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Foreword

The International Society for Rock Mechanics (ISRM) is continuing to grow year by year.
At the time of writing in early 2014, the Society has more than 7,000 individual members
from 54 countries, together with close to 150 corporate members. Moreover, there has been a
continuously increasing ISRM membership over the last 10 years. Commensurate with these
statistics, there has been a corresponding increase in the Society’s activities—not least of
which has been the work of the Testing Methods Commission which produces the ISRM
Suggested Methods. These documents provide guidance to readers on characterisation,
testing and monitoring for a wide range of rock mechanics and rock engineering applications.

The ISRM Testing Methods Commission is led by Prof. Resat Ulusay. In order to produce
each Suggested Method, a Working Group is established with its own Chairman and
Members who have expertise in the particular subject being considered. The draft Suggested
Method thus generated is then subjected to rigorous review, a process which includes the
ISRM Board members. The Suggested Method is then published as an individual item: in
earlier years, this was in the International Journal of Rock Mechanics and Mining Sciences;
and, more recently, in the Rock Mechanics and Rock Engineering Journal.

In order to provide access to all the Suggested Methods in one volume, the ISRM Blue
Book was published in 2007 (by the ISRM via the Turkish National Group) and contains the
complete set of Suggested Methods from 1974 to 2006 inclusive. Since that time, and as a
result of the enthusiasm and dedicated work of Prof. Ulusay and his colleagues, many more
Suggested Methods have been generated—Ieading to this Orange Book, published by
Springer Science, which contains the ISRM Suggested Methods generated from 2007 to
2014, as well as some related articles.

It is with great pleasure and with gratitude to the industrious and pertinacious Prof.
Ulusay, together with everyone who has been involved in the production of the Suggested
Methods, that we introduce this ISRM Orange Book. We know that the contents will be of
great assistance to the rock mechanics and rock engineering community. Thus, we hope that
this Orange Book volume will be as successful as its Blue Book predecessor.

John A. Hudson, ISRM President, 2007-2011
Xia-Ting Feng, ISRM President, 2011-2015



Preface

One of the main areas of interest for civil, mining and geological engineers is “rock
engineering”. After the establishment of the International Society for Rock Mechanics
(ISRM) in 1962, led by Prof. Leopold Miiller from Salzburg (Austria), important contribu-
tions to rock mechanics and rock engineering have been provided by worldwide efforts over
the last 52 years. The main products of ISRM’s work have been generated by its internal
Commissions as appointed by the ISRM President and the Commission Presidents. These
Commissions are designed to develop practical solutions, methods and data for the wide
spectrum of rock engineering problems. Starting with the need to develop a common ter-
minology for the properties of rock material and rock masses and the tests by which they are
measured, a Commission on Standardisation of Laboratory and Field Tests (now the ISRM
Commission on Testing Methods) was established at the time of the first ISRM Congress,
held in Lisbon in 1966.

The tests are published as “Suggested Methods” (SMs)—a term which has been carefully
chosen: these are not standards per se; they are explanations of recommended procedures to
follow in the various areas of rock characterisation, testing and monitoring. If practitioners
and researchers have not been involved with a particular subject before and it is described in
an ISRM SM, they will find the guidance to be most helpful. The SMs can be used as
standards on a particular project if required, but they are intended more as guidance. The
methods provide a definitive procedure for the identification, measurement and evaluation of
one or more qualities, characteristics or properties of rocks or rock masses and they produce
test results.

The ISRM SMs, thus produced by the ISRM Commission on Testing Methods, are
developed and established within the consensus principles of the ISRM and approved
according to a strict set of ISRM procedures and regulations. When a proposal for a method is
accepted by the Commission, a draft document is written by a Working Group (WG) and sent
to at least three experts for review. Following revision and further comments by the Com-
mission members, the final document is approved by the ISRM Board as an ISRM SM and
submitted to a journal for publication without further review. Since 1974, the ISRM Com-
mission on Testing Methods has generated a succession of SMs covering a wide range of
subjects. One SM was published in “Rock Mechanics” (at present “Rock Mechanics and
Rock Engineering—RMRE”) of Springer Verlag in 1977, while the remaining ones were
published in the “International Journal of Rock Mechanics and Mining Sciences—IJRMMS”
of Pergamon Press (an imprint of Elsevier) until 2012. In 2012, RMRE started to publish the
ISRM SMs.

The first collection of the ISRM SMs was organised by Profs. Richard Bieniawski and
John Franklin and issued in 1981 as the ISRM “Yellow Book” which was edited by Prof. Ted
Brown and published by Pergamon Press. Professor John A. Hudson was the President of the
ISRM Commission on Testing Methods between 1987 and 2006 until he was elected as the
ISRM President for the period 2007-2011. During his Commission Presidential tenure, he
continued with the production of the SMs and their publication in the IJRMMS, and initiated
a system where the documents were produced more in the form of papers—so that the authors
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would receive full citation recognition of their efforts. This development was most successful
and the number of new ISRM SMs has steadily increased after 1981.

After his election to the Presidency of the ISRM for the period 2007-2011, Prof. Hudson
asked Prof. Ulusay if he would take over the Testing Methods Commission, which he did in
2006. With the 1981 Yellow Book becoming out of print, a new collection containing the
complete set of ISRM SMs, from 1974 to 2007, became necessary. In 2007, a book, called
the ISRM “Blue Book”, which includes the complete set of 40 SMs generated between 1974
and 2006, was edited by Profs. Resat Ulusay and John A. Hudson and published by the ISRM
Turkish National Group. This book was well received and many copies have been distributed
worldwide.

However, since 2006, and under the overall leadership of Prof. Ulusay, the ISRM Com-
mission on Testing Methods has established 21 new Working Groups (WGs) for developing
new and revised/upgraded ISRM SMs. Between 2006 and 2014, 16 WGs have produced a
total of 21 new or upgraded ISRM SMs, which have been approved by the ISRM Board as
ISRM SMs. It is also possible for new SMs to be developed through cooperation of two
ISRM Commissions. An example of this is the new SMs entitled “SMs for Determining the
Dynamic Strength Parameters and Mode-I Fracture Toughness of Rock Materials”—which is
a product of the ISRM Commission on Rock Dynamics and the ISRM Commission on
Testing Methods.

The current book, called the ISRM “Orange Book™, now contains a total of 21 separate
new and upgraded ISRM SMs that have been generated between 2009 and 2014, and is being
published as a supplementary volume to the 2007 “Blue Book”. The SMs are collated here in
four parts, namely: “Laboratory Testing”, “Field Testing”, “Monitoring” and “Failure
Criteria”. Tests and measurements carried out in the laboratory and field have been cate-
gorised into two separate sub-divisions. Although some index tests, such as the “Schmidt
Hammer Test” and “Needle Penetration Test”, can be performed either in the laboratory or
in the field using portable laboratory equipment, they are considered in Part I (Laboratory
Testing). It should be noted that the 1975 version of the “SM for Laboratory Determination
of the Shear Strength of Rock Joints”, and 1978 versions of the SMs concerning “Schmidt
Hammer Test” and “Sound Velocity by Ultrasonic Pulse Transmission Technique” were
revised in 2013, 2009 and 2013, respectively, so only the updated versions of these SMs have
been included in this compilation. In Part II (Field Testing), the tests concerning rock mass
displacements, observations on rock fractures and in situ properties of rock masses, and
establishing a model for the in sifu stress at a given site (the latter being a supplementary SM
for the series of in situ stress measurement techniques published in the Blue Book) are
included. Part III (Monitoring) includes only a new method for monitoring rock displace-
ments using the Global Positioning System (GPS).

In the application of rock mechanics to rock engineering design, one of the most important
issues is the failure of rock: while the failure of rocks is highly desirable during the exca-
vation process, it should of course be avoided or at least controlled in structural rock
mechanics applications. For this reason, the failure of rock has been one of the most
important research subjects since the formation of the ISRM. However, over the years, it has
become difficult to decide which failure criterion can/should be used in specific situations.
The ISRM Commission on Testing Methods set out to prepare SMs for Failure Criteria to
provide guidance on the nature and characteristics of six existing failure criteria and
to suggest circumstances when they could be employed. It is not appropriate for the ISRM to
dictate which criteria should be used because rock engineering circumstances can vary:
rather, the intention of these SMs is to inform readers about the background, formulation,
related experimental data, advantages and limitations, plus recommendations concerning the
six criteria. These SMs, which are included in Part IV (Failure Criteria), will assist readers in
understanding the nature of each of the failure criteria and hence enable them to make more
informed and hence appropriate choices concerning which criterion to utilise in any given
circumstance.
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The Orange Book also includes two supplementary, but non-SM, documents. One of them
is entitled “3D Laser Scanning Techniques for Application to Rock Mechanics and Rock
Engineering” by Quanhong Feng and Kennert Roshoff. The 3-D laser techniques have been
used in many engineering fields over the last 20 years and show great promise for charac-
terising rock surfaces. The original development of the document commenced in 2007 and
was conducted during the 2007-2011 ISRM Presidential period of Prof. Hudson through the
Swedish National Group of ISRM. The motivation for the work was to produce a compre-
hensive report explaining the techniques and advantages of laser scanning for rock
mechanics/rock engineering use. Thus, the ISRM Commission on Testing Methods consid-
ered that a report concentrating on the description of the laser scanning capabilities, plus the
actual and potential rock mechanics applications, would be of great benefit to the ISRM
members and the rock engineering community at large and so it is included in the Orange
Book as a supplementary document.

The other supplementary document is titled “The Present and Future of Rock Testing:
Highlighting the ISRM Suggested Methods”. This document was presented by the Editor of
this book at the 7th Asian Rock Mechanics Symposium (ARMS?7) in 2012 in Seoul, Korea, as
a Keynote Lecture. Following the permission given by the ARMS7 Organising Committee,
the tables in the paper are updated to reflect the latest situation of the ISRM Suggested
Methods and the slightly revised version of the paper is included in this book. The members
of the ISRM Commission on Testing Methods enthusiastically supported the suggestion from
one of its members that the Editor’s Keynote paper on the Commission’s work should be
included as the first item in the Orange Book in order to provide the historical and current
contexts for the production of the Suggested Methods.

New and revised ISRM SMs will continue to be published individually in the journal
RMRE as they become available. I believe that feedback and contributions from users are
essential for the development of new SMs and updating of the current SMs. Those who can
suggest improvements to the published SMs or wish to recommend new techniques or
instruments for publication in an SM form are urged to send full details of their proposals to
Prof. R. Ulusay, President of the ISRM Commission on Testing Methods, at
“resat@hacettepe.edu.tr”.

The publication of this Orange Book could not have been possible without the kind help,
efforts, contributions and cooperation of several colleagues. I should like to kindly
acknowledge the generous efforts and contributions of all those who have participated and
assisted (Chairmen and Members of the Working Groups) in the preparation of the SMs from
2007 to 2014, which numbers many tens of experts. The names of the contributors to each
published SM are listed on the title page in each case. Many thanks go to all the contributing
experts for their kind reviews and constructive suggestions for the improvement of the SMs
before their approval.

I give heartfelt thanks to: the Commission members; Profs. John A. Hudson and Xia-Ting
Feng (not only as the Commission members, but also as the past (2007-2011) and present
(2011-2015) ISRM Presidents, respectively), Prof. Sergio Fontoura, Dr. Eda de Quadros,
Prof. Hasan Gercek, Prof. Ove Stephansson, Prof. Yuzo Obara, Dr. Robert J. Fowell, Dr.
Nuno Grossman, Dr. Don Banks (passed away in 2013), Prof. Frederic Pellet, Dr. Chulwhan
Park and Dr. Jose Muralha for their enthusiasm, support and kind contributions since 2006.
Dr. Luis Lamas (ISRM Secretariat) and all ISRM Board members (2007-2011, 2011-2015)
are also kindly acknowledged for their sincere support and constructive comments on the
SMs during the approval stages.

In addition, I greatly appreciate Dr. Nick Barton’s kindness for permission to use his
original figure on the cover page of the book and his brief explanation of the figure and for his
colleague Ricardo Abrahao from Brazil for his fine drawing of the figure. I am also extremely
grateful to Prof. Giovanni Barla, the Editor of RMRE journal, for his enthusiasm, kind
cooperation and efforts to ensure rapid publication of the ISRM SMs in the journal since
2012, together with his help in the publication of this Orange Book through Springer Verlag.
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Drs. Quanhong Feng and Kennert Roshoff are acknowledged for their kind preparation of
their detailed report on laser scanning which is included in the book.

Elsevier is kindly acknowledged for allowing the ISRM to reproduce the two SMs in this
printed form and I am sure that its generosity will be appreciated not only by the ISRM
members but also by the whole rock mechanics and rock engineering community at large.

