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FOREWORD

Like a sculpturer, a construction engineer must know best his material with
which or in which he has to work.

The rock, as a construction material, is the most complicated and most
difficult to describe and define with which an engineer has ever to deal with
and still it is the most commonly used building material. We have built in it
and over it right from our appearance on the earth and still it is the material
about which we know the least. It is absolutely necessary to understand it
and control it so that the tragedies of Vajont, Malpasset, Langarone do not
repeat themselves. »

The problems of excavation and construction in rock, whether for mining
of deeper or poorer quality minerals or for underground storage reser-
voirs, deep foundations, water storage dams or high speed transportation
facilities, have become more complicated and wide spread requiring more
stringent economic controls, technical planning and designs requiring an
exact knowledge of the behaviour of immediate rock in particular and the
surrounding rock in general.

The need for a handbook or a reference book containing an overall view
of the material properties as well as the behaviour of the geologic-body and
the methods to determine it had long been felt. This aspect of the field of
rock science has grown so big that not many can keep an overall view of it.
Therefore, this book by these authors who have spent considerable energy
in describing the behaviour of the rock material and rock masses, is all the
more welcomed. This work containing a rich review will be useful in
determining the safety and economic viability of construction work in rock;
an aspect in which there is nothing more important than the knowledge
of the rock behaviour.

With satisfaction one could state that the book contains not only the me-
chanical properties of the rock substance in small hand specimens but also
that of the composite rock mass which is built out of an assembly of such



Vi FOREWORD

elements. The details of the important methods of investigation described
in the book and the analyses of the results obtained are important for a
man in practice.
Without approving any premature standardisation of the methods of testing,
it is hoped that this treatise will particularly give an impulse to the various
attempts of rock mass classification and the unification of the understanding
of the testing techniques.
It is for this purpose I wish this book a wide dissemination.
Prof. Baurat h.c. Dr.-Ing. Dr. mont. h.c.
Leopold Miiller — Salzburg
Division of:Rock Mechanics
Institute of Soil Mechanics and Rock Mechanics -
University of Karlsruhe



Preface

The knowledge of mechanical properties of rocks is essential in any rock
mechanics investigations connected either with mining, tunnelling, drilling,
blasting, cutting or crushing. After predicting the state of stress, strain or
stored energy from the analysis of loads or forces being applied to the rocks,
the behaviour, i.e., fracture, flow, or simply deformation of the rock can
be estimated from these mechanical properties.

The mechanical properties of a rock depend primarily on its mineral com-
position and constitution, i.e., its structural and textural features. They also
depend upon the condition it is in when tested (e.g., temperature, water
content).

In reviewing the factors which influence the mechanical properties, it is
helpful to work progressively from the scale of the single mineral to that of
the rock mass. The properties of a single mineral are a function of its chemical
composition, lattice structure (which determines glide systems), and lattice
defects such as vacancies and dislocations. They also depend on its orienta-
tion relative to the applied stress field and on the mode of load application.

In bulk specimens of intact rock the mechanical properties depend not only
on the properties of the individual minerals, but also upon the way in which
the minerals are assembled. The relevant information is given by a full
petrographic description, which includes the mineral composition of crystals,
grains, cementing materials and alteration products and also the struchire
and texture, including size, shape, distribution and orientation of crystals,
grains, pores and cracks. The degree of isotropy or anisotropy is also im-
portant and varies with the size of the body of rock under consideration.
For example, in schist, gneiss, and other foliated rocks, the constitutive
properties vary with direction even at the microscopic scale, and to the extent
that the mechanical properties even of asmall specimen are affected. However,
in sedimentary rocks, which are generally laminated, the rock within a lamina
may be relatively isotropic, whereas, at a scale that includes the separation
between lamina, the same rock may be relatively anisotropic. On the other
hand, other rocks may be strongly anisotropic even within very thin sheets.
Primary anisotropy, brought about. by preferential orientation during
crystallisation, or by recrystallisation during sedimentation or metamorphi¢
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processes, may be distinguished from secondary anisotropy. brought about
by geologic deformation of the rock.

