44
RMR =59InQ + 43
RMR =54InQ +55.2
RMR =5InQ + 60.8
RMR = 105InQ + 41.8

mO 0w

For a rock engineering design project where a correlation between RMR
and Q is required to support the design, which of the correlations would
you choose?

Q72.7 Imagine that a rock mass classification system is required to
assess the instability of natural slopes in the Italian Alps. List 15-25
parameters that you think would be most useful for such a classification
scheme.

Q72.8 A rock mass classification system is required for assessing the
suitability of different rock formations for storing compressed domestic
gas in unlined rock caverns along the route of a main gas transmission
line. List the rock parameters that you would use in a rock mass—rock
engineering classification scheme for this objective.

Q12.9 The following parameter values have been determined for three
rock mass types found along the route of a major new highway tunnel
that passes at a high level through the flank of a mountain range:
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Strength  ROD Mean fracture
(MPa) (%) spacing (m)

Sandstone 80 45 04
Mudstone 20 75 0.3
Syenite intrusions 250 10 02

The fractures within each rock mass type have the properties shown
in the following table:

Persistence Aperture Roughness Infilling Weathering

(m) (mm)
Sandstone 5-8 ~15 rough none none
Mudstone 1.5-2.5 ~0.5 slight none slight
Syenite 2 ~6 very none none

Write down a description for each of these three rock mass types, and
describe their likely engineering behaviour.

Then apply the RMR system to these rock mass types, and compare
the assessment of their engineering behaviour made in this way with the
description you wrote down earlier.

What do you conclude from this exercise about the ability of RMR to
discriminate between the engineering behaviour of these particular rock
mass types?

Q12.10 The following measurements of mean fracture spacing (in
metres) have been made on core from 12 boreholes as part of a site
investigation project:

0.259 0.304 0.875 0.292 0467 0412 0.350 0.368 (.438 (.389 0.280 0.318

As the rock mass is to be characterized using the Q system, the
following parameters have also been determined: J, = 9; J. = 1.5;
J,=2;SRF=25;and J, = 1.

(a) Using the frequency measurements to determine RQD values and
thence Q values with the additional parameters given, comment on the
inhomogeneity of the rock mass in terms of:

(i) fracture frequency, and
(ii) Q.

(b) A technique for increasing the range of RQD values in a given rock
mass is to adopt a different RQD threshold value (from the usual value
of 0.1 m) computed using 1* = 2In(Anax/Amin)/(Amax — Amin), Where Apax
and A are the extreme values of the fracture frequency occurring in the
rock mass. Use this technique to compute new values of Q, and compare
the results with those found in Part (a).
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rock dynamics and time
dependency

Q13.1 There is no time component in the theory of elasticity. Why then
does Young's modulus, expressed in units of stress, have time in its
dimensions: L~!MT~%?

Q13.2 A 10-mm-diameter core of intact marble is carefully drilled out
to a length of 1 m. The core is suspended horizontally by steel wires
and then struck gently at one end to produce a longitudinal stress wave
through the bar, as shown below. This is known as the Hopkinson bar
experiment, used to study the transmission of stress waves.

Marble rod

v

(a) If Young’s modulus of the marble is 50 GPa and the unit weight
is 27 kN/m?3, estimate the time taken for the longitudinal stress wave to
travel from one end of the core to the other.

(b) Given that marble has a sufficiently high compressive strength to
sustain the compressive wave but has a low tensile strength, where will
the bar break, and why?

Suspension wires

< Impulse

Q13.3 What is the ratio sz / V% in terms of the elastic rock constants and
what is the specific value of the expression for a rock with v = 0.27?

Q13.4 A 100-mm-long rock specimen is to be tested in uniaxial com-
pression using strain control in a servo-controlled testing machine.

The Young’s modulus of the rock is 60 GPa and the compressive strength
is 200 MPa. We should like to reach the compressive strength in the test in
about 10 minutes. What displacement rate should be used for the testing
machine program, and what is the corresponding rock strain rate?

Q13.5 The results in the table below show the axial displacement and
radial strain induced in a cylindrical specimen of weak chalk during a
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uniaxial creep test. In this test, the specimen was initially 250 mm high
and was subjected to an axial stress of 55 MPa. After 3 hours the test
was stopped, at which stage creep had ceased and the displacement had
become constant at 0.4545 mm.

Time (min): 0 1 2 3 4 5 6 7
Axial displacement

(mm): 0409 0414 0419 0423 0427 0430 0433 0435
Radial strain

(x10°°): —451 —461 —-471 —479 —487 —493 —499 504
Time (min): 8 9 10 11 12 13 14 15
Axial displacement

(mm): 0438 0440 0441 0443 0444 0445 0447 0447
Radial strain

{x107%): -509 -513 -516 -519 522 524 526 -—528

On the basis of these results, select a simple viscoelastic model for the
rock, and determine values for the various viscoelastic constants.

Q13.6 On a sketch of the complete stress—strain curve for rock in

uniaxial compression, draw lines illustrating creep, relaxation and inter-

mediate time-dependent straining along a line of slope —K

(a) on the ascending and descending sides of the curve, and

(b) then comment on the significance of your diagram for rock mass
stability during time-dependent deformations for a single rock pillar
of intact rock and for an abandoned chalk mine excavation (Smith
and Rosenbaum, 1993) as shown below.

ke § o7 ...
31 Becding
Rock —El
pillar 2 -

]

-
K

Q13.7 Laboratory fatigue testing results (Ray etal., 1999) for intact Chunar
sandstone from the lower Gondwana formation gave the following data.

Number of cycles  Uniaxial compressive

from 0 to 50 MPa strength (MPa)
0 99.5
100 90.1
200 77.1
300 71.6
400 67.6
500 65.9

600 65.1
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The rock samples were cycled for the number of times given in
the left-hand column, and then tested for their uniaxial compressive
strength, giving the values in the right-hand column.

Plot these results (number of cycles on x-axis, UCS on y-axis) and
comment on the trend.

Q13.8 How do fractures respond to stress waves? What do you think
are the influences of a dynamic load on the fracture shear behaviour?
What happens if the fractures pictured below are subjected to repeated
shear movements?

Q13.9 During the progression of a longwall mining face, bedded rock
strata adjacent to the coal mine are being subjected to an extensile strain
rate of 1 x 107 s7! normal to the bedding planes. Assume that all
the strain accumulated in the rock mass is concentrated in opening the
bedding planes. How long will it be before the flow of water along the
bedding planes is doubled?

Q13.10 The diagram below (Tan, 1993) illustrates deformations in two
mine rail tunnels (originally horseshoe-shaped) in China, which are
located at 430 m depth in strongly fractured granite.

Concrete block lining Pebble backfill
/

Horizontal fault

The tunnel axes are oriented perpendicular to the high intraplate hori-
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zontal tectonic stress, oy. The tunnel deformations have been described
as follows:

“Directly after excavation, the sidewalls started to bulge,
horizontal cracks occurred which were growing in width
and length; bottom heave was obvious. These processes
increased in intensity with time. Void formation in the
dilatancy process increasing with time leads to serious over-
all weakening of the rock structure; in addition it is ag-
gravated by the suction and seepage of underground water.
The horizontal displacements. .. were in the order of 50 cm
within 90-150 days with an average rate of 5.4 mm/day.
Usually the inwards motion of the corner areas near the
bottom are largest, whereas the roof-top moved upwards
so gradually the tunnel cross-section is squeezed into the
‘peach’ form. .. Bottom upheavals at some locations were
about 40 cm within 131 days. Serious lateral motions of one
sidewall have been observed.”

Explain these observations in terms of the basic mechanisms involved.



Questions 14.1-14.10:;
rock mechanics
interactions and rock
engineering systems

Q14.1 Explain with a one-sentence answer how, in a rock mass,
(a) the rock stress can affect water flow in fractures,

(b) the water pressure in fractures can affect the rock stress,

(c) the fractures can affect water flow,

(d) water flow can affect the fractures,

(e) the fractures can affect rock stress, and

(f) the rock stress can affect the fractures.

Q14.2 Draw an interaction matrix having Fractures, Rock Stress, and
Water Flow as the leading diagonal terms. Insert the letters representing
the six mechanisms in Q14.1 in the appropriate off-diagonal boxes of the
interaction matrix.