March 2014 R. Ulusay
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Resat Ulusay

1 Introduction

The term “Rock Mechanics” refers to the basic science of
mechanics applied to rocks, whilst the term “Rock Engi-
neering” refers to any engineering activity involving rocks
(Hudson and Harrison 2000). The application of mechanics
on a large scale to a pre-stressed, naturally occurring
material is the main factor distinguishing rock mechanics
from other engineering disciplines. Although, as early as
1773, Coulomb included results of tests on rocks collected
from France in his paper (Coulomb 1776; Heyman 1972),
the subject of rock mechanics started in the 1950s from a
rock physics base and gradually became a discipline in its
own right during the 1960s. Rock mechanics was born as a
new discipline in 1962 in Salzburg, Austria, mainly by the
efforts of Professor Leopold Miiller and he officially
endorsed at the first congress of the International Society for
Rock Mechanics (ISRM) in 1966.

Since the formation of the ISRM, there have been many
developments and technological advances in both rock
mechanics and rock engineering. Nevertheless, the subject
remains essentially concerned with rock modelling behav-
iour, whether as a research subject or to support the design
of structures to be built on or in rock masses. The models
developed depend critically on the input parameters, such as
boundary conditions (i.e. in situ stresses), rock material and
rock mass properties. As seen from Fig. 1, site

This supplementary document was presented by the Editor of this
book in ARMS7 Symposium held in Seoul, Korea, in 2012, as
keynote lecture. Based on the permission by the ARMS7 Organizing
Committee, the tables in the paper are updated to reflect the latest
situation of the ISRM Suggested Methods and its slightly revised
version is included in this book.

R. Ulusay (X))

Department of Geological Engineering, Hacettepe University,
06800, Beytepe, Ankara, Turkey

e-mail: resat@hacettepe.edu.tr

investigations and laboratory and field tests provide
important inputs for rock modelling and rock engineering
design approaches. Therefore, determination of rock prop-
erties both in the laboratory and for in situ and monitoring
of rock behaviour and rock structures, provides some of the
main important areas of interest in rock mechanics and rock
engineering, which are commonly applied to engineering
for civil, mining and petroleum purposes.

The knowledge of a material’s ability to safely sustain a
load (or indeed a displacement) before breaking has been of
paramount importance to man ever since structures were
first built. It is difficult to conceive that the qualitative
ranking of softwoods, hardwoods and stone were unknown
in the Neolithic time, and the earlier civilizations such as
Turanian, Indian, Chinese, Greek, Egyptian and Roman
civilizations clearly had an understanding of material
strength perhaps purely based on experiences initially.

Mechanical testing of materials has been carried out
since about 1500 and testing machines have been in exis-
tence since the early 18th century (Timeshenko 1953; Gray
1988). In the 1920s, Josef Stini was probably the first to
emphasise the importance of structural discontinuities as
related to the engineering behaviour of rock masses. Other
notable scientists and engineers from a variety of disci-
plines, such as von Karman (1911), King (1912), Griggs
(1936), Ide (1936), and Terzaghi (1946) worked on the
failure of rock materials. In 1921, Griffith proposed his
theory of brittle material failure and in 1931 Bucky started
using a centrifuge to study the failure of mine models under
simulated gravity loading. However, after the formal
development of rock mechanics as an engineering discipline
in the early 1960s, better understanding of the importance of
rock mechanics in engineering practice, increasing demands
from rock engineering studies and rapid advances in tech-
nology resulted in development of a number of laboratory
rock testing methods.

In addition, recognition of the fact that test results from a
small specimen of rock cannot be directly applied to solve
all rock engineering problems (unlike the case of soils,

R. Ulusay (ed.), The ISRM Suggested Methods for Rock Characterization, 1

Testing and Monitoring: 2007-2014, DOI: 10.1007/978-3-319-07713-0,
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Fig. 1 Flowchart of rock
mechanics modelling and rock
engineering design approaches
(Feng and Hudson 2011)
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excepting rockfills), focused attentions on the development
of in situ tests and monitoring techniques in rock mechan-
ics. During this period, the efforts by the Commissions
established by the ISRM also contributed to the develop-
ment of experimental methods in rock mechanics and rock
engineering by motivating the researchers. Accordingly,
since 1974, the ISRM Commission on Testing Methods has
spent considerable effort in developing a succession of
ISRM Suggested Methods (SMs) for different aspects of
rock mechanics through the contribution of a number
of Working Groups.

In the first part of this paper, a brief history of both lab-
oratory and in situ rock testing and monitoring techniques,
and the main near-future trends associated with experimental
methods in rock mechanics are introduced. The emphasis in
the second part of the paper is on providing brief information
about the tasks of the ISRM Commission on Testing Meth-
ods, general principles followed in developing the ISRM
SMs, the stages followed in their evaluation and recent pro-
gresses related to the ISRM SMs. Because of limitations of
space, the references given for the advances listed in the
following part of the paper are intended to provide examples
of the significant contributions made to the various topics or
techniques being discussed and are not intended to be either
fully exhaustive or definitive.

2 Historical Background: From the Past
to the Present

Interest in materials had began and mechanical testing
procedures possibly have been developed thousands of
years ago during one of the eras when large-scale wood and

stone structures were being built. Mankind has been uti-
lizing rocks in different forms since early times. The earlier
uses involve the natural caves and cliffs for accommodation
and protecting people against their enemies. They also
utilized rocks as excavation tools and creating flames
through friction of rock. Although some of them were ini-
tially accidental findings, they later improved their knowl-
edge and know what type of rocks can be used. The positive
science, which constitutes the basics of rock mechanics and
rock engineering of the modern time, is said to have been
started following the Renaissance period. However, it is
quite arguable who were the pioneers of mechanical laws
governing solids and fluids and their testing and monitoring
techniques in view of huge engineered structures related to
rock built in the lands of Turan, China, India, Middle East
(Sumerians, Iranian, Akadian, Urartu etc.), Egypt, Central
America, Peru as well as Roman and old Greek lands and
some of which were built more than thousands years ago
with a high precision of modern days. There are many
historical remains related to rocks from various civilizations
all over the world such as Sumerians (originally from
Central Asia), Turanian, Anatolian, Egyptian, Indian, Chi-
nese, Peruvian, Maya, Aztecs, Iranian, Roman and Greek.
Mankind built underground structures in past, and some
examples can be still found in the Cappadocia region of
Turkey (2000 BC-500 AD) as underground or semi-
underground cities, and tombs of pharaohs in Thebes of
Egypt (3000-2300 BC), Ajanta and Ellora caves (started to
be built in 200 BC) in India and Kizil Cave and Bezelik
excavated in reddish sandstone during 420-589 AD in East
Turkistan (Uyguristan), Kandovan underground caves in
Azerbaijan. Karez in Turkistan, Qanats in Iran are the well-
known irrigation tunnels built in many arid regions of the
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Fig. 2 Examples of man-made historical underground structures: a Cat (Cappadocia, Turkey), b Bezelik (East Turkistan), ¢ Tebes (Egypt),

d Ajanta Caves (India) (after Aydan 2012a)

Fig. 3 Progress of opening excavation techniques in old Egypt: a shale, b roof limestone and sidewall shale, ¢ limestone (after Aydan and Genis

2004; Hamada et al. 2004)

world (Fig. 2). Karez network started to be built in 206 BC
is about 5,000 km long with 1,100 wells in Turfan in East
Turkistan. The excavations were even carried in very hard
rocks such as basalts. The underground excavations in the
Capadocia region are very extensive and reaching to a depth
of 80 m below the ground surface with amazing natural
ventilation systems (Aydan and Ulusay 2003).

One can easily notice the progress of understanding
short- and long-term characteristics of rocks in the King,
Queen and West valleys by the builders of underground
Pharaoh tombs in Luxor area in Egypt (Aydan and Genis
2004). They first selected soft shale formation for siting the
underground tombs at earlier stages in view of available
excavation tools at that time. Since shale easily deteriorates,
the tombs should had been suffering from some stability
problems in the roof as seen in Fig. 3a. For this reason, they
probably had chosen later the limestone as the roof layer
while sidewalls and floor was within the shale layer

(Fig. 3b). However, the limestone layer just above the shale
formation (transition zone) is highly jointed, they should
had again experienced the roof stability problems for large
span excavations as seen in Fig. 3c. The advance in exca-
vation techniques and tools and better knowledge of rock
characteristics with time should had lead the tomb builders
to choose the soft-limestone layer for siting the under-
ground tombs. In some underground tombs, the builders
seem that they had designed and built the tombs by fol-
lowing the geometry of the soft limestone layer. The ori-
entation of chambers and their dimensions, the number of
pillars and their sizes should had been done according to
some computations as no randomness is observed in the
in situ investigations at all (Aydan and Genis 2004; Hamada
et al. 2004). Some underground mining activities existed in
Anatolia as early as 3000 BC. The Goltepe tin underground
mines near Toros (Taurus) mountains are found to be at
least 5000 years old (Kaptan 1992).
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Fig. 5 Underground quarries in a Egypt (Qurna) and Anatolia (b. Bazda and, ¢. Kusini) (Kulaksiz and Aydan 2010; Aydan and Kumsar 2005)

Pyramids made of huge rock blocks to achieve both
structural stability under both static and dynamic loading
conditions for thousands years and those in Egypt are well
known worldwide (Fig. 4a). However, some pyramids have
been recently unearthed in Peru, Mexico, Bosnia and
present China. The pyramids near Xianyang (Fig. 4b) in
present China were constructed by Proto-Turks (Proto-
Uygurs) about 3000 BC, which makes them oldest pyramids
of the world and it confirms the hypothesis that pyramids in
Egypt built by people who migrated from Central Asia due
to climate change and dried inland seas such as Taklamakan
and Gobi Deserts. Besides the good mechanical interlocking
of rock blocks, there are caverns within these pyramids. The
roof of these caverns consists of beams of hard rock (mainly
granite) with blocks in sidewalls put together to form to
create inverted V-shape or trapez shape arches (like
Sumerian arches). Of course, the beams were dimensioned
in a way that they can resist tensile stresses induced by
bending due to surcharge loads for thousands years.

As seen in Fig. 5, one can find also some ancient
underground quarries in Anatolia and Thebes (Kulaksiz and
Aydan 2010, Aydan and Kumsar 2005). Amenophis III
Quarry at Qurna of Thebes region of Egypt, limestone
mining started probably 3350-3500 years ago. Bazda
Quarry at Harran, Urfa region of Turkey probably was
opened 4000 years ago by Sumerians (Kulaksiz and Aydan
2010). At Qurna, there are lines and inscriptions, which
explain daily progress records and indicator of calculating

the payments of excavations workers. The observations are
compared with theoretical estimation according to the sta-
bility evaluation methods based on bending and arching
action of beam with the consideration of rock mass strength
evaluations and the results for Qurna and Bazda are con-
sistent with the bending and arching action evaluations of
beams.

Aphrodisias is one of the antique cities built by using the
marble blocks excavated from the marble quarries nearby.
The first school for sculptures and artifacts of marble in his-
tory was established in Aphrodisias in Karia, which is one of
great Anatolian civilizations (Erim 1986). Quarries are usu-
ally bounded by fracture zones such as normal faults (Kumsar
et al. 2003). It seems that the quarrymen of Aphrodisias had a
good and advanced knowledge of how to utilize the structural
discontinuities to their advantage for excavation and extrac-
tion of marble blocks as well as to initiate the quarrying
operations (Fig. 6). Bedding or schistosity planes are used as
the bottom surface of blocks since they can be easily sepa-
rated from the layer below. This further implies that the
quarrymen did also have the knowledge of anisotropy of
tensile strength of rocks. It is also interesting to note that
Sumerians found that they can increase the strength of clay
bricks by straw fibers and firing them and can create open
spaces by utilizing inverted V or U shape arches.

These achievements can not be simply intuitive and an
experience only and there is no doubt that there are some
mechanics and mathematics behind in their achievements,
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Fig. 6 Rock column or block
extraction techniques in Egypt
and Anatolia: a slots around the
unfinished obellisk in Aswan
(Egypt) (Hamada et al. 2004),

b slots around a marble block in
Aphrodisias (Turkey) (Kumsar
et al. 2003)

which need further through investigations to understand our
ancestors achievements in rock mechanics and rock engi-
neering. All these earlier civilizations have precise unit
systems for measuring physical quantities, angles and time,
which are the most fundamental elements of testing and
monitoring in the past and modern days.

In the general context of material science, the earliest
recorded evidence of a written standard, or specification,
dates back to the 4th Century BC. However, it should be
noted dates may be much earlier in view of achievements of
Sumerians. The “Stele of Eleusis” (Fig. 7) is a stone tablet
inscribed with the specification of the composition of
bronze spigots used for keying together the stone blocks for
constructing columns in Greek buildings This stele is
important since it clearly implies that (a) the Greeks at that
time understood the importance of the relation between the
composition of the alloy and its mechanical properties and
(b) it is the first reference to the use of turning of a metallic
component on a lathe to achieve the desired dimensions
(Varoufakis 1940; after Loveday et al. 2004). When the
pyramids and temples were constructed, the strength of
stone had probably been considered by the Egyptians and
Greeks and other civilizations, but no records have been
found so far in western sources. Da Vinci (ca. 1500) tested
the tensile strength of wire and his note “Testing the
Strength of Iron Wires of Various Lengths” is the first
recorded mechanical testing. He also studied the strength of
columns and the influence of the width and length on the
strength of beam.