The rock mass contains planes of weakness that affect its mechanical
properties, making it mechanically anisotropic.* These planes of weakness
may be joints, faults, fractures, partings between beds, or in bedded or
laminated rock, layers of lower strength rock. The mechanical properties
of a rock mass depend upon the following factors:

1. The mechanical properties of the individual elements constituting the
system.

2. The sliding characteristics of the planes of weakness.
3. The configuration of the system with respect to the directions of loading.

4. The operating stress field.

The size or scale of the rock body that is being considered is an important
factorin deciding the testing program for the determination of the mechanical
properties of rock. From an engineering standpoint, if bodies of rock are
being considered at a macroscopic scale, planes of weakness generally are
not a point of concern. Operations such as crushing, grinding. and drilling
occur at this scale. However, at a megascopic scale, e.g., in the excavation
of large underground openings, in large open pit mines, planes of weakness
generally dominate the failure process. This conclusion is borne out by the
observation that the larger part of fracture surfaces created by underground
or slope failures occurs on planes of weakness rather than through fresh
rock.

Virtually all data on the mechanical properties of rock have been obtained
from tests at a macroscopic scale, i.e., on specimens of rock, hand size or
larger, but spef:lﬁcally below a size that would include planes of weakness
of geological origin, €.g., joints, bedding planes, etc.

As yet, data are meager on the mechanical properties of large bodies of rock,
i.e., from tests at a megascopic scale. The requirement for this information
has been realised for some time, but the problems of preparing in situ test
specimens and developing equipment for applying loads of the required
magnitude have been slow in materialising. Several investigators have
studied the effects of mechanical defects such as joints and bedding by testmg :

* This anisotropy is in addition to that due to mineral fabric (schistosity, etc.) that may
be present both on macroscopic and megascopic scales.
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specimens containing either real or simulated planes of weakness in the
laboratory.

Various testing techniques (both laboratory and in situ) have been developed
for the determination of mechanical properties and the results obtained are
often dependent on many factors. )

Probably because of the relative importance of this subject, a large amount
of literature is available from a great number of papers scattered over many
engineering and scientific periodicals and texts, and the proceedings of
several conferences and symposia on the subject of rock mechanics, rock
pressure, mining, etc.

The purpose of this handbook is to present a detailed treatment of the subject
from the widely scattered literature in a simple, clear and logical form.

Volume 1 contains five chapters and an appendix dealing with 1. Specimen
preparation for laboratory tests; 2. Compressive strength of rock ; 3. Tensile
strength of rock ; 4. Shear strength of rock ; 5. Strength of rock under triaxial
and biaxial stresses; afd Stiff testing machines. Volume 2 would contain
Static and Dynamic elastic constants of rock, Rheological properties of rock,
Mechanical behaviour of jointed rock, Large scale testing of rocks, Classific-
ation of rock and Miscellaneous properties of rocks (for details see Contents
in this book).

It is hoped that this handbook will serve students, research workers, de-
signers, practising engineers and members of the teaching staff in equal
measure in the fields of mining engineering, civil engineering, geological
engineering and petroleum engineering. :



ACKNOWLEDGEMENTS

The authors gratefully acknowledge the inspiration given by the many
authors from whose publications materials have been liberally drawn for
the preparation of this book. ‘
Permission to reproduce figures from their publications was kindly given
by various publishers and authors. The author express their thanks to them.
The authors offer their most grateful thanks to Professor Miiller — Salz-
burg, University of Karlsruhe for his continuous inspiration, support and
his emphasis on the subject of rock testing and its importance in practice
and suggestion in writing of this book. The authors are thankful to him for
kindly going through the book and writing a foreword.
The authors are deeply indebted to the following specialists for reviewing
the manuscript (either in whole or in part) and offering many valuable
comments, suggestions and criticisms:
1. Dr. Z. T. Bieniawski, Head, Geomechanics Dmsnoq, National Mecﬁam
ical Engineering Research Institute, South African Council for Scientific
and Industrial Research, Pretoria, South Africa.