Q14.3 Under what conditions is a matrix symmetrical? Why will almost
all rock mechanics interaction matrices be asymmetrical?

Q14.4 In order to consider also the interaction of rock engineering
activities with the rock mechanics factors, extend the 3 x 3 interaction
matrix of Q14.2 to a 4 x 4 interaction matrix by adding the extra leading
diagonal term CONSTRUCTION. Write a one-phrase explanation of the
content of each of the six extra off-diagonal interaction boxes introduced
by adding the leading diagonal term, CONSTRUCTION.

Q14.5 The use of the interaction matrix is helpful for thinking about
any problem involving manifold factors. The principal factors, located
on the leading diagonal, are established first. Then, the interactions,
i.e. the mechanisms linking the principal factors, are considered in the
off-diagonal positions.

For example, when studying natural fractures in the rock mass, as-
sume that we are interested in the four parameters of fracture orient-
ation, spacing, extent (or persistence) and roughness. Using these four
parameters as the leading diagonal terms of a 4 x 4 interaction matrix,
identify the content of the 12 off-diagonal boxes and hence show that the
parameters are likely to be related.
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Q14.6 Each off-diagonal term in the interaction matrix represents a
mechanism linking two principal factors. If a mechanism involves three
or more principal factors, their combined interaction is represented by
pathways through the interaction matrix. With reference to the interac-
tion matrix required by Q14.4, show the example pathway representing
how Construction blasting affects the Rock Stress around an excavation,
which allows Fractures to open, leading to increased Water Flow which
then affects Construction.

Q14.7 Assume that you have been asked to undertake a technical audit
of a rock engineering design for a DIANE rock mass, where a CHILE
numerical code has been used to determine the elastic rock stresses
and displacements around an underground excavation. List briefly the
likely sources of error in the determination of the rock stresses and
displacements.

Q14.8 Assume that the interactions in the matrix required by Q14.4
(which has the principal factors of Fractures, Rock Stress, Water Flow,
and Construction) have been considered for a specific rock mass and
engineering objective. Each interaction has been assigned a number
according to the following scheme:

0 - no interaction; FRAC- I

1 — weak interaction; TURES s q ’ 4 =» 1

2 - medium interaction; F | _’ L J L

3 - strong interaction; L = -

A . ROCK

4 — critical interaction. 1 [ stess [y 9 l 1
These numbers are shown in the J s | J L
matrix to the right. r g o -

For each principal factor, develop ] WATER
its ‘Cause-Effect’ (C, E) co-ordin- 1 & 2 oW iy 3
ates. These are the sums of the val- | | - W [
ues in the row and column through | £ - ol NS
each principal factor. 2 ‘ 2—-["1' 3 | 4|RucTion

For example, the (C, E) co-ordin- ]_ | c

ates for principal factor F are C =
l+4+1 =6and E =14+ 142 =4, ie (64). Hence establish the
interaction intensity, C + E, and dominance, C — E, of each principal
factor in the interactive system. Then plot the four principal factors using
Cause and Effect axes.

Q14.9 Indeveloping a rock mass classification system for estimating the
relative instability of natural rock slopes in the Italian Alps (Mazzoccola
and Hudson, 1996), the following parameters were chosen.
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P1. Geology P2. Folds P3. Faults P4. Rainfall

P5. Freeze P6. Previous P7. Intact rock P8. Weathering
and thaw instability strength

P9. Number P10. Orientation P11. Aperture P12. Persistence
of sets

P13. Spacing P14. Mechanical P15. Rock mass P16. Hydraulic

properties strength conditions

P17. Slope P18. Slope P19. In situ P20. Potential

orientation dimensions stress instability

The 20th parameter, ‘Potential instability’, was added in a similar way to
the CONSTRUCTION term in Q14.4 in order to consider the effects of the
parameters on potential instability.

An interaction matrix was generated using these 20 parameters as the
leading diagonal terms. The interactions in the off-diagonal terms were
then assigned a value according to the same scheme as in Q14.8:

0 — no interaction; 1 — weak interaction; 2 — medium interaction;
3 — strong interaction; 4 — critical interaction.

This gave (C, E) co-ordinates and values of C + E and C — E as follows.

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

C 24 34 52 17 21 22 15 9 24 28
E 5 4 3 4 17 42 8 27 13 12
C+E 29 38 55 21 38 64 23 36 37 40
C—-E 19 30 49 13 4 =20 7 -18 11 16

pP11 P12 PI3 P4 P15 Plé P17 P18 P19 P20
C 27 26 18 9 9 21 21 8 18 0
E 22 19 20 26 40 29 17 19 16 60
C+E 49 45 38 35 49 50 38 27 44 60
C—-E 5 7 -2 -17 =31 -8 4 -1 2 —60

Plot the 20 parameters using C—E axes, and hence illustrate for the
natural slope system which three parameters are the most interactive,
which three are the most dominant, and which three are the most
subordinate.

Q14.10 One of the most important aspects of the systems approach is
establishing when positive feedback in the system can occur, because
positive feedback loops can cause instabilities.

(a) Explain the meaning of the terms ‘negative feedback’ and ‘positive
feedback’, and give examples of each in engineering rock mechanics.

(b) Also explain how engineering actions can mitigate or eliminate
positive feedback (equivalent to altering the mechanisms in the off-diag-
onal boxes of the interaction matrix).






Questions 15.1-15.10:
excavation principles

Q15.1 The complete stress—strain curve has been obtained for a cyl-
indrical specimen of intact granite tested in uniaxial compression. The
specimen is 100 mm long and 50 mm in diameter. Assume that, for the
purposes of calculation, the curve can be approximated to the bilinear
form below. The uniaxial compressive strength is reached at 0.1% strain
and 200 MPa stress. When the curve reaches 0.2% strain, the rock mi-
crostructure has been destroyed and all that remains are small flakes of
crushed mineral grains.

(a) Ca.lculate the energy under ¢ .. \L
the equivalent complete force—
displacement curve. This is the
energy required to completely des-
troy the rock specimen. Express
your answer in joules.

(b) For how long would a do-
mestic 100-W light bulb have to
be illuminated to use up the same
amount of energy?

(c) What is the specific energy
of the rock, i.e. the energy required/unit volume to pulverize the rock?

200
MPa

Strain, %

Q15.2 During bench blasting in a quarry, it was found that 48.5 kg of
explosive is required to break 125 m> of marble. Given that the explosive
used was ammonium nitrate—fuel oil (ANFO) with an explosive energy
of 3.92 M]/kg, calculate the specific energy for these circumstances, state
whether this is greater or less than the answer to Q15.1, and explain why
there is a difference.

Q15.3 A 5-m-diameter tunnel is being excavated in limestone by a
full-face tunnel boring machine (TBM), which operates by exerting a
torque and a thrust.

(a) Calculate the specific energy required to break the rock in the
circumstances given by the data in (i) and (ii) below.
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(i) For the case where the TBM has four 500-V electrical motors
providing the torque to drive the cutting head. Each motor uses
10 A when rotating freely, and 110 A when the head is cutting.
Neglect the thrust for this case and take the cutting rate as 3 m/h.

(ii) For the same cutting information in part (i) but with an additional
continuous thrust of 2.7 MN and an increased cutting rate of
3.6 m/h.

(b) Does the work associated with the thrust contribute greatly to the

specific energy required?

Q15.4 Comment on the magnitudes of the specific energy values ob-
tained in Q15.1, Q15.2 and Q15.3 for the different circumstances of a
laboratory compression test, blasting, and using a tunnel boring ma-
chine?

Q15.5 The objective of ‘pre-splitting” when blasting is to create a con-
tinuous new fracture plane through the rock mass (which will become
the final rock surface) before bulk blasting removes the rock up to the
pre-split plane.

Pre-splitplane Blasthole

This rock removed up

T~ to the pre-split plane
N\

(a) List the most important factors that need to be controlled to ensure
that the pre-split blasting techniques will indeed create a continuous
pre-split fracture.

(b) The three photographs opposite show different rock slopes that
have been pre-split. The pre-split plane has been created first; then bulk
blasting has removed the rock up to the pre-split plane, as indicated in
the sketch above. Thus, the photographs show one side of the pre-split
‘plane” which is the final slope.