During the 16th and 17th centuries some experiments on
mechanical properties of materials were carried out with
simple testing apparatus. Galileo (1638) presented the first
serious mathematical treatment of the elastic strength of a
material in a structure subjected to bending (Loveday et al.
2004). This is illustrated in the well known drawing that
appeared in his ‘Discorsi e Dimostrazioni Matematiche’
published in Leiden (Fig. 8), as discussed by Todhunter and
Pearson (1886). Mariotte (1740) extended Galileo’s work
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Fig. 7 4th Century BC Stele of Eleusis (ISO Bulletin 1987)

and investigated the tensile strength of wood, paper and
metal, and of beams with built-in and simply supported
ends. During this period, the concept that a simple relation
exists between the applied load and elastic (recoverable)
deformation of a material was published in 1678 by Hooke.
Young (1773-1829) is associated with the measurement of
the modulus of elasticity of materials although most modern
day research workers would not recognise the description
that he used to express the relation between stress and
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Fig. 8 Galileo’s bending test (Galileo 1638)

strain: “A modulus of the elasticity of any substance is a
column of the same substance capable of producing a
pressure on its base which is the weight causing a certain
degree of compression as the length of the substance is to
the diminution of its length.” (Loveday et al. 2004). One of
the earliest machines used for the systematic measurement
of tensile strength was developed by a Dutch physicist von
Musschenbroek (1729) at the University of Leiden. In this
machine, specimens were held at each end by special
gripping devices and load was applied by a system of hooks
(Fig. 9). The basic concept of a ‘steel-yard’” used to apply a
load to the sample has subsequently been used in the design
of many tensile testing machines.

The first rock mechanics experimental studies were
performed by Gauthey, who built a testing machine using
the lever system and measured the compressive strength of
cubic specimens, in about 1770 for the design of the pillars
for the Sainte Genevieve Church in Paris. Gauthey noted
that the compressive strength of longer specimens was
lower than the cube strength (Hudson et al. 1972). The
systematic assessment of the strength of materials at high
temperatures using the machine shown in Fig. 10 was an
important contribution by Fairbairn (1856). Loads up to 446
kN could be applied to the test pieces by the lever system of
this machine (Loveday 1982). David Kirkaldy also made an
important contribution to the determination of the strength
of materials by designing and building a large horizontal
hydraulic testing machine in order to undertake testing to

Fig. 9 Petrus van Musschenbroek lever testing machine (after
Loveday et al. 2004)
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Fig. 10 Fairbain’s tensile testing machine used for temperature
tensile testing (after Loveday et al. 2004)

uniform standards (Smith 1982). This machine was used in
the first commercial testing laboratory of Kirkcaldy in
London and it was capable of testing compression speci-
mens up to 21.5 ft long and 32 in. square and tension
specimens up to about 25 ft long (Fig. 11). The real moti-
vation to design and build testing machines was provided in
the latter part of the 18th century and early 19th century
when stone and cast iron bridges were being build and chain
cables were developed for ships (Gibbons 1935). A typical
testing machine of the 1880s is shown in Fig. 12.

During the early part of the 20th century, interesting
works on the failure of rock materials was conducted by von
Karman (1911) and King (1912) in Europe and Griggs
(1936) and Handin (1953) in the US, respectively, playing
pionering roles in the development of high pressure loading
testing machines. In experimental rock mechanics, impor-
tant developments were performed between 1945 and 1960,
based on laboratory large-scaled experimental works by
Mogi (1959), the studies on friction of discontinuities by
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Fig. 11 Kirkcaldy’s 300 ton horizontal high hydraulic testing
machine in Southwark, London (after Loveday et al. 2004)

Jaeger (1959, 1960) and large-scale triaxial tests performed
by Blanks and McHenry (1945), and Golder and Akroyd
(1954). In addition, studies by Rocha et al. (1955) and John
(1962) motivated a more common use of large scale field
shear testing of rock discontinuities in many parts of the
world. In the absence of modern fracture mechanics theory
and scaling laws, Prof. Fernando L.L.B. Carniero from
Brasil, had tried to establish a correlation between com-
pressive strength and flexural tensile strength. A challeng-
ing engineering problem inspired Carniero to develop a new
test method that is known as the Brazilian test (Fairbairn
and Ulm 2002). The method was presented in September
1943, at the 5th meeting of the Brazilian Association for
Technical Rules (Carniero 1943) (Fig. 13).

Another important advance in rock testing was the
development of stiff and servo-controlled testing machines
(Fig. 14a). Until 1966, load-displacement measuring was
terminated just after the peak strength had been reached,
because the rock specimens failed explosively. This
explosive failure was thought to be an inherent character-
istic of the rock. In 1966, it was recognised that the stiffness
of the testing machine (relative to the slope of the post-peak
load-displacement curve) determined whether failure of the
specimen is stable or unstable. As shown in Fig. 14b, a soft
machine causes sudden failure by the violent release of
stored strain energy, i.e. by the testing system itself. In their
state of the art review, Hudson et al. (1972) indicated that
the advantage of developing stiff testing machines was first
suggested by Spaeth (1935). Then laboratory tests on
machine stiffness and rock failure and the development of
such machines were continued by several investigators (i.e.
Cook 1965; Bieniawski 1966; Waversik and Fairhurst 1970;
Hudson et al. 1971; Martin 1997).

After the establishment of the ISRM Commission on
Testing Methods in 1966, a number of laboratory and field
testing methods and monitoring techniques to be used in
rock engineering were developed and/or improved with the

Fig. 13 Prof. Carneiro at the laboratory preparing a sample for the
Brazilian test (after Fairbairn and Ulm 2002)

efforts of the Commission, its Working Groups and coo-
perations between other ISRM Commissions (ISRM 1981,
2007), based on the previous experiences and new devel-
opments in technology. These methods are given in
Sect. 4.5. In this period, in addition to stiff testing machines,
the use of computerised methods of test control and auto-
matic test data collection and analysis also became popular
and some experimental contributions were made on the
determination of shear strength and deformability charac-
teristics, including creep behaviour of discontinuities and



Fig. 14 a A stiff and servo-
controlled testing system (MTS
2012) b comparison of load-
displacement curves obtained
from stiff and soft machines
(arranged from Hudson 1989)

(@)

shear zones under desired effective in situ states of stress
(Barla et al. 2007).

In the past, particularly depending on the researches on
solid materials performed by Inglis (1913) and Griffith
(1921), the principles of fracture mechanics have been
applied successfully for predicting initiation and propaga-
tion of fractures and to design engineering structures in
metal and metallic materials. Then the principles of rock
fracture mechanics have been adopted from fracture
mechanics developed for man-made materials. Rock frac-
ture mechanics dates back to the mid 1960 and its appli-
cation to rock burst problems and collapses in deep gold
mines of South Africa (Bieniawski 1967). Fracture
mechanics of rocks have been presented in three text books
by Paterson (1978), Atkinson (1987) and Whittaker et al.
(1992). It is applied to (i) hydraulic fracture propagation,
(ii) rock fragmentation by cutting action and due to blasting,
(iii) analysis of rock burst, and (iv) rock slope engineering
problems. Mode I (extension and opening) and Mode II
(shear and sliding) fracturing are most important in rock
mechanics and rock engineering (Stephansson 2001). Mode
I fracture mechanics is more frequently studied and the
related fracture properties have been standardized, such as
the ISRM SM for Determining the Fracture Toughness of
Rock (ISRM, 2007). More recently, the experimental pro-
cedure for Mode II was also developed and accepted as an
ISRM SM (Backers and Stephansson 2012).

Determination of the thermal properties of rock includ-
ing thermal conductivity, heat capacity, thermal diffusivity
etc. has become increasingly important with the wide-
spread interest in building of underground structures such as
tunnels, metro stations, repositories for spent nuclear fuel,
storage of natural gas and underground energy storage.
Furthermore, worldwide investigations related to using
geothermal energy require knowledge about the thermal
behavior of rock/fluid/stress system.

In addition to laboratory methods for rock mechanics,
particularly after the establishment of the ISRM, in situ tests
and monitoring of rock structures were considered to also
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have vital importance in rock engineering applications and
they gained an increasing popularity both in research and
practice. From the second half of the 20th century to the
present, important contributions were made to the devel-
opment and improvement of the field methods. One of the
groups considered in field tests includes the tests used for
determining in situ deformability of rock masses, such as
plate loading, flat jack and dilatometer tests which have
been included in the ISRM SMs (ISRM 1981, 2007).

The other group of field methods commonly applied in
rock engineering practice is geophysical techniques. The
main emphasis of geophysical surveys in the formative
years was for petroleum and mineral exploration. From
these surveys, technology continually developed and is
developing that allows geophysical techniques to play an
important role in modern science. From the 1950s until the
present time geophysical methods have enjoyed an
increasing role in geotechnical projects, and now are used in
an almost routine manner to provide information on site
parameters, such as in situ dynamic properties, cathodic
protection design values, depth to and condition of rock that
in some instances are not obtainable by other methods.
Since 1981 a number of geophysical methods were accepted
as ISRM SMs (ISRM 1981, 2007) and now are being
commonly used in practice. In the last two decades, seismic
imaging has an increasing popularity particularly as it
relates to rock-burst investigations (Young 1993).

Knowledge of the virgin stress field is very important in
many problems dealing with rocks in civil, mining and
petroleum engineering as well as in geology, geophysics
and seismology. The need for understanding of in situ
stresses in rocks has been recognised by engineers and
geologists for a long time, and many methods to measure
these stresses have been proposed since the early 1930s.
One of the earliest measurements of in situ stresses using
surface relief methods was reported by Lieurance (1933,
1939) from the US Bureau of Reclamation in Denver. These
methods consisted of disturbing the stress equilibrium with
some mechanical device and measuring the resulting
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Fig. 15 In situ stress measurement using flat-jack in the 1970s in
France (after Hoek 1974)

deformations. Professor Pierre Habib, who was the 4th
President of ISRM, was involved in the development and
application of the flat jack method (Fig. 15) as early as 1950
(Habib 1950; Mayer et al. 1951; Habib and Marchand
1952), and this method was also used to measure the in situ
moduli of rock masses (Habib 1950), as were dynamic
methods (Brown and Robertshaw 1953; Evison 1953). After
the 1960s a wide range of methods of rock stress mea-
surement had been investigated and developed, and they are
reviewed in the books written by Amadei and Stephansson
(1997) and most recently by Zang and Stephansson (2010).
The stress relief technique, which is also known as the
overcoring technique, is based on the assumption that rock
behaves elastically. Due to technical and practical difficul-
ties, hydraulic fracturing methods, which can be used at
considerable depths, were developed. As observed in the
field, the boreholes drilled for in situ stress measurements
sometimes starts to fail as the depth increases. For such
situations, the borehole breakout method can be useful
supplement.

These methods, such as hydraulic fracturing, the CCBO
technique, overcoring methods, the flat jack method and
other issues considered in situ stress measurements were also
accepted as ISRM SMs and published by the ISRM (ISRM
2007; Sugawara and Obara 1999; Hudson et al. 2003;
Sjoberg et al. 2003; Haimson and Cornet 2003; Christiansson
and Hudson 2003; and most recently Stephansson and Zang
2012). In addition, some in situ stress inference methods
using laboratory experiments have also been developed. The

acoustic emission (AE) method is one of the well-known
methods of this kind. Although some supplementary studies
to compare stresses inferred from the AE method applied to
oriented samples under uniaxial loading and those of well
known in situ stress determination methods (Tuncay and
Ulusay 2008) are necessary, it may be a practical tool for
engineers in years to come (Tuncay et al. 2002; Lehtonen
et al. 2012).

Monitoring of rock deformations, stresses in rock and
blast vibrations is important for assessing the stability of
rock structures, such as slopes, tunnels, dams, foundations
etc. To confirm the validity of the design during/after
construction and to assist in answering specific questions
concerning a project. Monitoring of performance of exca-
vations in rock had been carried out for many years before
the establishment of the ISRM in 1962 and had become an
integral part of rock engineering practice through the
observational method (Brown, 2011). Early monitoring
used mechanical and optical, and then electronical and
electro-opical techniques (i.e. Franklin and Denton 1973;
Kovari et al. 1979; Dunniclif 1988; Brady and Brown
2004).

In order to achieve successful monitoring, various
instruments and systems, such as extensometers, inclinom-
eters and tiltmeters for movement monitoring, hydraulic
cells for pressure monitoring and blast vibration monitoring
techniques have been developed and were accepted as
ISRM SMs (ISRM 1981, 2007). Most recently, the Global
Positioning System (GPS) (Fig. 16) has an important
potential to contribute through 3D displacement monitoring
over an extensive area with high accuracy in real time, and
has become an attractive monitoring tool in rock engi-
neering. With the aid of this system; 3D displacements can
be measured with millimetre accuracy, and the methods for
reducing the influence of tropospheric delays and overhead
obstacles have been established, so these measurements will
be helpful for rock engineers to understand the unknown
mechanisms of complex rock behaviour (Shimizu et al.
2011). In addition, and particularly for open pit mining,
laser scanning (LiDAR), radar and satellite imaging tech-
niques and systems are now also used to monitor slope
movements (e.g. Hawley et al. 2009; Sakurai et al. 2009;
Herrera et al. 2010).