2. Prof. S. Budavari, Professor of Rock Mechanics, Umversnty of Wit-
watersrand, South Africa.

3. Mr. P. G. Chamberlain, Head, Property Determination Research Sup-
port, Fundamentals of Rock Failure, Twin Cities Mining Research Cen-
tre, U.S. Bureau of Mines, U.S.A.-

4. Mr. L. A. Endersbee, Civil Engineer, Civil Design Division, Hydro
Electric Commission, Tasmania, Australia.

5. Prof K. W. John, Departments of Geology III (Geotechnique), Institute
of Geology, University of Bochum, West Germany.

6. Dr. J. A. Hudson, Tunnels Division, Transport and Road Research
Laboratory, Department of the Environment, London, England.

7. Prof. E. Hoek, Golder Hoek and Partners, London (formerly Professor
of Rock Mechanics, Royal School of Mines, University of London)
United Kingdom.

8. Prof. T. Ryncarz, Institute of Underground Mining, Academy of Mining
and Metallurgy, Cracow, Poland.

9. Prof. Dr. W. Wawersik, College of Engineering, Department of Mechan-
ical Engineering, University of Utah, Salt Lake City, U.S.A.

The authors wish to express their sincere gratitude to the University of New



x ACKNOWLEDGEMENTS

South Wales and the Institute of Soil and Rock Mechanics, University of
Karlsruhe for facilities provided and wish a special word of thanks to Pro-
fessor A. H. Willis, Pro-Vice-Chancellor, University of New South Wales
for his encouragement in this work.

The authors gratefully acknowledge the assistance provided by the Man-
agement of North Broken Hill Limited in drafting of figures.

The authors are indebted to many colleagues in the preparation of the
manuscript. Among the many others, the authors wish to mention especially
the following;:

Professor J. E. Andersen, Director, Broken Hill Division, University of
New South Wales, for his interest and for providing various facilities.

Dr. R. K. Asthana, Mr. S. Bhandari, Mrs. M. Browne, Mr. R. E. Byrnes

" Mr. R. Burkett, Mr. W. M. Dowd, Mr. C. A. Jenson, Mrs. K. Lynch, Pro-
fessor K. O. O’Brien and Mr. B. Olds for help in one form or the other.

* Mesdames C. 1. Bright, M. Considine, S. A. Nejaim, M. E. Perry, P. Reece,
L. R. Tweedie and L. Watson for the arduous job of typing the manuscript.
Mrs. L. F. Black, Mrs. L. Bollen, Mr. K. J. Murray, Mr. L. Separovich and
Mr. M. P. Singh for preparing figures and photographs.

The authors wish to express their deep appreciation and their profound
gratitude to their wives for their patience and understanding during the
preparation of the manuscript.



CONTENTS
Volume 1

1. Specimen Preparation for Laboratory Tests

1.1. Introduction ........ ... 1
1.2. Sampling ............... O |
1.3, Preparationof Specimens ............................... 3
1.3.1. RegularSpecimens......... ... ... i, 3
1.3.2. TIrregular Specimens . ...... .. ... oo .. 4
1.3.3. Special-shape Specimens . ............................... 5
1.4. Number of Specimens to be Tested . . . . .. e 7
1.5. Summary and Conclusions . ............................. 9

References.............................. e 10

2. Compressive Strength of Rock

21, Introduction .............. ... . 13
2.2. Stress Distribution in Specimens under Compression. .. . . . .. 14
2.3. Mode of Failure of Specimens in Compression ............. 26
2.4, Failure Mechanism of Specimens in Compression .. ........ 28
2.5. Friction Between Platens and End Surfaces ................ 29
2.6.  Specimen GeOmetry. ..............c.... oo, 32
261 Shape....... ... 32
2.6.2. Height-to-diameter Ratio (h/d Ratio)..................... 33
263, Size................... e 38
2.7. Rateof Loading . ........................... ... ........ 44
2.8. Environment...... ... ... .. .. ... .. ... . . . . ... . ... . ... 50
2810 MoISture . ... 50
282 Liquids........... 57
283, Temperature ...... ... 61
2.9.  Mineralogy, Grain Size and Potosity ..................... 61
2.10.  Post-Failure Behaviour of Rock in Compression ........... 61
2.11. Indirect Methods for Estimating Compressive Strength of Rock 68
2.11.1. Testing of Irregular Specimens . ............... .. ....... .. 68
2.11.2. Protodyakonov Test..................... ... .. ......... 73
2.11.3. Impact Strength Test ........................... e 77
2.12. Summary and Conclusions .. ............... ... ....... ... 80

References............... ... ... . . . . . . . . . . . 82



XIV

3.1
3.2
33.