Each of the photographs illustrates one of the following;:
 an acceptable pre-split rock face;

o a pre-split face where the fractures have adversely affected the pre-
splitting; and

» a pre-split rock face where one or more of the necessary factors
intimated in (a) above has not been properly controlled.

Which photograph is which case?

Q15.6 In order to be able to estimate the blasting specific energy for
different rock masses (and hence the different amounts of explosive
required for blasting) a Blastability Index (BI) has been proposed (Ji-
meno et al.,, 1995) using five rock properties. The Bl is shown in the
table below, with the various ratings related to the specific rock mass
properties.
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Rock Mass Description (RMD)

Powderyor Friable . . . .. .......... 10
Blocky .......... ... ... ... ... 20
Totally massive .. ............... 50
Joint Plane Spacing (JPS)
Close (<0.1m) . ................. 10
Intermediate (0.1to1lm) ........... 20
Wide(>01m) ............... ... 50
Joint Plane Orientation (JPO)
Horizontal .................... 10
Dipoutofface.................. 20
Strike normaltoface. . ... ......... 30
Dipintoface . .................. 40

Specific Gravity Influence (SGI)
SGI = (255G — 50) where 5G is in tonnes/m?

Hardness (H)
H = hardness on scale 1-10

The value of the Blastability Index is given as
BI = 0.5 (RMD + JPS + JPO + SGI + H)

and the amount of explosive required is 0.004 BI in kg ANFO/t, which is
therefore a measure of specific energy.

(a) Calculate the specific energy that this index predicts for the follow-
ing conditions: a highly laminated, soft ferruginous shale with horizontal
to sub-horizontal bedding and BI rating values of RMD = 15, JPS = 10,
JPO = 10, SGI = 10, H = 1. With reference to the values discussed in
Q15.4, comment on the value obtained here.

(b) Comment on the advantages and disadvantages of this index.

Q15.7 The rock engineering systems (RES) approach has been used to
develop a comprehensive Blastability Designation (BD) index for rock
masses (Latham and Lu Ping, 1999), the purpose of which is to provide
a quantitative assessment of the resistance of a rock mass to blasting.
The index value is given as BD = }__, W;R; where W; is a parameter
weighting value, R; is the parameter rating, with the summation over
the ; parameters. Both the W, and R; values are evaluated for the rock
mass under consideration. The greater the value of BD, the more difficult
the rock is to blast. The twelve parameters used in the BD index are:
(1) strength (uniaxial compressive strength, UCS, MPa, also via Point
Load Index);
(2) resistance to fracturing (uniaxial tensile strength, o,, MPa);
(3) sturdiness of the rock (density, p, t/m3);
(4) elasticity of rock (Young’s modulus, E, GPa);
(5) resistance of rock to dynamic loading (P-wave velocity, V,, km/s);
(6) hardness of rock (Schmidt rebound hardness value, SHV, rebound
height scale);
(7) deformability (Poisson’s ratio, v, dimensionless);
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(8) resistance of rock to breaking (fracture toughness, K., MPa-m!/?);

(9) in situ block sizes (mean of block size distribution, mean);

(10) fragility of rock mass (fractal dimension of rock block sizes, D);

(11) integrity of rock mass (ratio of field: lab P-wave velocities, R,,
dimensionless);

(12) fracture plane’s strength (cohesion, ¢, MPa and friction angle, ¢,
degrees).

Compile a table of these twelve parameters in three columns with

headings Intact Rock Properties, Fracture Properties and Rock Mass

Properties, and then comment on how well the rock mass has been

characterized.

Q15.8 In relation to rock tunnel boring machines (TBMs), two progress
rates can be defined:

Cutting rate, C: the rate at which a tunnel is constructed when the tunnel-
ling machine is operating; and
Advance rate, A: the rate at which a tunnel is constructed.

These two rates are not the same because the TBM is not continuously
cutting; there is a Utilization factor, U, which is the amount of time
(expressed as a proportion) that the machine is cutting, i.e. A = U x C.

Over a short period, say 20 min, A can be equal to C. Over longer
periods, of days, weeks or months, there can be a greater and greater
discrepancy between C and A, as indicated in the diagram below
(Barton, 1999).

Cutting rate, Cm/hr Advance rate, A
(log scale) m/hr (log scale)
10 10

Excellent

A ! 1 L e, A
1hr 1 day 1 wk 1mth 1yr

The terms ‘Excellent’ through to ‘Extremely poor’ refer to the rates, and
Barton noted that the majority of TBM tunnels lie between the ‘Good’
and ‘Poor’ lines.

Give at least five reasons why such lines occur, i.e. why the value of U
decreases with time.

Q15.9 When an underground excavation is made in a rock mass, there
are three primary effects, all three of which result from Newton’s 3rd law,
i.e. for every action, there is an equal and opposite reaction. Thus, when
new underground space is created, the resistance of the rock previously
occupying the space becomes zero, forces cannot be transmitted from the
rock into the space, and the water pressure is reduced to atmospheric
pressure.
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Draw a sketch of these three effects and explain why they cause a
so-called Excavation Disturbed Zone (EDZ).

Q15.10 (a) Can drill and blast excavation rates be significantly increased
from those currently achieved?

(b) Can tunnel boring machine penetration rates be significantly in-
creased?

(c) Are new methods of excavation likely to be introduced?



Questions 16.1-16.10:
rock reinforcement and
rock support

Q16.1 When rockbolts are used for
surface or underground excavations
to reinforce a fractured rock mass,
the rockbolts will be subjected to ten-
sion, shear and compressive forces.
The diagram below (from Windsor,
1997) indicates the types of forces on
rockbolts a to f.

Recognizing that rockbolts are de-
signed to operate in tension with little
shear force applied, rate these rock- .«
bolt configurations in terms of their
suitability on this criterion alone. f

Q16.2 Arock block of weight W is bolted to a plane inclined at angle « to
the horizontal. Develop an expression for the bolt tension, T, in terms of
the angle, 8, at which the bolt is installed relative to the plane, the angle of
inclination of the plane and the Mohr—Coulomb friction properties, ¢ and
¢, of the block/plane interface. Hence, by differentiation, find the rockbolt
angle at which the bolt tension is minimized.

What is this angle, 3, such that the
tension in the rockbolt is
minimized?

Wsinof ) ‘; Wcos ot Rockbolt

Q16.3 The sketch below shows a rock block resting on a slope and
subject to a stabilizing force from a rockbolt. The strength of the interface
between the block and the slope is purely frictional, with an angle of
friction ¢.
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(a) The component of the bolt force acting parallel to the slope can be
considered as either a positive restraining component or as a negative
actuating component. Derive an expression for the factor of safety in
both these cases.

(b) For the situation when W = 1000 kN, 8 = 15°, ¥y = 42° and ¢ = 36°,
what bolt tension is required to give a factor of safety of unity for each of
the cases?

(c) Examine the behaviour of the two expressions for factor of safety
as the bolt tension varies from 25 kNN less than, to 25 kIN more than,
the force computed for each case above. Which of these two expressions
should we use for design purposes, when we require a factor of safety in
excess of 1?

(d) Rock bolts function by developing a tensile force within them, and
are sometimes tensioned at the time of installation in order to generate
this force. In the case of untensioned bolts, how is this force generated?
Should we regard untensioned bolts as providing a positive restraining
component or a negative actuating component?

(e) Imagine that we require a factor of safety of three for the rock block
shown above. Should we use tensioned or untensioned bolts?

Q16.4 A circular tunnel is being ex-
cavated in a blocky rock mass by dril-
ling and blasting. There is an Excav-
ation Disturbed Zone (EDZ) around
the excavated tunnel (defined on the
basis of a blast-disturbed zone where
there are loosened blocks which can
fall into the tunnel under the action
of gravity) which extends 0.75 m into
the rock from the excavation surface.

What support pressure is required at the crown to stabilize the loose
blocks of the EDZ given that the unit weight of the rock, y, is 25 kN/m??