3 Near Future Trends in Rock Testing
and Monitoring

Experimental rock mechanics has a very wide scope rang-
ing from laboratory tests to field tests and monitoring of
rock structures. There are some issues requiring further
investigations and a need for further developments in
experimental methods which may lead to new ISRM SMs.
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Fig. 16 GPS displacement
monitoring system (after Shimizu

et al. 2011)
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Fig. 17 The concept of the coupling of the governing equations when
modelling the high-level nuclear waste disposal problem (slightly
modified from Aydan 2008)

A brief summary on these is given in the following
paragraphs.

Radioactive nuclear waste disposal and geothermal
energy extraction are typical examples of thermo-hydro-
mechanical phenomena in geo-engineering. In particular,
the nuclear waste disposal issue is one of hot topics in
countries utilising nuclear energy and/or having nuclear
weaponry. The design time frame ranges from 10,000 to
1,000,000 years. The constitutive law parameters among
coupling of diffusion [C], heat flow [T] and seepage [p] are
generally unknown and further experimental studies are
required to obtain the actual values of Dufour and Soret
coefficients for a meaningfull assessment of fully coupled
thermo-hydro-diffusion phenomena (Aydan 2008) (Fig. 17).
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Due to the additional 4th dimension of time, dynamics
has been a more challenging topic to understand and to
apply. It remains, at least in the discipline of rock
mechanics, a relatively virgin territory, where research and
knowledge are limited. Although new dynamic laboratory
test methods using Hopkinson bar, which were also
accepted by ISRM as SMs (Zhou et al. 2012), have been
developed, there are many issues in rock dynamics requir-
ing further investigations; these have been summarised by
Zhao (2011) in the most recently published book entitled
“Advances in Rock Dynamics and Applications”. Among
them, as experimental studies, new trends are related to the
shear strength of rock joints under dynamic loads (in order
to understand the rate effects on shear strength and dilation),
and exploration of the mechanical and physical causes of
the rate effects on the rock strength and failure pattern etc.

Since stress is a tensorial quantity requiring six inde-
pendent components, estimation of rock stress is one of the
most important and problematic issues in rock engineering
due to the considerable variation in the rock stress at all
scales (caused inter alia by various types of fracturing). As
emphasised by Hudson (2008, 2011) and Bieniawski
(2008), although there are some rock stress measurement
techniques recommended, the development of a method of
rapidly and reliably estimating the six components of the
rock stress tensor at a given location is an important need.
Also, although the AE method is being used to estimate
rock stress, further studies to compare stresses inferred from
this method applied suitably on oriented samples under
uniaxial loading and those of well-known in situ stress
determination methods together with a SM for AE mea-
surement are still urgent needs.
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Fig. 18 a Needle penetration test, b relation between the needle penetration resistance and uniaxial compressive strength (Erguler and Ulusay

2007)

The preparation of smaller samples from weak and soft
rocks even for some index tests is also difficult. In addition,
sampling from historical sites, monuments and buildings for
strength determinations in rock engineering studies is gen-
erally discouraged. Also, the degradation of the surrounding
rock due to various causes may increase and sampling for
laboratory tests becomes difficult. Therefore, the use of non-
destructive techniques has been receiving great attention in
recent years. To overcome these difficulties, for example, a
portable light-weight testing non-destructive device
(Fig. 18), called the needle penetrometer, has been devel-
oped in Japan and its application in rock engineering has
been investigated by several researchers (i.e. Erguler and
Ulusay 2007; Aydan et al. 2008; Aydan 2012b; Ngan-Tillard
et al. 2012). It has found that the needle penetration resis-
tance determined from this test is a useful index for the
estimation of some rock properties (Aydan 2012b). It is a
practical test and can be applied both in the laboratory and
field. However, this method still needs a standard or a SM.
Similarly, rock reinforcement and support elements such as
rockbolts, rock anchors and steel ribs may deteriorate or
corrode, and concrete linings may crack due to shrinkage,
cyclic loading etc. (Aydan 2008). Due to this, developments
are still necessary in relation to testing equipments for non-
destructive tests.

By considering the increasing interest in TBMs and deep
borings, some improvements on the determination of
excavability and drillability parameters and the associated
preparation of ISRM SMs for them are also some of the
near future expectations which may assist considerably in
the effort of predicting TBM excavability.

One of the important steps in a rock engineering project
is site characterisation of rock exposures, which is required
to collect the input data for further analysis, design and
numerical modelling. The quality and quantity of the site
characterization data play an important role in the sub-
sequent use of the results. Traditional methods are now still

used in most of the rock engineering projects, however; they
have some drawbacks in terms of capturing enough data for
further analysis, which then affects the results for the whole
project. The most well-known drawback in traditional
methods is that too much personal work is involved in the
in situ data acquisition procedure, which is time-consuming,
not accurate enough, sometimes difficult, and can be dan-
gerous when reaching the rock faces physically (Feng et al.
2011).

One of the efforts for improving site characterisation data
with new techniques is the use of 3D terrestrial laser
scanning techniques which have been developed since the
late 1990s. These techniques have been used in many
engineering fields over the last twenty years and show great
promise for characterising rock surfaces. Although any
standard or SM for these techniques is not available yet, the
studies summarised by Feng et al. (2011) indicate that 3D
terrestrial laser scanning techniques have a great potential in
rock engineering applications, such as for fracture mapping,
identification of rock types, detecting water leakage, mon-
itoring of rock mass deformations, and the associated doc-
umentation and visualisation (Fig. 19). Some limits with the
current techniques are reported by Feng et al. (2011), such
as colour scanning which is limited to having good illu-
mination, difficulties related to processing the large amount
of scanning data at high resolution and particularly the lack
of software development for application to rock mechanics.
The solution of these aspects and the further developments
will play an important role in the production of useful SMs
on 3D terrestrial laser scanning techniques.

A number of geophysical methods are available to be
used in rock engineering. However, newer sophisticated
instrumentation with increased measurement sensitivities
will permit geophysical techniques to play an increasingly
important role in rock engineering. There is need to obtain
more rock property information, particularly on the geom-
etry and mechanical properties of rock fractures. More
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Fig. 19 Some applications of 3D laser scanning techniques: a 3D colour model of scanning in a tunnel, b semi-automatic fracture mapping

(Feng et al. 2011)

emphasis will be given on geophysical methods in site
investigation through rapidly developing seismic tech-
niques, especially tomography and associated 3D visual-
isation methods. As emphasised by the ISRM Commission
on Geophysics (Matsuoka, 2011), because CCS is becoming
one of the key technologies for the reduction of CO,
emission in the atmosphere, rock mechanics is expected to
contribute to the procedures. Geophysics is also expected to
play a central role for monitoring and verifying CO,
movement in the ground. Although geophysics has been
applied already to several CCS fields, there still remain
many challenges to be solved in the future. Monitoring
geophysics is also developing.

As a result of extracting oil from deeper and more dif-
ficult geological settings, the use of rock mechanics in
petroleum engineering has become increasingly important
since the 1970s (e.g. Roegiers 1999). In terms of rock
testing, the factors are mainly the measurement of in situ
stresses, particularly shale and sandstone characterisation
and petroleum engineering related laboratory tests such as
the thermo-hydro-mechanical behaviour of shales (ARMA
2012-Workshop on Petroleum Geomechanics Testing).
Boring and testing issues including coring guidelines and
best practices, minimising core damage, identifying core
damage, sample preparation and handling, “best-practice”
testing protocols, index testing, non-standard tests (e.g.
creep, high temperature, high pressure, reactive fluids,
fractured rock) and the use of analogue materials will be the
important developments expected in the near future.
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Fig. 20 A three-dimensional representation of Aydan (1995)’s failure
criterion for the experimental results of Hirth and Tullis (1994)

In geomechanics, there is almost no yield (failure) cri-
terion incorporating the effect of temperature on the yield
(failure) properties of rocks although there has been some
experimental researches (e.g. Hirth and Tullis 1994). The
criterion proposed by Aydan (1995) is the only criterion
known to the author and it was used to study the stress state
of the earth. This yield (failure) criterion was applied to
experimental results which are shown in Fig. 20. There is a
need to focus attention on this issue and to consider the
effect of rate dependency and the effect of saturation for
some rocks on yield criteria.
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Rock spalling is also an important aspect in rock engi-
neering, particularly in underground studies and in the
preservation of man-made historical underground openings.
As emphasized by the ISRM Commission on Rock Spalling
(Diederichs 2008), the focus is mainly on spalling in hard
and low porosity rocks. In terms of experimental rock
mechanics, the near future primary tasks are providing
guidelines for laboratory procedures to detect damage
thresholds and suggesting field observations using the
televiewer, core discing etc. which can be used during
investigations to assess spalling potential. The exact
mechanism of spalling in foliated rocks also needs
clarification.

One of the important gaps appearing among the ISRM
SMs is the methods for determination of the hydraulic
properties of intact rocks, discontinuities and rock masses
both at laboratory and field scales. Based on current expe-
riences on this issue, the gap may be filled relatively soon.
In addition, long-term maintenance and preservation of
man-made historical and modern rock structures as well as
waste disposal sites become important issues in geo-
engineering. Although they are well-known issues, quanti-
tative evaluation methods are still lacking. Important issues
are how to evaluate the weathering and degradation rates
and effect of variations in water content on rocks with
minerals or particles susceptible to water, and to incorporate
these in the stability assessments (i.e. Aydan 2003; Aydan
et al. 2005; Ulusay and Aydan 2011). Available methods
such as slake durability, drying and wetting, freezing and
thawing, and swelling tests are insufficient to provide
experimental data for constitutive and mechanical model-
ling. Therefore, the development of new experimental
techniques to solve this problem is urgently needed.

Summary tables of the information required for the rock
mechanics modelling used to support rock engineering
design are given in Feng and Hudson (2011).

4 ISRM Suggested Methods and Recent
Advances

4.1 ISRM Commission on Testing Methods

(a) After the formation of the ISRM in 1962 in Salzburg,
some Commissions on different aspects of rock
mechanics and rock engineering were established by
the ISRM. One of these Commission is the Commis-
sion on Testing Methods which was established in

1966 at the time of the 1st ISRM Congress as the
“Commission on Standardisation of Laboratory and
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Field Tests”. In 1979, its name was changed to
“Commission on Testing Methods” at the 4th ISRM
Congress held in Switzerland. This commission was
chaired by Dr. Don Deere (1966-1972), Prof. Z.T.
Bieniawski and Dr. John Franklin (1972-1979), Dr.
John Franklin (1979-1987) and Prof. John A. Hudson
(1987-2006). Since 2006, the Commission has been
chaired by the author of this paper.

(b) The objectives of the ISRM Commission on Testing
Methods are

(i) to generate and publish SMs for testing or
measuring properties of rocks and rock masses,
as well as for monitoring the performance of
rock engineering structures,

to raise or upgrade the existing SMs based on

recent developments and publish them in book

form,

to solicit and invite researchers to develop new

methods, procedures or equipment for tests,

measurements and the monitoring required for
rock mechanics and laboratory or field studies,
and

to encourage collaboration of those who prac-

tice in rock mechanics testing. The commission

also cooperates with other ISRM Commissions
for the development of new SMs as was most
recently successfully done with the ISRM

Commission on Rock Dynamics.

(c) Since 1974, through the Commission, the ISRM has
generated a succession of SMs covering a wide range
of subjects. The first collection of the ISRM SMs was
edited by Prof. Ted Brown and published by Pergamon
Press in 1981. Because this book, affectionally known
as the “Yellow Book” (Fig. 21a), is out of print and
many new SMs have been produced since then, a book,
called the “Blue Book” (Fig. 21b), which includes
complete set of SMs from 1974 to 2006, was edited by
Professors Resat Ulusay and John A. Hudson and
published by the ISRM Turkish National Group (TNG)
in 2007. The ‘Blue Book’ is available from the ISRM
Secretariat and ISRM TNG.

(ii)

(iii)

@iv)

4.2 What Is an ISRM SM

The term ‘Suggested Method’ has been carefully chosen:
these are not standards per se; they are explanations of
recommended procedures to follow in the various aspects of
rock characterisation, testing and monitoring. An “ISRM
SM” is a document that has been developed and established
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Fig. 21 a Yellow Book (ISRM 1981) and b Blue Book (ISRM 2007)

within the consensus principles of the ISRM and that meets
the approval requirements of the ISRM procedures and
regulations. If someone has not been involved with a par-
ticular subject before and if this subject is part of a Sug-
gested Method, they will find the guidance to be most
helpful. For example, rock stress estimation is not an easy
task and anyone involved in measuring rock stresses should
not take on the task lightly. The four SMs concerning rock
stress estimation cover the understanding of rock stress,
overcoring, hydraulic fracturing, and quality assurance. In
other words, the two main stress measurement methods of
overcoring and hydraulic fracturing are bracketed, firstly by
ensuring that the reader is aware of the rock stress pitfalls,
and secondly by ensuring that the necessary quality checks
have been highlighted. The Suggested Methods can be used
as standards on a particular project if required for contrac-
tual reasons, but they are intended more as guidance.