3.3.1.
3.3.2.
3.3.3.
334

3.4.

3.4.1.
3.4.2.
3.4.3.

3.5.
3%6.

4.1.
4.2.
4.3.

4.3.1.
4.32.
4.3.3.
4.34.

44.

44.1.
44.2.
4423.
444
44.5.
4.4.6.

4.5.

4.6.
4.7.

CONTENTS

Tensile Strength of Rock

Introduction . ..... ... ... 87
Direct Method ....... ... ... ... ... .. 87
Indirect Methods ............................. e 95
Bending Tests ............. ..o, 95
Hydraulic Extension Tests............................... 103
Diametral Compressionof Dises . ........................ 105
Miscellaneous Methods. ................................ 123
Testing of Specimens of Irregular Shape ... ................ 131
Direct Test. ... ..ot 131
Hydraulic Extension of Irregular Ring .. .................. 132
Compression of Irregular Specimens...................... 132
Comparison of Results Obtained by Different Methods ... .. 133
Summary and Conclusions . ........................... .. 136
References..............oo oo, 138
Shear Strength of Rock

Introduction .......... ... . i 141
Method of Determining Shear Strength by Torsion ......... 142
Methods in which the Normal Stress on the Shearing Plane is
ZeIO . oo 146
Single Shear Test. . .............. i, 146
Double Shear Test .............................., e 146
Punch Test............... . ... . . . . . 147
DIiSCUSSION . . ...ttt 147
Methods of Determining Shear Strength with Compression .. 148
Single Shear with Compression of Cylindrical Specimen .. . .. 149
Single Shear with Compression of a Cube-chaped Specimen.. 154
Double Shear with Compression of a Prismatic Specimen. ... 154
Single Shear with Compression between Bevelled Dies. . . .. .. 158
Method of Constricted Oblique Shear. .................... 164
Triaxial Test...................... P 165

Estimation of Shear Strength Employing MOHR’s
Representation of Uniaxial Tensile and Compressive Strength 166

Comparison of Results Obtained by Different Methods .. ... 167
Summary and Conclusions . .............. ... .. .. ... .. .. 170
References....... ... oo 172

Strength of Rock Under Triaxial and Biaxial Stresses
Introduction ......... ... .. .. . ... ... ... 175



5.2.
5.3.

5.3.1.
5.3.2.
5.33.
5.3.4.
5.3.5.

54.

5.4.1.

5.5.

5.5.1.
5.5.2.
5.5.3.
5.5.4.

5.6.

5.6.1.

5.6.2.

5.6.3.

5.7.
5.8.

5.8.1.
5.8.2.
5.8.3.

5.9.

CONTENTS XV

Testing Techniques .. ..........oooiiii s 175
Conventional Triaxial Test ..................... e 176
Stress Distribution in Specimens under Triaxial Compression. 177
Measurement of Strain ............ .. .. ... .. 180
Testing Equipment . ....... ... .. ... .. e 181
Results . ... i e 189
Modes of Failure of Rocks .. .................... ... ..., 216
Polyaxial Test ....... ... . oot 219
Results. ... ... i 221
Miscellaneous Tests .. ......cooviiiiiiinie i nnnn.. 283
Torsion of Solid Cylinders under Compression ............. 223
Punching under Confining Pressure....................... 224
Brazilian Test under Confining Pressure . .................. 224
Hollow Cylinders under Compression. .................... 225
Strength of Rock under Biaxial Stress..................... 230
Hollow Cylinder Subjected to Bxternal Hydrostatic Pressure

and Axial FOrce . ........ i 230
Cube Compressed Simultaneously between Two Pairs of Its

Faces ..o e 231
Results. ... .o i e 231
Determination of Shear Strength from Triaxial Tests :....... 233
Failure Criteria. . .. ....oviutertit i, 236
Coulomb-Navier Criterion .......................c0o.... 238
MOHR'S Criterion . .. ...ttt 241

GRIFFITH’S CIiterion. . .. ..o n e iiiiiieeinns 242
Summary and Conclusions . ... ...............0.......... 247
References......... e U 248
Appendix

Stiff Testing Machines .. ............ ... .. ... ... ...... 253
Concept of Stiff Testing Machines........... e 253
Stiffness of a Testing Machine ........................... 256
Development of Stiff Machines for Testing-of Rocks ........ 262
References....... ... .. 266
Aboutthe Authors................. .. ... . ...........4 . 26N
AuthorIndex ... ... . .. . . i 270
Subject Index .............. ... ... ..., 274
Advertiser’s Index .......: P 281



XVI

6.1.
6.2.