Q16.5 (a) If the EDZ in Q16.4 is to be stabilized by the use of rockbolts
inserted into the roof as a supporting method, and the working capacity
of each bolt, T, is 150 kIN, what area of the roof will each bolt support?
(b) Would you anticipate any ancillary problems with this bolting
pattern?
(¢) In the circular tunnel, in which directions and at which locations
would you install the bolts?
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Q16.6 A long underground chamber is to B e e e L
be constructed in a rock mass with frac- SIS AT
tures dipping at 25° as shown. This prob- -~
lem is included in Goodman (1989). ;
(a) Assuming the friction angle of the -
fractures, ¢;, is 50°, use the ¢; geomet- =~
rical construction in two dimensions to
locate zones of potential distress around e e
the opening. et
(b) Repeat this procedure with ¢; = 20°
to investigate the effect of rock deterioration on interlayer slip around
the excavation.

Q16.7 In a paper discussing the potential slip on fractures in the rock
around a tunnel or shaft, Daemen (1983) uses the solution for the stresses
around a circular opening in a CHILE rock to establish the normal and
shear stresses on the fractures. Applying the Mohr—Coulomb criterion
to these stresses enables the potential zones of distress around the
excavation to be established.

Zones of
distress

The zones of distress shown in Daemen’s diagram above are for an
isotropic stress field and an angle of friction of ¢ = 20°.

Show that the same result for the zone of distress at the excavation
boundary can also be obtained using the ¢; theory.

Q16.8 Two types of ‘ground response curve’, A and B, are illustrated in
the diagram below. The curves indicate the amount of support pressure
required to maintain an excavated rock surface at a given value of
displacement.



468 Questions 16.1-16.10: rock reinforcement and rock support

Support
Rock pressure
disptacement

/ \Support

pressure

Rock
displacement

With reference to these curves, explain:
(a) why the in situ stress condition before excavation cannot be re-estab-
lished by the support pressure applied after excavation;
(b) why it is inappropriate for an engineer to insist that the rock should
be supported in such a way that no displacement whatsoever occurs.

Q16.9 A tunnel of radius 1.85 m is excavated in rock subjected to an
initial hydrostatic stress field of 20 MPa and provided with a concrete
lining of internal radius 1.70 m. Assuming elastic behaviour of the rock
and lining, calculate the radial pressure and the radial displacement at
the rock-lining interface if:

(a) the lining is installed at the face before any displacement of the rock

has occurred; and
(b) the lining is installed following a radial convergence of 1 mm.

Q16.10 The sketch shows a pillar of rectangular G

cross section, which is very long in the y-direction I J/J 1 f

(i.e. out of the plane of the paper) and is made of a | |

linearly elastic isotropic rock. A support pressure is i—J\f\/\ﬁ—‘

applied to the horizontal sides of the pillar through | —
the action of springs that pass horizontally through ;—4\/\/\¢——J'

the pillar.

(a) Develop an expression linking the vertical 11t
stress, g, to the support pressure, p, in terms of the z
elastic constants of the pillar material and the spring stiffness. Use this
expression to show that, for zero horizontal strain of the pillar, the ratio
of vertical stress to support pressure is (1 — v)/v.

(b) If the strength of the pillar can be described by the Hoek—Brown
criterion with o, = 37 MPa, s = | and m = 15, and the elastic modulus
and Poisson’s ratio of the rock are 75 GPa and 0.27, respectively, what
spring stiffness is required if the pillar is to withstand a vertical stress of
55 MPa?



Questions 17.1-17.10:
foundation and slope
instability mechanisms

Q17.1 The diagram below (Serrano and Olalla, 1998) shows six basic
potential mechanisms by which failure can occur beneath a foundation
on a fractured rock mass containing one fracture set, indicated by the
fine shading. Failure can occur through the intact rock, indicated by the
letter R, and/or along a fracture plane, indicated by the letter .

Describe the six basic mechanisms illustrated.

a b
I
C
N3
’ R
AN\
e
\\\%P % 5
\\\—\\\

\
W
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Q17.2 Consider extending the method of equilibrium analysis for plane
failures (see Q16.3) to the case of retaining walls. The failing block, ABC
in the sketch below, is restrained in three cases by the application of load
to the vertical face, AB:
(a) by a horizontal force of magnitude T acting through the centroid of
the block;
(b) by a horizontally acting uniform pressure distribution p from the top
of the face to the point where the failure plane daylights; and
(c) by a pressure distribution varying linearly from zero at the top of the
face to g at the point where the failure plane daylights.
In each case, derive an expression for the factor of safety and, for the
special case of F = 1.0, give an expression for T, p or g as appropriate.

Q17.3 For the case of wedge instability in rock slopes, the factor of
safety can be related to that of an equivalent plane instability (i.e. plane
sliding in the same direction as that of the wedge) by

szkaFp

where the wedge factor, kw, is computed from ky = sin 8/ sin %‘5, and the
angles B and ¢ are defined as shown below.

TETTRON

view along line
of intersection

For the particular case of wedge instability in a slope of orientation
124/63 (dip direction/dip angle) with a horizontal top, intersected by
two sets of fractures with orientations 182/52 and 046/69 and friction
angle 29°, determine Fy,.

Q17.4 Determine an upper bound for the collapse pressure, p, for the
foundation shown below consisting of three rock wedges formed by the
fracture sets in the rock mass.
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6m
-

o)
ARAAAR;

All angles = 60°

il ¢'= 265 kN/m3
¥ = 24 kN/m3

\
: X . ¢=0
.
'

Q17.5 A cross-section through a rock slope is shown below. The rock is
impermeable with a unit weight of 22 kN/m?® and the fractures AC and
DE have an aperture of 1 mm. A drainage gallery at E reduces the water
pressure at that point to the atmospheric pressure value. The drainage
gallery, the fractures and the slope face all have the same strike.

A D

T0kN/m3
30°

c’
¢

v = 22kN/m3

Assuming conditions of heavy rainfall, determine the water pressure
at B, and hence the factor of safety against sliding of the block DBC. Take
the kinematic viscosity of water to be 1.3 x 107% m?/s and assume block
ABD is stable.

Q17.6 Assume the same circumstances in Q17.5 and consider the case
when the block DBC has moved downhill a limited amount, resulting
in a considerable increase in the aperture of DB. Calculate the factor of
safety against sliding of the block DBC.

Q17.7 A rectangular foundation base, 6 m x 10 m in plan, carries a
vertical load of 180 MN which it transmits to the rock as a uniform
bearing pressure. The rock can be taken to be CHILE, with a modulus of
elasticity £ = 800 MPa and Poisson’s ratio v = 0.2.

Ignoring the weight of the rock, evaluate the vertical settlement at the
centre, C, of the base and the vertical stress at a point 5 m below C.

Q17.8 The expression for the radial stress induced beneath a line load of
magnitude P acting normal to the surface of a semi-infinite half space is

2P sinf
o, = .
mr
(a) Show on a sketch the geometry of this problem, indicating clearly
the angle 6 and the orientation of the stress components oy and o,. What

are the magnitudes of oy and 1,4 in this problem?
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(b) Sketch the locus of constant o, for varying 6, and show how the
expression above leads to the concept of a "bulb of pressure’. For the case
when the applied line load is not normal to the surface, show on a sketch
how the bulb of pressure changes its nature, indicating clearly any zones
where tensile radial stresses may be induced.

(c) This analysis is for CHILE materials. By making use of the ¢;
theory, show qualitatively how the bulb of pressure may be expected
to change when the ground beneath the load consists of a layered
discontinuous rock mass dipping at some arbitrary angle.

(d) On the basis of these results, what are the ramifications this
analysis has for site investigation in layered rocks?

Q17.9 The system of rock blocks shown in the sketch below is to be
used in the verification procedure of a computer code for analysing
progressive failure of rock slopes, and for this a manually derived
solution is required.

7

0.75m
\‘/

’\V 30°

The system is in limiting equilibrium with block A tending to topple
about the corner C, while block B is on the point of sliding downhill. The
shear resistance on all surfaces is purely frictional with ¢ = 35°.

Given that B is twice as heavy as A, determine the thickness ¢ of block
B. Also show that there is no tendency for block A to slip at the corner C.

Q17.10 Solve Q17.5 numerically using the sector method, and comment
on any discrepancies between the numerical solution and the analytical
solution.
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design of surface
excavations

Q18.1 A foundation is proposed on a rock mass consisting of a series
of horizontal strata. The results of a site investigation and associated
laboratory testing programme are shown in the table below.