The purpose of the ISRM SMs is therefore to offer
guidance for rock characterisation procedures, laboratory
and field testing and monitoring in rock engineering. These
methods provide a definitive procedure for the identifica-
tion, measurement and evaluation of one or more qualities,
characteristics or properties of rocks or rock systems that
produce a test result.

THE COMPLETE ISRM SUGGESTED
METHODS FOR ROCK CHARACTERIZATION,
TESTING AND MONITORING: 1974-2006

Editors: R.ULUSAY & J.A. HUDSON

Sugyesiad Methods prepared try the Commission on Testing
thonal Sockety for Rock Mecharics (IS

y Ve I5F0 Ture

4.3 Guideline for Developing ISRM SMs
and the Procedure Followed for Their

Evaluation

The following guideline is recommended by the ISRM

Commission on Testing Methods to the volunteers and

invited Working Groups (WG) who intend to develop new

or to upgrade the current ISRM SMs.

1. The SM, which will be proposed, must be directly
related to rock mechanics and rock engineering. It can
be a laboratory or field testing method or a monitoring
technique.

2. The proposed method should have been experienced at
different laboratories or under different site conditions
by different investigators and its results should have
acceptable levels of repeatability and reproducibility.
Also, the testing device or equipment should be clearly
described or commercially available.

3. The effects of the testing device, specimen dimensions,
environmental conditions etc. On the rock property,
which will be determined or measured, should have been
investigated in necessary detail and clearly defined.

4. Before the proposal of the SM is submitted to the ISRM
Commission on Testing Methods, some papers and/or
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reports on the proposed method should have been

published.

5. In addition to the proposal of a new method, methods
which can be an alternative to the current ISRM SMs or
upgraded versions of the current ISRM SMs may also be
recommended.

6. A proposal should be prepared by a WG which is
established by a Chairman or Co-chairmen and consist
of investigators who are studying the same or similar
method from different countries.

7. A proposal for a SM, which will be submitted to the
Commission, should include the followings:

a. Scope (aim of the method and its necessity in rock
mechanics and/or rock engineering and technical
benefits expected from the method)

b. Content of the method (testing procedure) and some
information on the test device to be used

c. List of WG members (with their correspondence
addresses and e-mails); and

d. Work plan and date of submission of the draft doc-
ument to the Commission.

The proposals should be submitted to the President of the
Commission by the Chairmen of the WGs. The general
content of an ISRM SM is given below:

1. Introduction

. Scope

. Apparatus

. Procedure : (a) Specimen preparation (for laboratory

tests), (b) testing

. Calculations

. Presentation of results

. Notes and recommendations (if necessary)

. Acknowledgements (if necessary)

. References

The procedure followed by the Commission on Testing
Methods and the ISRM for the evaluation and approval of a
proposed SM is given in the flow-chart in Fig. 22. Based on
this procedure, in case of acceptance of any SM and its
approval by the Commission and ISRM Board, respectively,
the manuscript is submitted to an international journal on
rock mechanics for publication without further review.

Until 2012, the SMs approved by the ISRM Board as ISRM

SMs were published in the “International Journal of Rock

Mechanics & Mining Sciences (IJRMMS)”. Since 2012,

they are being published in “Rock Mechanics & Rock

Engineering (RMRE)”.
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4.4 How the ISRM SMs Should Be Referenced
Following Dr. Don ’s initial work in the late 1960s and early
1970s in establishing the groundwork and priorities for the
topics to be covered, the production of the majority of the
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early SMs was managed by Prof. Z.T. Bieniawski and Dr.
J.A. Franklin who arranged WGs to produce successive
drafts of each SM. The final versions were then published in
the IJRMMS. These earlier SMs did not have authors as
such, although the WG members were acknowledged. In
1987, Prof. J.A. Hudson took over the Presidency of the
Commission and initiated a system where the documents
were produced more in the form of papers, so that the
authors would receive full citation recognition of their
efforts. Up to now all ISRM SMs have been referenced as
ISRM (1981) or with the names of their authors. In order to
give full credit to the authors of the SMs and also to indicate
that these methods have been approved by the ISRM as
ISRM SMs, it is recommended that both the authors of the
SMs and the name of the ISRM Book, which includes these
SMs, should be referred to in the text as given below (Note
that all ISRM SMs published between 1974 and 2006 have
been included in the Blue Book (ISRM 2007)). For exam-
ple, “ISRM SM for Rock Stress Estimation: Part-3”, the
following referencing style is recommended to be used in
the text and figure and table captions, and in the List of
References:

Referencing style in the text:
Cornet 2003; ISRM 2007).....”

Referencing style in the list of references:

“Haimson, B., Cornet, F.H., 2003. ISRM Suggested
Methods for rock stress estimation—Part 3: hydraulic
fracturing (HF) and/or hydraulic testing of pre-existing
fractures (HTPF). Int. J. Rock Mech. & Min. Sci., 40,
1011-1020.”

“ISRM, 2007. The Complete ISRM Suggested Methods
for Rock Characterization, Testing and Monitoring:
1974-2006. Suggested Methods Prepared by the Commis-
sion on Testing Methods, International Society for Rock
Mechanics, R. Ulusay & J.A. Hudson (eds.), Compilation
Arranged by the ISRM Turkish National Group, Ankara,
Turkey, 628 p.”

The old SMs of which the authors are not cited should be
referenced as “ISRM (2007)”

113

....... (Haimson and

4.5 Current ISRM SMs and Most Recent

Attempts

From 1974 to the present the ISRM has generated 62 SMs.
The SMs are classified into four groups, namely: Site
Characterisation, Laboratory Testing, Field Testing and
Monitoring. The SMs involving the description of discon-
tinuities and geophysical logging of boreholes are included
in the Site Characterisation group. Although some index
tests, such as the Point Load Test and Schmidt Hammer
Test, can be performed either in the laboratory or in the field
using portable laboratory equipment, all index and
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Fig. 22 Flowchart showing the
procedure for application,
developing and approval of the

Submission of the proposal for the method to the ISRM Commission on Testing Methods by the

Working Group (WG)

ISRM SMs

A4

Distribution of the proposal to the Commission members by the Commission President for asking

their comments

Not accepted

Inform WG

A

Acceptance by the Commission

Initiation of the study, writing the draft document and its submission to the Commission by WG
not later than the deadline mentioned in the proposal

Y

Sending the document to at least three experts to review

and its review by the Commission President

Y

Acceptance bv reviewers

Y

3

¥ Revision
Revision recommended by
recommended —E@_ the Commission

by reviewers members

Y y

Sending the accepted document to the Commission members by the Commission
President asking for their comments

Y

Acceptance of the SM by the Commission

Y

Approval of the final document as an ISRM SM by the ISRM Board

Y

Submission of the SM to international journal for publication without further review

mechanical tests, along with the petrographic description of
rocks, are considered in the “Laboratory Testing” group.
Note that the 1975 version of the SM for shear strength of
rock joints, and 1978 versions of the SMs concerning tri-
axial compressive strength testing, the measurement of
Shore hardness, Schmidt hammer test and sound velocity
test were revised in 2014, 1983, 2006, 2009 and 2014,
respectively. In the “Field Testing” group, the tests are
divided into five sub-groups: Deformability Tests, In situ
Stress Measurements, Geophysical Testing, Other Tests,
and Bolting and Anchoring Tests. The Monitoring group
includes the methods for monitoring of movements, pres-
sures and blast vibrations occurring in rock structures and

rock masses. These methods are listed in Table 1 in chro-
nological order. In addition, the ISRM SMs books (Yellow
Book, 1981; Blue Book, 2007; Orange Book, 2014), which
include these methods, are also mentioned in this table.
Since 2006, twenty one new WGs were established by
the ISRM Commission on Testing Methods to develop new
and/or revised/upgraded ISRM SMs. Sixteen WGs pro-
duced twenty one new and/or upgraded ISRM SMs. These
SMs were approved by the ISRM and first published in the
journals and then in the ISRM Orange Book. One of these
new SMs, entitled “SMs for Determining the Dynamic
Strength Parameters and Mode-I Fracture Toughness of
Rock Materials” is a product of the ISRM Commission on
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Table 1 List of all the ISRM Suggested Methods published between 1974 and 2014 (In chronological order)

SM for Determining Shear Strength® *__1974
SM for Rockbolt Testing™ >__1974

SM for Determining Water Content—Porosity—Density—Absorption and Related Properties and Swelling and Slake-Durability Index
Properties™ *—1977

SM for Monitoring Rock Movements Using Inclinometers and Tiltmeters™ *—1977

SM for Determining Sound Velocity™ b 1978

SM for Determining Tensile Strength of Rock Materials™ *—1978

SM for Determining Hardness and Abrasiveness of Rocks™ *—1978

SM for Determining the Strength of Rock Materials in Triaxial Compression® *—1978

SM for Monitoring Rock Movements Using Borehole Extensometers™ ®—1978

SM for Petrographic Description of Rocks™ "—1978

SM for Quantitative Description of Discontinuities in Rock Masses™ *—1978

SM for Determining in Situ Deformability of Rock™ *—1979

SM for Determining the Uniaxial Compressive Strength and Deformability of Rock Materials® *—1979
SM for Pressure Monitoring Using Hydraulic Cells® >__1980

SM for Geophysical Logging of Boreholes™ ®__1981

SM for Determining the Strength of Rock Materials in Triaxial Compression: Revised Version®—1983
SM for Surface Monitoring of Movements across Discontinuities®—1984

SM for Determining Point Load Strength®°—1985

SM for Rock Anchorage Testing"—1985

SM for Deformability Determination Using a Large Flat Jack Technique®—1986

SM for Deformability Determination Using a Flexible Dilatometer®—1987

SM for Rock Stress Determination®—1987

SM for Determining the Fracture Toughness of Rock®—1988

SM for Seismic Testing Within and Between Boreholes®—1988

SM for Laboratory Testing of Argillaceous Swelling Rocks®—1989

SM for Large Scale Sampling and Triaxial Testing of Jointed Rock"—1989

SM for Blast Vibration Monitoring"—1992

SM for Rapid Field Identification of Swelling and Slaking Rocks"—1994

SM for Determining Mode T Fracture Toughness Using Cracked Chevron Notched Brazilian Disc®—1995
SM for Deformability Determination Using a Stiff Dilatometer>—1996

SM for Determining the Indentation Hardness Index of Rock Materials>—1998

SM for Complete Stress-Strain Curve for Intact Rock in Uniaxial Compressionb—1999

SM for in Situ Stress Measurement Using the Compact Conical-Ended Borehole Overcoring Techniqueb—1999
SM for Laboratory Testing of Swelling Rocks®—1999

SM for Determining Block Punch Strength Index®—2001

SM for Rock Stress Estimation—Part 1: Strategy for Rock Stress Estimation®—2003

SM for Rock Stress Estimation—Part 2: Overcoring Methods"—2003

SM for Rock Stress Estimation—Part 3: Hydraulic Fracturing (HF) and/or hydraulic testing of pre-existing fractures (HTPF)"—2003
SM for Rock Stress Estimation—Part 4: Quality Control of Rock Stress Estimation®—2003

SM for Land Geophysics in Rock Engineering®—2004

SM for Determining the Shore Hardness Value for Rock®—2006 (updated version)

SM for Determination of the Schmidt Hammer Rebound Hardness: Revised version°—2009

SMs for Determining the Dynamic Strength Parameters and Mode I Fracture Toughness of Rock Materials®—2012
SM for the Determination of Mode II Fracture Toughness*—2012

(continued)
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Table 1 (continued)
SM for Determining Shear Strength® "—1974

R. Ulusay

SM for Rock Stress Estimation—Part 5: Establishing a Model for the In situ Stress at a Given Site “—2012

SMs for Rock Failure Criteria (Six failure criteria)*—2012:

a. SM for Mohr-Coulomb Failure Criterion®

b. SM for the Hoek-Brown Failure Criterion®

¢. SM for 3D Hoek-Brown Failure Criterion®

d. SM for Drucker-Prager Failure Criterion®

e. SM for Lade and Modified Lade 3D Rock Strength Criteria®

f. SM for a Failure Criterion for Rocks Based on True Triaxial Testing®

SM for for Measuring Rock Mass Displacement Using a Sliding Micrometer®—2013

SM for Rock Fractures Observations Using a Borehole Digital Optical Televiewer’—2013

SM for Determining the Mode-I Static Fracture Toughness Using Semi-Circular Bend Specimen®—2014

SM for Reporting Rock Laboratory Test Data in Electronic Format®—2014

SM for Determining Sound Velocity by Ultrasonic Pulse: Upgraded Version°—2014

SM for Determining the Creep Characteristics of Rock Materials“—2014

SM for Monitoring Rock Displacements Using Global Positioning System°—2014

SM for Laboratory Determination of the Shear Strength of Rock Joints: Revised Version®—2014

SM for Determining the Abrasivity of Rock by the Cerchar Abrasivity Test®—2014

SM for Step-Rate Injection Method for Fracture In-situ Properties (SIMFIP): Using a 3-Components Borehole Deformation®—2014

SM for the Needle Penetration Test*—2014

? Published in ISRM (1981, Yellow Book)
® Published in ISRM (2007, Blue Book)
¢ Published in ISRM (2014, Orange Book)

Table 2 The new ISRM SMs under preparation by the WGs established in 2013

1. SM for Determining Thermal Properties of Rock Samples

2. SM for Laboratory Acoustic Emission Monitoring

3. SM for Uniaxial-Strain Compressiblity Testing for Reservoir Geomechanics

4. SM for the Lugeon Test

5. SM for In Situ Microseismicity Monitoring of the Rock Mass Fracturing Process

Rock Dynamics based on the co-operation between that
Commission and the ISRM Commission on Testing Meth-
ods. The new five WGs, which were established in 2013, are
preparing the new SMs given in Table 2. The “SM for
Uniaxial-Strain Compressibility Testing for Reservoir
Geomechanics” (Table 2), which is under preparation, will
be the product of the ISRM Commission on Petroleum
Geomechanics based on the co-operation between that
Commission and ISRM Commission on Testing Methods.