6.3.
6.4.
6.5.

6.6.
6.7.
6.8.
6.9.

6.10.
6.11.
6.12.

7.1.
7.2.
7.3.
7.4.

7.4.1.
7.4.2.

7.4.3.

7.5.
7.6.
7.1.
7.8.

8.1.
8.2%

8.2.1.

CONTENTS

Volume 11

Static Elastic Constants of Rock

Introduction ............ it
Specimen Preparation for Determination of Static Elastic
Constants in Laboratory . ........... .. ... ... ... ... ...
Use of Mechanical Dial Gauges..........................
MARTENS Mirror Gauges. ....................o..oo...
Electrical Resistance Strain Gauges......... feeiieeeneeens
(1) Cantilever Type Total Contraction Indicators ...........
(2) LEEMAN and GROBBELAAR Compressometer .. ...........
Linear Voltage Differential Transformers ..................
Modutus of Elasticity in Bending. . .......................
Determination of Elastic Constants from Brazilian Tests. . . ..
Determination of Elastic Constants from Triaxial Tests . ... ..
Modulus of Rigidity. ................ ... . ... ..
Stress-Strain Curvesof Rocks ................. ... ... ..
Summary and Conclusions . . ............................
References . .........oiiiiiiiinnii i

Dynamic Elastic Constants of Rock

Introduction ..........c. ittt
ElasticWaves ...... ...t
Velocity of Propagationin Rocks.........................
Methods of Determining Dynamic Elastic Constants. .......
Resonance Frequency Method . ..........................
(D USBM.Apparatus ............c. oiiiiiinnnennn..
(2) PauL-LEComPTE Method. . .......... e
(3) SUTHERLAND Method .. ........... ... ... ... ... ....
(4) Evans and POMEROY Method . ........................
Wave Propagation Method ..............................
Some Remarks on Resonance and Wave Propagation Methods
Determination of Dynamic Elastic Constants in Situ ........
Comparison of Dynamic and Static Elastic Constants of Rocks
Summary and Conclusions .. ......... ... .. .. ............
References . ... ... .

Large Scale Testing of Rocks

Introduction ........ .. ... ... .
Large Scale Laboratory Tests . ...........................
Shear Tests. . .. ... o



8.2.2.
8.3.
8.4.
8.5.
8.5.1.

8.5.2.
8.5.3.
8.6.

8.7.

8.8.
8.9.
8.10
8.11.
8.12.

8.13.
8.14.
8.15.

9.1.
9.2
9.3.
94.
9.5.
9.6.
9.7.

CONTENTS XVII

Triaxial Tests .. ............ e
Types of Large Scalein Situ Tests ........................
Uniaxial Compression Tests . ............................
Deformation Tests of Rock in Situ .......................
Plate bearingmethod . ..................................
(1) Theoretical Basis. .. ................ ... . ...........
() Test Technique. . ............... e,
(3) TestinginOpen Pits . ................ ... c.cviueun...
(4)TestinginTunnels. ................. ... ... .........

Modifications of Plate Bearing Tests . .....................
Some Comments on Plate Bearing Tests. ..................
Pressure Tunnel Tests...................................
(1) Austrian Method . ............ .. ... . L
(2) Yugoslavian Method . ............... ... ... ... L.

Miscellaneous Methods.............. ... . ... ... .