Depth Description RQD Intact rock elas- Fracture defor-
tic modulus mation modulus
(m) (%) (GPa) (GPa/m)
0 Moderately weathered sandstone 61 4.0 18.0
3 Slightly weathered sandstone 98 5.0 20.0
8 Slightly weathered limestone 80 39 115
10  Fresh, massive limestone 100 40 120

End of hole at 12 m

(a) Calculate the effective elastic modulus for the uppermost 10 m of
the rock mass.

(b) A plate-loading test using a 0.5 m diameter rigid plate at the
ground sutface has indicated an elastic modulus of 1.0 GPa. By consid-
ering the moduli of the various strata, explain why this might be. What
value of modulus should be used in the design?

(Aide memoire: For a rock mass consisting of i strata, each of which
contains a single set of planar, parallel fractures, oriented parallel to the
strata boundaries, the effective elastic modulus normal to the fractures,
E,,, may be calculated using the expression

0
1 A
> (E + Edi)ri

where, for each of the i strata, r; = thickness, E; = Young’s modulus of

the intact rock, A; = fracture frequency, E4; = modulus of deformation of
the fractures.)

Ep=

Q18.2 In a rock mass containing a single set of vertically dipping
fractures, consider how the fractures might adversely affect the profile of
a vertical slope excavated using pre-split blasting.
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Q18.3 A quarry is to be opened in a rock mass which contains four
fracture sets with dip directions and dip angles as follows:

Set 1 2 3 4
Dip direction/Dip angle 292/64 151/37 052/76 020/16

The rock mass can be considered dry,
and the angle of friction for all fractures
Plane  is30°.
sliding Consider the primary potential modes
of instability (plane, wedge and direct
toppling) at 15° intervals of dip direction
(i.e. 0° 15° 30° ..., 345° 360°) and use
kinematic feasibility techniques to pre-
V\(e@ge pare a table showing the steepest safe
sliding  slope and the respective critical failure
mode at each azimuth.

Toppling

Q18.4 Prepare a similar table as in Q18.3 but for the case when the
friction angle is not known.

Q18.5 Use the results from Q18.3 to draw a plan of the slope crest around
the quarry excavation assuming that the floor of the quarry is circular.
Determine the best orientation for a radial access road to the quarry
floor (assume that the road can be constructed in any direction and
that the optimal orientation is for a road with the steepest possible side
slopes — so that excavation associated with the road is minimized).
Repeat part (b) for an unknown friction angle, as was the case in Q18.4.

Q18.6 Add toppling due to interlayer slip to the analysis of Q18.3.

Q18.7 A trial design for a proposed 100 m deep roadstone quarry can
be approximated in plan by a circle. The quarry has been designed with
a number of 10 m high benches, such that the overall slope angle is 45°
and the individual bench angles are 60°.

Preliminary mapping of the site has established that the rock mass
contains four dominant sets of fractures, having the following mean
orientations:

Feature Cleavage JointsetA JointsetB Bedding
Dip 36° 75° 45° 28°
Dip direction 015° 330° 080° 260°
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(a) Using kinematic feasibility techniques, determine whether or not
conditions exist that could lead to instability in the proposed slopes.

(b) Indicate, in general terms, the design changes required to overcome
any predicted instability problems.

Q18.8 A rock slope with a face angle of ¥y is cut into a rock mass
containing a single set of fractures dipping into the slope at an angle 8.
The strength of the fractures is purely frictional. Assume that tan¢, ¥
and B can all be considered as normally distributed variables with the
following parameters:

Variable tang Yy B

Mean 055 50° 60°
Standard deviation  0.15 5% 10°

Investigate the variability of the factor of safety due to interlayer slip
for this slope, using either standard normal random values obtained
from statistical tables, or values produced by your computer/calculator.
Perform as many trials as you have the patience for (but at least 35).

Q18.9 A proposed dam will exert a vertical force of 9400 kN/m and a
horizontal force of 4400 kIN/m on its horizontal foundation, as shown in
the figure below. At a depth of 6 m below the founding surface there is a
horizontal bedding plane, the strength of which is purely frictional with
¢ = 32°. The unit weight of the rock above this plane is 22 kN/m?>.

T y
9400kN/m

: A4400kN/

,~ 9
e K
L4

bedding plane

For a polar co-ordinate system, the origin of which coincides with the
rectangular co-ordinate system as shown in the diagram, the components
of radial stress due to a vertical line load P and a horizontal line load Q
may be calculated from o,(p) = (2P sin) /mr and o,g) = (2Q cos0) /nr,
respectively.

At what value of x-ordinate is the radial stress on the bedding plane
zero, and will the stress state on the bedding plane to the left of this
point be sustainable? Over what range of x-ordinate values to the right
of this point will slip occur on the bedding plane? What conclusions can
be drawn about the overall stability of the proposed dam?
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Q18.10 Using the principle of virtual work, determine the value of P
for limiting equilibrium for the foundation shown below.

AD & BD: ¢'=50kPa, ¢'= 30
CD: ¢'=25kPa, ¢'=20°



Questions 19.1-19.10:
underground
excavation instability
mechanisms

Q19.1 The diagram to the right shows the  5om 50m
: . A s

cross-section of an underground machine ’

hall. The hall is to be excavated in a se- _

quence of metamorphosed argillaceous rocks, X .

of unit weight 22 kN/m?, which contains ¥

five fracture sets with the following orienta-

5.0m

tions:
Set Dip direction Dip angle B A
1 058° 54° &
2 195° 70°
3 127° 81° |
4 160° 32° J
5 335° 64°

20.0m

Each set has a friction angle of approx-
imately 30° and zero cohesion. It is proposed
that the axis of the machine hall will be oriented on a heading 030° and
will be horizontal.

Determine the kinematic feasibility of all the tetrahedral blocks formed
by the intersection of the fracture sets and the roof.

Q19.2 For the unstable roof blocks established in the answer to Q19.1,
determine the direction of movement, and plane(s) of sliding where
relevant.

Q19.3 For the unstable roof blocks established in the answer to Q19.1,
determine the volume of the largest block that could fall from the roof
and hence calculate the necessary support pressure to ensure stability.

Q19.4 Repeat Qs 19.1 and 19.2 for the haunch A (as illustrated in Q19.1).

Q19.5 Repeat Qs 19.1 and 19.2 for side wall B (as illustrated in Q19.1).
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Q19.6 For both the haunch A and the side wall B studied in Qs 19.4
and 19.5, and with the information given in Q19.1, calculate the factor of
safety of the block formed by fracture sets 1, 2 and 5.

Q19.7 At a depth of 450 m, a 3 m diameter circular tunnel is driven in
rock having a unit weight of 26 kN/m? and uniaxial compressive and
tensile strengths of 60.0 MPa and 3.0 MPa, respectively. Will the strength
of the rock on the tunnel boundary be reached if
(a) k=03, and
(b) k=257

A second tunnel, of 6 m diameter, is subsequently driven parallel to,
and at the same centre line level as, the first such that the centre line
spacing of the two tunnels is 10 m.

Comment on the stability of the tunnels for the field stresses given by
(a) and (b) above.

Q19.8 The diagram shows the relative positions of two parallel hori-
zontal tunnels, each 3 m in diameter. Prior to excavation, the principal
stresses in the area were p, = p, = p, = 11 MPa.

5m 3m
l<-——>‘<——>‘
A_ X
am

z

(a) Determine the principal stresses and their directions at point A
after excavation has been completed.

(b) A horizontal fault coincident with the x-axis passes through A. If
the shear strength of the fault is purely frictional with ¢ = 20°, will slip
on the fault occur at A?

Q19.9 An ovaloid excavation at a depth of 750 m has in vertical sec-
tion its major axis horizontal, and the ratio of its width to height is 4.
The radius of curvature of its ends is equal to half its height. Assume
that the in situ stress state can be calculated on the basis of complete
lateral restraint in a CHILE medium (ERM 1, Section 4.6.2) with
y =280kN/m?®andv = 0.3.

An elastic boundary element analysis for ¥ = 0 shows that the stress
in the centre of the roof is —20.5 MPa, and in the side wall is 104 MPa.
An analysis with k = 1 gives corresponding stresses of 4.59 MPa and
84.2 MPa. What stresses would the boundary element analysis give for
the in situ stress state?