The Orange Book also includes two supplementary but
non-SM documents, such as “3D Laser Scanning Tech-
niques for Application to Rock Mechanics and Rock
Engineering” and this paper.

In the near future and based on current experiences and
experimental studies, the ISRM Commission on Testing
Methods expects the production of new ISRM SMs which

will be developed by various WGs and/or based on the co-

operation with the commission and other ISRM Commis-

sions. These are listed below.

a. Based on the co-operation between the Commission on
Testing Methods and some other ISRM Commissions,
the development of new SMs on rock dynamics, petro-
leum geomechanics (SMs for geomechanical testing of
the mudstone cap rock above injection, for block testing
with polyaxial stresses and fluid flow-coupling etc.) and
rock spalling (such as guidelines for laboratory proce-
dures to detect damage thresholds, suggested field
observations to be used during investigations for
assessing spalling conditions etc.) are anticipated.

b. SMs for rock mass excavability tests.

c. SMs for 3D laser scanning techniques for application to
rock engineering.
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d. Although some tests, such as slake durability, freezing
and thawing, drying and wetting and swelling tests, are
insufficient to provide experimental data for constitutive
and mechanical modelling, they are useful for the
assessment of rocks during material selection. By con-
sidering that ISRM SMs for freezing and thawing, and
drying and wetting tests are still not available, the
development of SMs for these two tests based on co-
operation with the ISRM Commission on Soft Rocks
will be useful.

5 Conclusions

Since the establishment of the International Society for
Rock Mechanics (ISRM) in the 1960s, there have been
important scientific developments and technological
advances both in rock mechanics and rock engineering. In
particular, modelling of rock behaviour, design methodol-
ogies for rock structures and rock testing methods are the
main issues in these developments and advances. The
models developed depend considerably on the input
parameters such as boundary conditions and material and
rock mass properties. For this reason, the importance of
experimental investigations and the determination of engi-
neering properties of rocks will continue as an integral part
of rock mechanics and rock engineering applications in the
future.

Developments in the laboratory and in situ testing and
monitoring methods in rock dynamics, petroleum geome-
chanics, new non-destructive testing methods, tests for the
determination of the thermo-hydro-mechanical behaviour of
rocks, methodologies for detecting rock spalling, and
application of 3D laser scanning techniques and GPS
methods for rock characterisation and displacement mea-
surements seem to be the most popular areas of interest in
terms of experimental rock mechanics. Depending on these
developments and future co-operation between the ISRM
Commissions, it is expected that valuable contributions
through the production of new and upgraded ISRM Sug-
gested Methods will continue with increasing speed.
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1 Introduction

With its portable, simple and affordable attributes, the
Schmidt hammer (SH) is an ideal index apparatus, which
underlies its increasing popularity and expanding range of
applications. The SH rebound hardness value (R) is perhaps
the most frequently used index in rock mechanics practice for
estimating the uniaxial compressive strength (UCS) and the
modulus of elasticity (E) of intact rock both in laboratory
conditions and in situ. The SH is also widely used for esti-
mating the UCS of discontinuity walls and assessing the
workability, excavatability and boreability of rocks by
mechanical means (cutting, polishing, milling, crushing and
fragmentation processes in quarrying, drilling and tunneling).

In the three decades since the earlier ISRM suggested
method for conducting the SH test was published [1],
researchers have sought to establish correlations between
the SH rebound values (R) and the UCS and E for different
rock types. A critical review of the basic issues was recently
conducted by Aydin and Basu [2], which considered the
influence of hammer type, the direction of hammer impact,
specimen requirements, weathering, moisture content and
testing, data gathering/reduction and analysis procedures.
Understanding the operation of the apparatus and the
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mechanisms and modes of indentation upon hammer impact
are crucial in addressing these issues, determining how the
data scatter can be reduced, and settling upon an acceptable
or expected degree of scatter.

With this notion, this revised suggested method aims to
clarify and improve the current SH testing methodology and
identifies areas where further research is needed, in partic-
ular customizing the energy level and plunger diameter and
curvature to suit groups of rocks with radically different
microstructures.

2 Scope

This revised suggested method focuses on the use of the SH
to determine the rebound hardness of rock surfaces both in
laboratory conditions and in situ with an emphasis on the
use of this hardness value as an index of the UCS and E of
rock materials. This revised suggested method supersedes
the portion of the earlier ISRM document [1] that dealt with
the SH test.

3 Apparatus

3.1 Operational Principle

The SH consists of a spring-loaded piston which is released
when the plunger is pressed against a surface (Fig. 1). The
impact of the piston onto the plunger transfers the energy to
the material. The extent to which this energy is recovered
depends on the hardness (or impact penetration/damage
resistance) of the material, which is expressed as a per-
centage of the maximum stretched length of the key spring
before the release of the piston to its length after the
rebound [2].

R. Ulusay (ed.), The ISRM Suggested Methods for Rock Characterization, 25
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Fig. 1 Working principle of a
Schmidt hammer [3]
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3.2 Hammer Type, Test Range

and Calibration

The earlier ISRM suggested method [1] endorsed the use of
only the L-type SH. However, for a given plunger tip diam-
eter and radius of curvature, the impact energy of the SH
determines its range of applicability. Accordingly, this lim-
itation should be kept in mind in selecting the hammer type.
For instance, the standard L- and N-type hammers, with
respective impact energies of 0.735 and 2.207 N m, should be
used with caution when the UCS of the rock material or
discontinuity wall is outside the range of 20— 150 MPa, where
sensitivity decreases and data scatter increases. The N-type
hammer is less sensitive to surface irregularities, and should
be preferred in field applications; while the L-type hammer
has greater sensitivity in the lower range and gives better
results when testing weak, porous and weathered rocks.

The use of different hammer types results in datasets
which may not be readily correlated. Although the standard
L- and N-type hammers were shown to have demonstrably
high correlation coefficients, these correlations may not be
equally convincing across the entire UCS range because,
they are based on the assumption that both types of ham-
mers produce similar modes of indentation at every point of
impact [2]. Furthermore, higher impact energy of N-type
hammer (corresponding to probing a larger volume of
material by a deeper and wider penetration) should reduce
scatter in rebound values compared to L-type hammers [2].

SH are supplied with calibration anvils with vertically
guided impact points made of steel as hard as that of the

i

plunger tip (usually Brinell 500 or Rockwell 52 C). It is
essential to verify that the hammers maintain their standard
rebound values before and after field investigations. In
correlation studies, two consistent readings within the pre-
determined range of rebound from the anvil should be taken
before and after testing each specimen. A drift in the cali-
brated rebound values may suggest that the key spring is
losing its stiffness and should ideally be replaced. If this is
not possible, a correction factor (CF) for the hammer should
be calculated [1] and applied to all readings to account for
the loss of stiffness:

_ specified standard value of the anvil

CF = 1
average of ten readings on the anvil (1)
4 Procedure
4.1 Specimen Requirements

Specimens should be intact (free of visible cracks), petro-
graphically uniform and representative of the rock mass
domain (identified from cores or exposures) being charac-
terized. Test surfaces, especially under the plunger tip
(impact points), should be smooth and free of dust and
particles. In the field, a medium-grained abrasive stone can
be used for local smoothing of rough surfaces in hard rock.

Fine sandpaper can be used to smooth the surfaces of cores
and block specimens, especially when drilling or sawing
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produces visible ridges. Cores and blocks should be air dried
or saturated before testing. When this is not possible, the
degree of moistness of the surface and the specimen as a
whole should be recorded as wet, moist or damp.

Cores should be of at least NX size ( > 54.7 mm) for the
L-type hammer and preferably T2 size (> 84 mm) for the
N-type. Block specimens should be at least 100 mm thick at
the point of impact. It is essential that impact energy is not
dissipated in the form of wave scatter or cracking because
the impact points are too close to the specimen boundaries.
In order to provide similar degrees of confinement in all
directions, impact points should be one radius away from
the nearest end of core specimens and half the thickness
away from block boundaries.

Length of cores and surface area of blocks should be large
enough to accommodate these suggestions; for example, if a
2 cm spacing of impact points is chosen, a core length of
43.5 cm (for NX size) or a block surface area of 268 cm? (for
10 cm thickness) is required to gather 20 readings.

The test is generally nondestructive for rocks of at least
moderate strength (>80 MPa), and the same sample can be
used for the determination of the UCS and E. However,
potential microcracking, grain crushing and pore collapse in
friable, porous and weathered rocks necessitate use of dif-
ferent samples.

4.2 Test Requirements

4.2.1 Relative Direction of Impact

Unless the hammer impact direction remains roughly per-
pendicular to the tested surface, there is a danger of frictional
sliding of the plunger tip, material removal by chipping and a
partial transfer of energy to and from the hammer. It is
therefore essential that the hammer be held at a right angle to
the tested surface using a guide tube similar to that used by
Aydin and Basu [2], to ensure that the deviation does not
exceed £5° [1]. It is suggested that a standard guide tube be
manufactured and supplied with the SH.

4.2.2 Normalization of Rebound Values
with Reference to Horizontal Impact
Direction
The analytical normalization function defining the equiva-
lent rebound value in the horizontal direction has been
presented recently by Basu and Aydin [4]. This formulation
enables testing in any direction (Fig. 2), especially for in-
situ applications (e.g. testing oblique discontinuity surfaces
and circular tunnel walls), provided that the direction is
accurately recorded. It is suggested that a mechanical or
digital angle measuring device be supplied as an attachment
by the manufacturers of the Schmidt hammers.
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Fig. 2 Normalization of rebound values obtained by a L- and
b N-type Schmidt hammers at selected angles [4] (Positive and
negative angles refer to the downward and upward positions of the SH,
respectively)

4.2.3 Specimen-Steel Base-Ground Interface

Specimens should be securely clamped to a steel base (with
a minimum weight of 20 kg for the L-type hammer and
40 kg for the N-type hammer) located on firm, flat ground.
Core specimens should be placed in an arc-shaped
machined slot as shown in Fig. 3. V-shaped slots should be
avoided particularly in weak rocks because the unsupported
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Fig. 3 Cross sections of steel-base blocks with the arc- and V-shaped
machined slots in which NX size (54.7 mm) core specimens are seated.
(While the use of V-shaped slots is discouraged, if used, the slots

section of the core surface falls directly below the impact
point, effectively changing the loading configuration and
potentially reducing rebound value.

4.3 Data Gathering and Reduction

For data gathering, 20 rebound values, as recommended by
the earlier ISRM suggested method [1], should be recorded
from single impacts separated by at least a plunger diameter
(to be adjusted according to the extent of impact crater and
radial cracks). On the other hand, the test may be stopped
when any ten subsequent readings differ only by four
(corresponding to SH repeatability range of +2).

When sufficient quantities of microstructurally uniform
specimens are not available and the rock is isotropic, several
sets of readings can be taken from different faces of the
blocks or along any four straight lines by rotating the core
axis 90° at a time. Should this be the case, the set of readings
should be given in the corresponding order and any consis-
tent reduction from the first set of measurements (e.g., due to
impact-induced cracking) should be carefully monitored.

As the UCS and E values of a material are strongly
influenced by the density, distribution and connectivity of
its weak microstructural elements, low and high rebound
readings are equally necessary to reflect the nature of het-
erogeneity and potential spread in the values of mechanical
properties. Therefore, no reading should be discarded, and
the mean (arithmetic average), median (middle value),
mode (most repeating value) and range of the readings
should be presented to fully express the variations in the
surface hardness. Digital images of the test area before and
after each impact will provide a more meaningful base for
the analysis of these statistics and eliminate the need for
recording detailed description of damage features such as
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should have the specified angle to ensure identical seating positions for
different diameter specimens. Also note that an arc angle of 120° is
sufficient for similar lateral confinement as in V-shaped slots.)

grain crushing, pore collapse, radial and lateral cracking. An
in-depth analysis of the UCS or E versus R correlations is
presented in Appendix A.