(1) Cylindrical Jack Method .. ...........................
(Q)CableTestMethod . ...,
(3) Combined Cylindrical Jack and Cable Test Method . . .. ..
Large Scale Triaxial Testsin Situ . ........................
Constrained Tests .. .......ooiitiiiit e

In Situ Uniaxial Strengthof Rock ........................
In Situ Shear Tests ............................ e
(1) Parallel Load Test

(2) Inclined Load Test ............ ... ... .....ccvcuui ..
(3) Results of In-Situ Shear Tests . .. ......................
Tensile Strength of Rock in Situ..........................
Torsion Testing of Rock in Situ ..........................
Summary and Conclusions .. ............................
References......... ... ... ... ... ............. AU

Rheological Properties of Rocks

Introduction ........ ... ...
Elasticity and Plasticityin Rocks.........................
Rheological Models — Simple Behaviour ..................
Rheological Models — Complex Behaviour. ................
CreepTest Equipment ............ ... ... . ...........
Time Strain Curve .. ... e e



XVIII

9.8.

9.9.

9.10.
9.11.
9.12.
9.13.
9.14.

10.
10.1.
10.2.
10.3.
10.4

-10.5.
10.6.
10.7.
10.8.
10.9.
10.10.
10.11.
10.12.
10.13.
10.14.
10.15.

11.
11.1.
11.2.
11.3.
11.4.
11.4.1.

12.
12.1.

CONTENTS

Factors InfluencingCreep...............................
Creep of Rock In-Situ......... et
Creepoffractured Rock ............... ... ... ..........
Transverse Creep and Microfracturing ....................
Theories of Rock Creep. . .......coiiviiiiiin i
Time-dependent Strengthof Rock........................
Summaryand Conclusions .. ............................
References............ ... .. ... .. ..

Mechanical Behaviour of Jointed Rocks

Introduction ........ ... .. ... ..
Mechanical Behaviour of Individual Elements. .............
Theory of Sliding Along a Joint ..........................
Influence of the Configuration of the System with Respect to
theStress Field ........... ... ... ... ... .. ... ........
Investigations on Friction Along Joints ...................
Factors Influencing Frictional Resistance of Rock Surfaces . .
Dilatation of Joints ................ooooi
Scale Effectin Joints ............. ... ... ... U
Physical Process of Sliding Between Joint Surfaces..........
Phenomenon of Stick-Slip...............................
Uniaxial Compressive Strength of Jointed Rock (Model Tests)
Direct Shear Strength of Jointed Rock (Model Tests). ... . ...
Strength of Jointed Rock under Triaxial Loading (Model Tests)
Deformation of Jointed Rock Mass ......................
Summary and Conclusions . .............................
References.............oooiiiioun .

Engineering Classification of Intact-Rock .......... Jeeean
Engineering Classification of Rock-Mass ..................
Classification of Rock for Tunneling and Underground

Chambers .......... . e
Summary and Conclusions .. ............................

References....................... e, e el

Miscellaneous Properties of Rocks
Specific Weight ................. e :



12.2.
12.3.
12.4.
12.5.
12.6.
12.7.
12.8.
12.9.

CONTENTS XIX

Bulk Weight. .......
Porosity ...........
Grain Size .........

Natural WaterContent .......... ... ... ................
Complete Saturation Capacity............................

Permeability .......
Swelling Index ....

Slake-Durability Index ........ .. ... . ... ... .. .. .. .. ..
Appendix — I Stereographic Projections. ...................
Appendix — II Terminology/Definitions of Rock Mechanics

Terms



CHAPTER 1
Specimen Preparation for Laboratory Tests

1.1. Introduction

Proper sampling of the rock mass and preparation of specimens require
considerable care and effort. The samples collected must truly represent
the parent body. The preparation of specimens takes up much of the time
allocated for tests. Often the results are widely scattered. This poses the
problem as to how many specimens are required for the test. These various
points are dealt with in this chapter.

1.2. Sampling

Sampling should be proper because the samples collected must truly re-
present the rock mass, the properties of which are to be determined. Rock
masses, in general, are non-homogeneous and the properties of the samples
taken from one portion of the rock mass may be altogether different from
those taken at another location.

The averages calculated from test results would be affected if certain portions
of the deposit are not sampled. This leads to the important conclusion that
samples should be collected from all portions of the deposit.

To ensure proper sampling, lithological studies of the deposit are made and
regions which differ markedly in their mineral composition, nature of the
cementing material, texture and degree of alteration are marked on the
cross-section of the deposit. Very often, changes in the colour of the mineral,
reflectivity and bands help in delineating these regions on the spot by visual
examination.