Using the equations for stresses in terms of radius of curvature:
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(a) compare the stress in the centre of the roof of the excavation with that
for an elliptical excavation with the same width/height ratio; and

(b) compare the stress in the side wall with that for a boundary of equal
radius of curvature.

Q19.10 The axes of a long horizontal elliptical excavation are inclined
at +45° to the horizontal, and their lengths are in the ratio 2.5:1. The
vertical and horizontal principal field stresses are 8.5 MPa and 25.5 MPa,
respectively.

(a) Calculate the maximum and minimum elastic stress values induced
on the boundary of the excavation.

(b) Investigate the possibility of failure of the rock on the excavation
boundary, on the basis that the strength of the rock in compression is
given by ¢ = 30 MPa and ¢ = 40°, and in tension is zero.






Questions 20.1-20.10:
design of underground
excavations

Q20.1 A vertical shaft is to be sunk through a rock mass in which the
magnitudes of the two horizontal principal stresses have a ratio of 3:1.
A clear space of 5 m x 5 m must be maintained within the shaft for
equipment installation. The three excavation cross-sections shown in the
sketch are under consideration for the shaft design.

Discuss the relative design merits of each cross-section in terms of
rock mechanics principles, and hence provide recommendations for the
optimal shape (and in the case of profile (b) and (c), optimal orientation)
for the excavation.

Installation profile

" Excavation profile

Q20.2 You have been asked for an initial decision on the orientation of
an underground structure. The structure comprises ten parallel tunnels,
each 5 km long, to be built in a rock mass containing definite fracture
sets. You have also been asked about the best shape for the cross-section
of the tunnels.

The dip direction and dip of the fracture sets are 270/45 and 90/45;
the direction of the maximum principal stress is horizontal, west—east,
and its magnitude is twice the value of both the vertical and the other
horizontal stress component. The ratio of the maximum principal stress
component to the intact rock uniaxial compressive strength is 0.5.

What would be your initial design based on this information alone?

Q20.3 A site is under investigation for use in a geothermal energy
project. It is planned to drill a number of boreholes to a depth of
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about 2000 m and use these for injecting water at high pressure into
the naturally fractured rock mass. The water will take heat from the
surrounding rock, and will then be extracted from production boreholes
and used for heating. A key question is the stability of the fractured rock
mass during this process.

Extensive site investigations have revealed that the rock mass contains
three pervasive sets of fractures, oriented at 000/00, 165/90 and 245/90,
all of which have a friction angle of 44°. Also, a stress determination pro-
gramme has established that the three principal stresses have orientations
000/90, 040/00 and 130/00. Their magnitudes (in MPa) are given by 26z,
6+ 12z and 15 + 28z respectively, where z is the depth below ground sur-
face. Although the intact rock is essentially impermeable, the rock mass
is so highly fractured that it is naturally saturated with groundwater and
hence effective stress conditions exist within the fractures.

The water injection holes have to be located relative to the production
hole such that the pressurized water will flow along the natural fractures
between them. For the target depth, examine the effective normal stress
induced on a fracture from each of the three sets, and identify which set
will be jacked open by the injected water. Hence, propose a layout for
the injection boreholes. Bear in mind that the boreholes can be deviated
during drilling such that they run horizontally, so that a vertical flow
regime can be established if necessary.

Compute the water pressure required to open the critical fracture set
(1) 250 m above, (2) 250 m below and (3) at the target horizon.

Using these results, predict the flow regime and overall stability of the
rock mass when water is injected at the target horizon.

Does this affect the layout of the boreholes and operation of the
system, and if so, how?

Q20.4 A circular tunnel of radius 4 m is to be driven in a weak rock
mass subjected to an in situ hydrostatic stress field of 9 MPa. The triaxial
compressive strengths of the rock mass in its initial and fractured states
are given by o) = 8 + 403 (MPa) and o, = 303, respectively.

A preliminary analysis for design is to determine the relative instabil-
ities of the roof, sidewalls and floor.

Plot the ground response curves for the roof, sidewalls and floor,
taking G = 2.1 GPa, f = 1.4 and y = 25 kN/m?, and comment on the
appropriate support pressure.

Q20.5 For the design of part of a large underground civil defence
facility in a rock mass, there are two competing excavation geometries,
as shown in the sketches of the vertical cross-sections given below. Both
geometries consist of excavated rooms separated by rock pillars.
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Sx = (56.20 — 3.304ps — 0.533pc) x 103
d¢c = (56.20 — 0533[)/\ - 3304[)() x 1073
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8a = (56.20 — 3.304ps — 1.121pg — 0.533p¢) x 1073
8 = (66.52 — 1.121ps — 3.602pg — 1.121 pc) x 1077
8¢ = (56.20 — 0.533pp — 1.121 pg — 3.304pc) x 1074,

Analysis of these geometries has been undertaken using a CHILE bound-
ary element program, in order to determine the relation between dis-
placement and support pressure at the various pillar locations. These
relations are given below the sketches with § representing displacement
and p representing support pressure.

The support pressure is to be supplied by the rock pillars. Perform
a rock-support interaction analysis for each of the two geometries in
order to determine which is the preferred design. The stress—strain
characteristics of the two pillars are as given below:

o(MPa) 50 80 100 111 114 109 100 87 3.0 0.5
ex107 05 1.0 1.5 2.0 2.5 3.0 35 40 70 120

Q20.6 A new mining operation is planned which can extract from one
of two coal seams. The first seam is at a depth of 250 m and has a
thickness of 3 m, and the second seam is at a depth of 500 m with a
thickness of 1 m. A preliminary design for the longwall mining panels
calls for the upper seam to be mined with a panel width of 200 m, and
the lower seam to have a panel width of 400 m (see the sketch below for
typical geometry, in which the mining direction is into the page).

Centreline Panel edge

{
! 5
: : Surface
1
— }
| ! Depth
. I
Thickness ¢ Paneliwidth !
4P

S ) ! C Coal seam
f Mined panel

It has been suggested that the Subsidence Engineers” Handbook (SEH)
(National Coal Board, Mining Department, 1975) can be used to provide
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estimates of the surface subsidence profile and horizontal strain distri-
bution transverse to the direction of mining.

Assess the suitability of the extraction geometries for each seam
(based on estimates of surface subsidence and horizontal strain), using
the following data taken from the SEH.

The SEH gives values of the ratio of maximal subsidence to extraction
thickness of about 0.75 and 0.72 for the upper and lower seams, respect-
ively. The proportion of subsidence that occurs at a given position along
the transverse profile for both seams is given by the table below, taken
from the SEH.

Subsidence
proportion 095 090 080 07 06 0.5 04 0.3 0.2 0.1 0.0

Ratio of

distance from

panel centre

to depth 008 01 017 02 025 029 032 038 042 062 111

Similarly, the strain proportion that occurs at a given position along
the transverse profile for both seams is given by the table below, also
taken from the SEH.

Strain
proportion -0.70 ~0.80 ~1.00 —0.80 —0.40 0.00 0.40 0.80 1.00 0.80 0.60 0.40 0.20 0.00

Ratio of

distance from

panel centre

to depth 000 0.02 011 019 024 029 0.31 0.38 0.42 0.49 0.52 0.59 0.67 1.11

In addition, the multipliers for the maximum contractile and extensile
strains for these panel width to panel depth ratios are both equal to
about 0.7.

Q20.7 A bauxite room and pillar mine is to be opened at a depth of 100
m in a rock mass whose unit weight is approximately 27 kN/m?>. The
design of the mine calls for a factor of safety of 2 against compressive
failure of the pillars, and the substantial body of data regarding the
design of pillars in this bauxite shows that their compressive strength
may be calculated from the expression

(0dpLar = 10 + 450184

where A is the plan area of the pillar in square metres.

(a) What is the uniaxial compressive strength of the bauxite as meas-
ured in the laboratory, and what is the super-REV compressive strength
of the pillars?

(b) For operational reasons, the rooms must have a minimum width of
5.0 m. What is the greatest extraction ratio that can be achieved with this
size of opening?