In field applications, the operator should also record the
approximate dimensions of tested blocks (the depth being
the length of the block free of visible cracks or thin soft
layers in the impact direction), their nature (e.g., disconti-
nuity wall, blasted or mechanically broken block), any
small scale roughnesses (asperities) of the original surface
and how the impact points were smoothed.

5 Influencing Factors
5.1 Relative Strength of Coarse Grains
Versus Matrix

The size and distribution of grains and the relative strength
of the matrix has a considerable influence on the degree of
scatter of rebound values [2]. When a surface contains
grains with sizes comparable to the plunger tip diameter, the
readings from these grains may significantly deviate from
the average, depending on their strength relative to the
matrix or dominant grain size. In such cases, impact points
should be selected to obtain rebound values from individual
coarse-grains and matrix separately. Averaging the rebound
values of these components may result in an erroneous
determination of hardness.

5.2 Weathering and Moisture Content

Microstructural changes induced by weathering result in
different response mechanisms, especially in crystalline
igneous rocks, and significantly different rebound values.
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Differential weathering of different rock forming minerals
enhances heterogeneity at grain scale, which in coarse-
grained rocks results in a large scatter of rebound values. It is
therefore crucial that samples are uniform in terms of overall
weathering degree and detailed petrographic description.

When test samples or individual surfaces display vari-
able degrees of weathering, the decrease in rebound value
from the first to the second impact at the same point may be
taken as a mechanical index of weathering, as demonstrated
by Aydin and Basu [2].

Moisture content of the rock within the zone of influence
of impact may considerably affect the rebound values
depending on its microstructural character. Moisture facil-
itates inter-grain sliding and leads to softening of grains and
loose skeletal bonding (plasma) holding the grains together.
These mechanisms are most effective in weathered, porous,
loosely cemented and/or mud rocks but may also be sig-
nificant in fresh crystalline rocks with abundant intra-grain
microcracks. When the purpose of the SH tests is to derive
correlations between UCS and/or E and rebound values, all
tests should be carried out at the same moisture content.
However, low permeability rocks should preferably be
tested at dry state due to the difficulty in achieving uniform
saturation. It should also be noted that the influence of
moisture on elastic surfaces is greatest at a depth equal to
about half of the contact radius beneath the contact point
where the yielding starts (refer to Appendix A for the rel-
evant aspects of Hertzian theory).

5.3 Anisotropy

Planes of anisotropy in laminated and schistose rocks such
as shale, slate, phyllite and schist control the response to
impact and loading. The rebound values are strongly
reduced when the impact direction is normal to such planes
as they absorb impact energy whereas the UCS and E values
steeply decrease at oblique angles of anisotropy. Therefore,
the use of SH in such rocks is not recommended unless
intact slabs thicker than 10 cm and free of such features are
available. In any case, the direction of hammer impact with
reference to such features should be recorded and correla-
tions with the UCS and E should be attempted only for the
same direction of loading.

5.4 Field Versus Laboratory Testing

Because of the difficulty of determining the presence of
cracks and other discontinuities directly under the impact
points and of clamping the blocks to a firm base in the field,
the possibility of vertical deformation and vibration at such
interfaces when testing laminated, exfoliated, weathered or

closely fractured rocks directly on the exposed surfaces
should be avoided. In rocks such as coal, shale and slate,
testing over lamination walls may produce a narrow range
of rebound values due to their uniform and naturally smooth
nature, but also significantly low values due to these
interfaces. However, in most cases, the degree of scatter
will increase and the average magnitude of rebound values
will decrease in field testing. On the other hand, laboratory
tests suffer from limited dimensions of the core and block
specimens. The influence of specimen geometry, boundary
distance (defining lateral confinement) and small-scale
roughness on the rebound values needs to be investigated
using uniform synthetic materials of different hardness and
elastic-plastic properties.

5.5 Testing Discontinuity Walls

ISRM [5] states that “The Schmidt test is one of the few
tests ... which takes into account the mechanical strength of
the thin band of weathered wall material close to a dis-
continuity surface”. The SH presents a unique means of
estimating the UCS of the discontinuity walls, and thus,
calculating their shear strength in situ [5]. In spite of this,
testing procedures for discontinuity walls have not been
well-defined due to the difficulty of assigning relative
contributions of the natural discontinuity wall features to
their shear strength. Small asperities (especially on freshly
exposed joints), thin bands of weathering (of joints in
shallow and exposed rock masses), coating and filling
materials (of hydrothermal and superficial origin), and thin
loose slabs (especially in shear zones and exfoliated sur-
faces) are common features of discontinuity walls that
influence the rebound values and the shear strength in dif-
ferent proportions. As these features are generally non
uniform across the surface, a wide range of rebound values
should be expected. Determining and presenting this scatter
is therefore crucial for the subsequent interpretation of the
possible range of the shear strength.

In general, to preserve the loose thin layers, discontinuity
walls (unlike intact rock) should not be polished. On the
other hand, small asperities might cause a significant
reduction in the rebound values but do not substantially
contribute to the shear strength of clean freshly exposed non
planar joints. Accordingly, such joint walls should be
lightly polished to eliminate these small scale weak pro-
jections. It is, however, most sensible and straightforward to
gather two sets of data before and after polishing the dis-
continuity surfaces that enables calculation of the upper and
lower bound values of their shear strength. The data reduc-
tion procedure recommended for intact rock (Sect. 4.3)
should be followed to obtain representative rebound values
of discontinuity walls.
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6 Further Improvements

Contact mechanics theory and experiments show that
plunger diameter and shape significantly influence the
rebound values in metals. Static indentation experiments by
Momber [6] confirmed that large diameter and blunt ind-
enters promote elastic response in rocks. Although present
correlations claim significant success in predicting the UCS
and E, it is essential that rock response to impact and static
loading takes place in the same domain, i.e. elastic or
elastoplastic. Differences in this response may be respon-
sible for some seemingly erratic scatters (an aspect which is
worth investigating with a view to determining the appro-
priate plunger tip radius to provide guidelines for the
manufacturers).

The modulus of elasticity (E), Poisson’s ratio (v) of the
plunger material and the radius of curvature of the plunger
tip (r) should be provided by the manufacturers to enable
delineation of the contact radius (a) depth of indentation (J)
and mean pressure (p,,) under the contact point. These
parameters in turn enable theoretical estimation of the
rebound value at which the yield initiate from the ratio of
work done to the impact energy (input) of a given hammer
type. The tip radius (r) required for the onset of yield at a
given indenter-rock system modulus (E*) can also be esti-
mated. As the purpose is to limit the response of rock to the
elastic domain, SH should be flexibly designed to enable the
piston mass and/or the stiffness or the stretch of the key
spring to be changed to control the impact energy.

Field applications in particular require an angle mea-
suring device while testing core specimens requires a
standard steel base with an arc-shaped machined slot (for
seating of core specimens) and clamps to secure the spec-
imens (core or slab type specimens).

The initially smooth and hemispherical plunger tips
become rough with repeated impacts and gradually lose
their curvature. This deterioration modifies the initial con-
tact area and may result in a decrease of rebound values on
rock surfaces but may not cause noticeable changes in the
anvil. Therefore, potential influence of plunger tip deterio-
ration on rebound values from rock surfaces needs to be
investigated.

The potential influence of specimen shape and size on
rebound values has not been systematically investigated in
rocks due to practically endless variations in their micro-
structural nature, and hence, difficulty of isolating any
pattern that may exist. It is suggested that influence of
specimen shape and size be investigated using uniform rock
types and equivalent synthetic materials and establish cor-
rection factors if necessary.
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7 Reporting of the Results

The test report should include the following information:

(a) Lithological description of the rock (preferably in the

order of strength, color, texture/fabric, weathering/

alteration, ROCK NAME with grain size as prefix).

Geographic location and depth of sampling or in-situ

rock faces.

Date of sampling or excavation and testing, and stor-

age conditions or climate (i.e. exposure to temperature

extremes, humidity, etc.).

Specimen or face number.

Specimen type (core, saw-cut block, large field block,

excavation face, natural exposure).

(f) Method of excavation or block production (e.g. blast-

ing, ripping, mechanical splitting, boring)

Dimensions of specimens or exposure surfaces.

Sample moisture during testing (water content % or in

descriptive terms such as dry, moist, damp).

(i) Hammer type (L-, N- or another type).

(G) Use and nature of clamping and steel base support.

(k) Orientation of hammer axis (impact direction) with
reference to horizontal (in degrees, downward being
+90° and upward —90°).

(1) Orientation of hammer axis with reference to intact

rock anisotropy features (e.g. lamination, foliation,

schistosity, lineation).

Histogram of 20 rebound readings (normalized to

horizontal impact direction and ordered in descending

value), and the mean, median, mode and range statis-

tics (the mean values should be rounded off to the

nearest integer).

Photographs (or description) of impact points before

and after damage.

(b)

(c)

(d)
(e)

(@
(h)

(m)

()
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Appendix A: UCS and E Versus Rebound
Value Correlations in the Light
of Indentation Mechanisms

As the number of studies proposing new correlations esti-
mating the uniaxial compressive strength (UCS) and the
modulus of elasticity (E) of intact rock based on the SH
rebound hardness determination are rapidly increasing, it is
important for the users of these correlations to be aware of the
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Fig. A.1 Comparison of predictions of the uniaxial compressive
strength (UCS) of granites based on their rebound hardness values (Ry)
using the L-type hammer. (Dotted [7]—Grade I-1V; dashed [8]—
Grade I; solid [2]—Grade I-1V)

fact that high correlation coefficients presented in these studies
do not necessarily guarantee better point estimates. Contrary
to common assumption, the scatter in the original datasets of
these correlations may be such that correlation coefficients for
smaller ranges of rebound values may actually be lower than
those for wider ranges. It should also be noted that the type of
correlation functions varies with the range for which the
correlations are established. This appendix is aimed to provide
an insight into the nature of these correlations in the light of
indentation mechanisms and help users to select appropriate
functions and interpret them for their particular cases.

Three correlation functions (Fig. A.1) were selected from
the literature to facilitate this discussion. All three functions
were derived for variably weathered granites using the
L-type hammer. Striking differences in these correlations
(Fig. A.1) may be partly due to different testing, data gath-
ering and reduction procedures adopted in these studies as
well as different microstructures of the granites tested. For
example, Hong Kong granites [2] had noticeably high
microcrack densities even at fresh state resulting in lower
UCS values than those of hydrothermally altered granites of
Southwest England [7].

Interestingly, the linear correlation proposed in [8] for a
wide variety of fresh to slightly weathered granitic rocks
from Turkey is quite consistent with the trends of the other
correlations in the same UCS range. Thus at the outer ends
of the rock weathering spectrum (Grade I-IV) when the
microstructures are relatively uniform, linear correlations
may be expected. The fact that most of the linear correla-
tions were proposed for coal [2] proves the role of micro-
structural consistency as well as surface smoothness in
shaping these correlations.

The presence of two different linear correlation domains
joined with a transitional domain suggests that indentations
mechanisms change as rock microstructure is altered
through weathering processes. Understanding how these

mechanisms operate or how different microstructures con-
trol these mechanisms are crucial in selecting most appro-
priate data gathering and reduction methods and improving
plunger tip shape and diameter in order to develop better
correlations with well-delineated ranges of applicability.

Momber [6] applied classical Hertzian contact mechan-
ics theory [9] to explain different modes of indentation of
four rock types (granite, rhyolite, limestone and schist) by
two spherical indenters (1.0 and 5.0 mm in dimater) at
contact forces between 0.1 and 2.45 kN using a classical
Rockwell hardness tester. He observed that elastic response
(formation of an array of ring cracks or Hertzian cracks
surrounding a damaged core zone) is limited to granite and
rhyolite, whereas limestone and schist displayed plastic
response. Indentation of limestone surface was in the form
of collapse (sink-in) due to its porous structure and that of
schist was in the form of pile-up (characterized by wall
formation around periphery of the plunger tip, presumably
due to sliding along the schistosity planes). However,
according to Hertzian theory, yielding starts at a depth equal
to about half of the contact radius beneath the contact point,
and thus most of the deformation may be hidden in the
elastic-to-plastic transition domain. Static hardness tests
might also result in different indentation modes than impact
tests. For example, grain crushing and fragmentation is a
common occurrence under impact, especially when grains
are coarse and/or weak, and plastic flow (pile-up) behavior
is not observed unless the material is highly viscoelastic.

Taking such differences into account, it is now possible
to interpret the nonlinear nature of most UCS versus
R correlations more systematically. Looking at Fig. A.l
again, it becomes obvious that in the lower end of the
weathering spectrum, where rock porosity substantially
increased due to leaching and feldspar grains are at least
partly weakened by pseudomorphic replacement by clay
[10], indentation is mainly through the collapse of the pore
space and grain crushing. In the upper end of the spectrum,
the linear response is caused by the domination of an
elastic-brittle response at the grain scale. The degree of
scatter is also expected to be lesser in the elastic domain. In
the transitional region, the response to hammer impact is
mixed (elastoplastic) and the scatter is bound to be much
larger than both domains.