(c) If the roof of a room is reinforced with rock bolts, then the
maximum achievable opening width is about 8 m. Is it cost effective to
do this?
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Q20.8 In an attempt to improve the profitability of the mine in Q20.7,
the possibility of reducing both the opening width and the pillar size
is to be investigated. Plot the curve of extraction ratio against opening
width, for openings in the range 0.5 m to 4.0 m, and hence determine the
optimal opening width and the corresponding extraction ratio.

If the extraction ratio thus identified is to be kept, what value of the
factor of safety is required if the opening width is to be changed to 3.5 m?

Q20.9 A proposal has been made to use an old underground limestone
quarry as a storage facility. A site visit to the quarry has revealed that it
was mined using the room and pillar method, with a regular rectangular
array of pillars. The clear spacing between the pillars is 6 m, the pillars
are each 7 m square, and the excavation is at a depth of 80 m.

Examination of the pillars shows that the limestone is horizontally
bedded with moderate spacing and gentle undulations. The bedding
planes themselves are smooth to touch with slightly weathered surfaces
and no visible aperture. Conditions inside the quarry are generally dry.
A point load test of the pillar rock conducted at the quarry estimated
its uniaxial compressive strength to be 100 MPa; whereas a laboratory
triaxial test found that the rock failed when the axial stress in the sample
was 110 MPa and the confining pressure was 4 MPa. The unit weight of
the limestone is 28 kN/m?.

Estimate the Rock Mass Rating (RMR) for the pillars (see the RMR
table in Appendix C) and hence determine the Hoek-Brown strength
parameters m and s for the rock mass, by using the equations

RMR — 100 RMR — 100
m = m; exp BT E— and s = exp — 9 /)

Use these values together with the Hoek—Brown criterion,

01 03 03
—=—+4+  /m—+s,
o . O

to determine the maximal vertical stress the pillars can sustain (1) at
their faces and (2) at their centres. Assume that the ratio of horizontal to
average vertical stress is 0.075 at the centre of each pillar.

Use the tributary area theory to estimate the average vertical stress in
the pillar, and hence determine the factor of safety of the pillars.

Q20.10 A gold-bearing quartz vein, 2 m thick and dipping at 90°, is
to be exploited by a small cut-and-fill stoping operation. The mining
is to take place at a depth of 800 m, and the average unit weight of
the granite country rock above this level is 29 kN/m?®. The strike of
the vein is parallel to the intermediate principal stress, and the major
principal stress is horizontal with a magnitude of 37.0 MPa. The uniaxial
compressive strength of the vein material is 218 MPa, and the tensile
strength of the country rock is 24 MPa. Poisson’s ratio and Young's
modulus for the quartz are 0.2 and 48 GPa, respectively. During mining,
each blast will extend a stope up-dip by about 2 m.

Assuming that no stress-induced failure is permissible, what is the
maximum height of a stope?
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It is considered that the backfill will offer sufficient support to prevent
degradation of the side walls of a stope, and that the only stress-induced
failure of concern is that in the crown. What is the maximum permissible
height of a stope in these circumstances?
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Appendix A: 3-D stress
cube model

This cut-out can be copied and made into a cube. It is provided as
an aide-memoire for the 3-D stress state, and especially to indicate the
sign of the shear stresses using the right-hand rule (see Footnote 6 in
Chapter 4). For ease of use, we recommend that an enlarged photocopy
of this is made.

THE STRESS CUBE 2y
Cut out, fold and glue to form a model of @
the stresses acting on an infinitesimal cube.

The sign conventions this model uses are ‘ O,

COMPRESSION POSITIVE and RIGHT HANDED AXES T
© J.P. Harrison 1999 k ’






Appendix B:
Hemispherical
projection sheet

The equal-angle hemispherical projection below can be copied and
enlarged for use with the problems in this book. The same projection can
be obtained from the Elsevier website:

http:/ /www.elsevier.com/locate/isbn /0080430104
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Appendix C: Rock mass

classification tables
— RMR and Q

The following tables are provided to support the questions in Chapter 12.
Note that although we have used the term ’fracture’ in this book, the
originators of the RMR and Q classifications used the words ‘discon-
tinuity’ and ‘joint’, respectively. To avoid confusion with the original
publications !, we have retained these words in the tables below.

Rock mass rating system!

RMR = Z(classification parameters)
+ discontinuity orientation adjustment

(A) Classification parameters and ratings

Strength of intact rock material

Point-load strength * * * 1-2 24 4-10 >10
index (MPa)

Uniaxial compressive <1 1-5  5-25 25-50 50-100 100-250 =250
strength (MPa)

Rating: 0 1 2 4 7 12 15

* For this low range, uniaxial compressive test is preferred.

Groundwater

Inflow per 10-m tunnel >125  25-125 1025 <10 none
length (1/min)
joint water pressure

Ratio — —— >0.5 02-0.5 0102 <01 0
major principal stress

General conditions flowing dripping wet damp completely dry

Rating: 0 4 7 10 15

! Bieniawski Z. T. (1989) Engineering Rock Mass Classifications. Wiley, Chichester, 251pp.
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Drill core quality RQD (%)
<25 25-50 50-75 75-90 90-100
Rating: 3 8 13 17 20

Spacing of discontinuities
<60 mm 60-200 mm 200-600 mm 0.6-2m >2m
Rating: 5 8 10 15 20

Condition of discontinuities

Use Table (B), or the following guidelines

Soft gouge Slickensided ~ Slightly rough  Slightly rough Very rough

> 5 mm thick surfaces or surfaces, surfaces, surfaces, no
or separation gouge <5 mm  separation separation separation,
>5 mm, thick or <1mm, highly <1 mm, unweathered
continuous separation weathered wall  slightly wall rock, not
1-5 mm, rock weathered continuous
continuous wall rock
Rating: 0 10 20 25 30

(B) Guidelines for classification of discontinuities

Discontinuity length (persistence)
<lm 1-3m 3-10m 10-20 m >20m
Rating: 6 4 2 1 0

Separation (aperture)

none <0.1 mm 0.1-1.0 mm 1-5mm >5 mm
Rating: 6 5 4 1 0
Roughness
very rough rough slightly rough smooth slickensides
Rating 6 5 3 1 0
Infilling (gouge)
hard filling soft filling
none <5 mm >5mm <5 mm >5 mm
Rating: 6 4 2 2 0
Weathering

unweathered  slightly  moderately highly decomposed
weathered weathered weathered

Rating: 6 5 3 1 0
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(C) Effect of discontinuity orientations in tunnelling

Strike perpendicular to tunnel axis

drive with dip drive against dip

dip 45-90 dip 2045 dip 45-90 dip 2045
very favourable favourable fair unfavourable
Strike parallel to tunnel axis Irrespective of strike

dip 2045 dip 45-90 dip 0-20

fair very unfavourable fair

(D) Rating adjustment for discontinuity orientations

Effect of discontinuity Very fa- Favour- Fair Unfavour- Very unfa-
orientation (from Table C) vourable able able vourable
Ratings:
Tunnels and mines 0 -2 -5 -10 -12
Foundations 0 -2 -7 —15 =25
Slopes 0 -5 -25 —50 —60

(E) Rock mass classes determined from total ratings

Rating 100-81 80-61 6041 40-21 <20
Class no. I II I v \Y
Description very good rock good rock fair rock poorrock very poor rock

(F) Interpretation of rock mass classes

Class no.: I 11 I11 v \%

Average stand-up time 20yrfor 1yrfor 1wkfor 10h for 30 min for
15-m span 10-m span 5-m span 2.5-m span 1-m span

Cohesion of rock mass >400 300400 200-300 100-200 <100
(kPa)
Friction angle of rock mass ~ >45 35-45 25-35 15-25 <15

(deg)




498 Appendix C: Rock mass classification tables — RMR and Q
Q-system of Rock Mass Classification 2

RQD

0= T,

Jr

X — X ——
Ja

Rock Quality Designation (RQD)

0-25 (a) Very poor
25-50 (b) Poor
50-75 (c) Fair
7590 (d) Good
90-100 (e) Excellent

Note: Where RQD is reported or measured as 10 (including 0), a nominal value
of 10 is used to evaluate Q. RQD intervals of 5, i.e. 100, 95, 90, etc., are
sufficiently accurate.

Joint Set Number (/J,,)

0.5-1.0 (a) Massive, none or few joints

2 (b) One joint set

3 (c) One joint set plus random

4 (d) Two joint sets

6 (e) Two joint sets plus random

9 (f) Three joint sets
12 (g) Three joint sets plus random
15 (h) Four or more joint sets, random, heavily jointed ‘sugar cube’, etc.
20 (j) Crushed rock, earth-like

Note: For intersections, use (3.0 x J,); for portals, use (2.0 x J,).

Joint Roughness Number (J,)

(i) Rock wall contact and
(ii) Rock wall contact before 10 cm shear

4 (a) Discontinuous joint

3 (b) Rough or irregular, undulating small-scale

2.0 (c) Smooth, undulating

1.5 (d) Slickensided, undulating scale

15 (e) Rough or irregular, planar increasing

1.0 (f) Smooth, planar

0.5 (g) Slickensided, planar intermediate-scale
(iii) No rock wall contact when sheared

1.0 (h) Zone containing clay minerals thick enough to prevent rock

wall contact
1.0 (j) Sandy, gravelly, or crushed zone thick enough to prevent rock

wall contact

Notes: Add 1.0 if the mean spacing of the relevant joint set is greater than 3 m.
Jo = 0.5 can be used for planar slickensided joints having lineation,
provided the lineations are favourably orientated.

Descriptions (b) to (g) refer to small-scale features and intermediate-scale
features, in that order.

2 Barton, N., Lien R. and Lunde J. (1974) Engineering classification of rock masses for
the design of tunnel support. Rock Mech., 6, 183-236.
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Joint Alteration Number (J,)

(i) Rock wall contact ¢, (approx.)*
0.75 (a) Tightly healed, hard, non-softening,
impermeable filling, i.e. quartz or epidote
1.0 (b) Unaltered joint walls, surface staining only ~ 25-35"
20 (c) Slightly altered joint walls. Non-softening 25-30°

mineral coatings, sandy particles, clay-free
disintegrated rock, etc.

3.0 (d) Silty or sandy clay coatings, small clay 20-25°
fraction (non-softening)
4.0 (e) Softening or low-friction clay mineral 8-16°

coatings, i.e. kaolinite, mica. Also chlorite,
talc, gypsum, and graphite, etc., and small
quantities of swelling clays (discontinuous
coatings, 1-2 mm or less in thickness)

(ii) Rock wall contact before 10 cm shear

4.0 () Sandy particles, clay-free disintegrated rock, 25-30°
etc.

6.0 (g) Strongly over-consolidated, non-softening 16-24°
clay mineral fillings (continuous, <5 mm in
thickness)

8.0 (h) Medium or low over-consolidation, 12-16°

softening, clay mineral fillings (continuous,
<5 mm in thickness)

8.0-12.0 (i) Swelling clay fillings, i.e. montmorillonite 6-12°
(continuous, <5 mm in thickness). Value of J,
depends on percentage of swelling clay-sized
particles, and access to water, etc.

(iii) No rock wall contact when sheared

6.0, 8.0 (k) Zones or bands of disintegrated or rock and ~ 6-24°
or 8.0-12.0 clay — see (g), (h), (j) for description of clay
condition
5.0 (I) Zones or bands of silty clay, small clay
fraction (non-softening)
10.0, 13.0 (m) Thick, continuous zones or bands of clay —
or 13.0-20.0 see (g), (h), (j) for description of clay
condition

*Values of ¢, are intended as an approximate guide to the mineralogical
properties of the alteration products, if present.
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Stress Reduction Factor (SRF)

(i) Weakness zones intersecting excavation, which may cause loosening of
rock mass when tunnel is excavated

10.0 (a) Multiple occurrences of weakness zones containing clay or
chemically disintegrated rock, very loose surrounding rock
(any depth)
5.0 (b) Single weakness zones containing clay or chemically
disintegrated rock (excavation depth <50 m)
2.5 (c) Single weakness zones containing clay or chemically
disintegrated rock (excavation depth >50 m)
7.5 (d) Multiple shear zones in competent rock (clay-free), loose
surrounding rock (any depth)?
5.0 (e) Single shear zones in competent rock (clay-free) (depth of
excavation <50 m)?
25 (f) Single shear zones in competent rock (clay-free) (depth of
excavation >50 m)?®
5.0 (g) Loose open joints, heavily jointed or ‘sugar cube’, etc. (any
depth)?
(ii) Competent rock, rock stress problems® o /o o /oy
25 (h) Low stress, near surface >200 >13
1.0 () Medium stress 200-10  13-0.66

0.5-2.0 (k) High-stress, very tight structure (usually 10-5 0.66-0.33
favourable to stability, may be
unfavourable for wall stability)
5-10 () Mild rock burst (massive rock) 525 0.33-0.16
10-20 (m) Heavy rock burst (massive rock) <25 <0.16

(iii) Squeezing rock; plastic flow of incompetent rock under the influence of
high rock pressures

5-10 (n) Mild squeezing rock pressure
10-20 (p) Heavy squeezing rock pressure
(iv) Swelling rock; chemical swelling activity depending on presence of water
5-10 (q) Mild swelling rock pressure
10-15 (r) Heavy swelling rock pressure

? Reduce these SRF values by 25-50% if the relevant shear zones only influence,
but do not intersect, the excavation.

®Few case records available where depth of crown below surface is less than
span width; suggest SRF increase from 2.5 to 5 for such cases. For strongly
anisotropic stress field (if measured): 5 < ¢/03 < 10: reduce o, and o, to 0.80,
and 0.80; 01/03 > 10: reduce o, and o, to 0.60. and 0.60, (6. = unconfined
compressive strength, o, = tensile strength (point load), o, and o4 are major and
minor principal stresses).
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Joint Water Reduction Factor (J)

Approx. water
pressure (kg/cm?)

1.0 (a) Dry excavations or minor inflow, e.g. 5 1/min <1
locally

0.66 (b) Medium inflow or pressure, occasional outwash 1.0-25
of joint fillings

0.5 (c) Large inflow or high pressure in competent rock 2.5-10.0
with unfilled joints

0.33 (d) Large inflow or high pressure, considerable 2.5-10.0
outwash of joint fillings

0.2-0.1 (e) Exceptionally high inflow or water pressure at >10.0
blasting, decaying with time

0.1-0.05 (f) Exceptionally high inflow or water pressure >10.0

continuing without noticeable decay

Note: Factors (c) to (f) are crude estimates. Increase J,, if drainage measures are
installed. Special problems due to ice formation are not considered.

When making estimates of Q, the Rock Mass Quality, the following
guidelines should be followed, in addition to the notes in the tables.

(1) When borehole core is unavailable, for the case of clay-free rock
masses RQD can be estimated from RQD = 115 — 3.3J, (approx.)
where J, = total number of joints per m? (RQD = 100 for J, < 4.5).
J, is evaluated as the sum of the number of joints per metre for each
joint set.

(2) The parameter J,, representing the number of joint sets, will often
be affected by foliation, schistosity, slaty cleavage or bedding, etc. If
strongly developed, these features should be counted as a complete
joint set: if they are poorly developed or rarely visible, then it
will be more appropriate to count them as ‘random joints” when
evaluating J,.

(3) The parameters J; and J, (representing shear strength) should nor-
mally be relevant to the weakest significant joint set or clay-filled
discontinuity in a given zone, but the value of J;/J, should relate to
the surface most likely to allow failure to initiate. Thus, if the joint
set or discontinuity with the minimum value of J;/J, is favourably
orientated for stability, then a second, less favourably orientated
joint set or discontinuity may sometimes be more significant, and its
higher value of J;/J, should be used when evaluating Q.

(4) When a rock mass contains clay, the factor SRF appropriate to
‘loosening loads’ should be evaluated. In such cases the strength of
the intact rock is of little interest. However, when jointing is minimal
and clay is completely absent, the strength of the intact rock may
become the weakest link, and the stability will then depend on the
ratio rock stress/rock strength. A strongly anisotropic stress field is
unfavourable for stability and is roughly accounted for as in the note
in the table for SRF evaluation.

(5) The compressive and tensile strengths (o, and of o) the intact rock
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should be evaluated in the saturated condition if this is appropriate
to present or future in situ conditions. A conservative estimate of
strength should be made for those rocks that deteriorate when
exposed to moist or saturated conditions.
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