A.1 Guidelines for the Correlations

From the preceding discussion, it becomes obvious that
correlations should ideally be established for a given rock
type whose response falls within a single response domain.
Nonlinear correlations simply indicate significant micro-
structural changes in that seemingly identical rock type.
This is well-illustrated in Fig. A.1 for weathering-induced
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microstructural changes in granite. When the aim is to
derive a generic correlation function involving a large group
of rock types (e.g. carbonates, mudrocks) it is essential to
ensure that there are no large gaps across the entire range
and all distinct microstructural varieties of each rock type
are represented.

In terms of data gathering and reduction procedures, it
also becomes evident that averaging single impact readings
is the only rational approach. Note that data gathering
procedures based on multiple (or repeated) impact at a
single point alter the original microstructure of the test
surface resulting in the loss of invaluable information.

The UCS or E versus R correlations should be estab-
lished using the mean rebound value using the entire set of
measurements. The structure of each rebound value data set
reflects the nature of surface heterogeneity and it is not
immediately obvious which microstructural element or
feature (corresponding to average, median or most repeated
rebound value) controls or dominates UCS and E of the
corresponding rock. Therefore, median and mode (with the
number of repetition) values should also be plotted along
the range bars on the correlation graphs to facilitate inter-
pretation of overall significance of the correlation and
potential variability in UCS and E values of each sample.

On the other hand, the UCS and E of a given rock type
are highly sensitive to slight changes in its microstructural
state (e.g. degree and style of weathering, density and ori-
entation of microcracks, grain size distribution, mineral-
ogy). However, a systematic analysis of the potentially
large variability in these basic mechanical properties is not
always feasible due to the difficulties of laboratory testing
(justifying the search for indirect predictions using index
tests). As a result, in establishing correlations (especially
those involving a mixture of rock types), only a few UCS or
E values are often available to represent full range of var-
iability in each rock type. This important limitation in
constraining potential scatter in UCS and E values can be
partly offset by careful evaluation of the variability in
rebound values, which should be depicted on the correlation
plots by range bars. The reliability of the correlation coef-
ficient and variance can also be better evaluated in this
context.

For the identification of weathering grade in granites,
Aydin and Basu [2] showed that changes in rebound values
between first and second impact provide the best correla-
tion. This procedure is supported in the light of the inden-
tation mechanisms discussed above.

In order to capture overall trends among different rock
types or across the weathering spectrum of a given rock
type, one of the following pairs of generalized expressions
can be used to establish the UCS and E versus rebound
value (R) correlations [2]:

UCS = ae’®, E, = ce™® (A.1)

UCS = aR®, E, =cR® (A.2)
where a, b, ¢ and d are positive constants that depend on the
rock type. However, as a final note on the validity of gen-
eralizing expressions for a mixture of rocks or for a given
rock across the weathering spectrum, Aydin and Basu [2]
cautioned that these correlations are valid “assuming sim-
ilar style and sequence of microstructural changes”. This is
probably the key consideration in selecting appropriate
functions for estimating point values of the UCS and E, and
hence, such generalized expressions are not recommended
for use in practice when more specific expressions becomes
available for the corresponding rock microstructures.

It was demonstrated that when the SH tests are con-
ducted using the recommendations outlined in this sug-
gested method, the rebound values (R) obtained by using
standard L- and N-type Schmidt hammers are almost per-
fectly correlated with a very limited scatter for the range of
Ry > 30 or Ry > 40 [2]:

Rn = 1.0646 R + 6.3673(r = 0.99) (A.3)

Note, however, that this relationship has been derived on
granitic core samples with relatively smooth surfaces in
laboratory conditions and the degree of correlation and data
scatter may be expected to deteriorate in case of field
applications and testing weak porous rocks due to the dif-
ferences in the impact energies.
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1 Introduction

The properties of rocks under dynamic loading are impor-
tant for the study of a whole range of rock mechanics and
rock engineering problems, including blasting, protective
design, explosives storage, rock bursts and seismic events.
The propagation of dynamic stress waves in the ground,
response of rock tunnels to dynamic load, dynamic support
design and damage assessment all require a good under-
standing of the behavior of rocks under dynamic loading.
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Due to the transient nature of dynamic loading, the dynamic
tests of rock material are very different from static tests.

The Suggested Methods for Determining Dynamic
Strength Parameters and Mode I Fracture Toughness of
Rock Materials were prepared by the International Society
for Rock Mechanics (ISRM) Commission on Rock
Dynamics, chaired by Yingxin Zhou (Coordinators: Ying-
xin Zhou, Kaiwen Xia and Xibing Li; Contributing authors:
H.B. Li, G.W. Ma, J. Zhao, Z.L. Zhou and F. Dai).

The ISRM Commission on Rock Dynamics was established
in 2008. One of its terms of references was to develop suggested
methods for the dynamic testing of rocks. The commission
organized a workshop on rock dynamics at the Swiss Federal
Institute of Technology at Lausanne (EPFL) in June 2009, where
the commission agreed on the work plan for drafting the Standard
Method (SM) for rock dynamic testing. A second workshop was
held at the Institute of Rock and Soil Mechanics, Chinese
Academy of Sciences, in Wuhan, China, in December 2010,
where the drafted SM was discussed and finalized after extensive
consultations with members of the ISRM Commission on Test-
ing Methods. The coordinators acknowledge the valuable com-
ments and reviews by the members of the ISRM Commission on
Testing Methods chaired by Prof. Resat Ulusay. Prof. Gurusw-
ami Ravichandran and Prof. Weinong Chen are acknowledged
for their constructive and valuable comments to this work.

2 Part 1: Suggested Method
for Determining the Dynamic Uniaxial
Compressive Strength of Rock Materials
with SHPB
2.1 Scope
This test method is intended to measure the dynamic uniaxial
compressive strength of a rock specimen in the form of a
cylindrical shape. The test is mainly intended for dynamic
strength classification and characterization of intact rocks.
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Fig. 1 Schematics of SHPB (¢ denotes strain, and the subscripts i, r and ¢ refer to the incident, reflected and transmitted waves, respectively. P,
and P, are the dynamic force on the incident bar-sample interface and transmitted bar-sample interface, respectively)

2.2 Apparatus

(a) A standard Split Hopkinson Pressure Bar (SHPB), as
shown in Fig. 1, consists of a striker bar, an input bar,
an output bar, a damper, a gas gun and a data acqui-
sition unit [1-3]. The bars are made of high-strength
steels. The specimen is sandwiched between the input
and output bars. The impact of the striker bar on the
incident bar produces an incident wave (g;). The
interaction of the incident wave with the sample results
in a reflected wave (¢,.) and a transmitted wave (g,).
These waves are recorded by the strain gauges
mounted on the incident bar and transmitted bar.

(b) The diameter of the bars should be slightly larger than
the diameter of the rock specimen. The length for
input/output bar should be at least 30 times of the bar
diameter to satisfy the one dimensional stress wave
propagation theory. The length of the striker bar is
chosen to vary the duration of the loading pulse.

(c) In conventional SHPB experiments for metals, the
incident wave generated by the direct impact of the
striker on the incident bar is of a rectangular shape
with high frequency oscillation. At the initial stage of
the loading, the dynamic forces are unbalanced. To
achieve dynamic force balance, a cone-shaped striker
can be used to generate a ramped (half sine) incident
wave. Figure 2 shows a striker bar works in a 50 mm
diameter SHPB system [4].

(d) An alternative choice to generate a ramped loading
pulse is to use pulse-shaper [1]. The pulse-shaper
technique is relatively easy to implement and appli-
cable to different material bars. The pulse-shaper is a
small thin disk made of soft material, such as pure
copper, rubber or paper. It is placed on the impact end
of the incident bar. During tests, the striker impacts the
pulse-shaper before the incident bar, thus generating a
non-dispersive ramp pulse propagating into the

incident bar and thus facilitating the dynamic force
balance of the specimen. The dynamic force balance
validates the static stress analysis in the specimen.
Materials and dimensions of the pulse shaper should be
carefully chosen before tests and depicted in the final
report of the results [5].

(e) A pair of strain gauges should be glued diametrically at
the middle section of the input bar and the output bar to
measure the incident wave, the reflected wave and the
transmitted wave. High precision dynamic strain gauge
with length around 2 mm is recommended.

(f) The data acquisition rate should be around 2 millions
points per second and the bandwidth of the recording
system should be around 100 kHz. The data precision
should be around 10 bit.

23 Specimen Description

Specimens should be cored from the same rock block with
no visible geological weakness. Specimens should be intact,
petro- graphically uniform and representative of the rock
mass domain being characterized. The diameter of the
specimen should be close to 50 mm or at least 10 times the
average grain size in the rock. The length to diameter ratios
of 1:1 and 0.5:1 are recommended for small and large
samples, respectively [5].

24 Procedure
Grinding machine should be used to ensure that ends of the
specimen are smooth and parallel [6]. The ends of the
specimen shall be flat to 0.02 mm and shall not depart from
perpendicularity to the axis of the specimen by more than
0.001 rad or 0.025 mm in 25 mm.

The side surface of the specimen shall be smooth and
free of abrupt irregularities and straight to within 0.02 mm
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Fig. 2 Geometry of a cone-shaped striker (unit in mm) and the
incident stress wave produced

over the full length of the specimen. Ultrasonic velocity
should be measured to choose specimen with similar
velocity for the same group. The number of specimens per
sample tested should be determined from practical consid-
erations, but normally 30 tests are recommended to cover a
wide dynamic loading range.

25 Calculation
With captured signals, incident, reflected and transmitted
waves can be extracted, as shown in Fig. 3. The point of
failure is identified in the reflected wave, where the sudden
increase of the signal occurs. This increase is due to the
failure and thus the loss of load-bearing capacity of the
specimen [7].

Using incident, reflected and transmitted waves, the
stress, strain and strain rate of specimen can be derived as

al0) = 5 l0) + (6 + () (1
s@—gékw>am—wmw @

ao=£mm—am—mm (3)

In these equations, o(¢) is the axial compressive stress of
the sample, A is the cross sectional area of the bar, E is the
Young’s modulus of the elastic bars, C is the 1D elastic bar
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Fig. 3 Incident, reflected and waves transmitted captured in a typical
test

wave speed and A, and L, are the cross-sectional area and
length of the specimen, respectively. ¢ denotes strain, and
the subscripts i, r and ¢ refer to the incident, reflected and
transmitted waves, respectively.

Furthermore, the dynamic forces on the incident bar-
sample interface (P;) and the transmitted bar-sample
interface (P,) are

Py =AE(¢;+¢,), P,=AEg 4)

Equations (1)—(3) are derived based on the following
assumptions:

(a) Propagation of elastic waves through the input and

output bars can be described by one-dimensional stress

wave theory. This can be fulfilled approximately with

the suggested bar dimensions.

Specimen reaches stress equilibrium before failure.

This can be checked by comparing the stress histories

at the two ends of the specimen (i.e., P & P, or ¢; +

& X &, as in Fig. 4a).

(c) Friction and axial inertia effects on the specimen can
be ignored. This can be approximately satisfied with
the suggested system and testing procedures [5].

An approximate uniform deformation of the rock sample
is a prerequisite of a valid dynamic uniaxial compression
test [5]. To meet this requirement, the dynamic stresses on
both ends of the sample should be roughly identical. This
can be checked by comparing the stress histories on both
ends of the sample during the dynamic tests. Figure 4a
illustrates the dynamic stress balance on both ends of the
sample for the typical test shown in Fig. 3. It is clear that in
this test, the uniformity of the dynamic stress across the
sample has been achieved and thus the axial inertial effect
has been reduced to a negligible level. With dynamic stress
balance, the stress—strain curve of rocks can be obtained
(Fig. 4b) using Egs. (1-3).

(b)
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The dynamic loading of a test is usually characterized by
the strain rate. The strain rate history is determined using Eq.
(3) as shown in Fig. 5a. The time for the sample to reach a
stress equilibrium state is about three times of the round-trip
of stress wave in the sample and this time is denoted as #y. The
failure time instance is ¢,. The strain rate for the test is thus the
average strain rate level between #; and #;. The failure time
can be determined as the peak load (Fig. 4a) or as the sudden
jump of the strain rate [7]. The sample may reach the stress
equilibrium before the constant strain rate, it is thus better to
pick the flat region of the curve before the failure point
(Fig. 5a). Alternatively, the dynamic loading can also be
characterized using the loading rate (Fig. 5b), which is the
slope of the curve before the failure point. The loading history
shown in Fig. 5b is calculated using Eq. (1). Theoretically,
the ratio of the loading rate to the strain rate is the Young’s
modulus. These two representations of the dynamic loading
of the test are thus equivalent as shown in Fig. 5.

The maximum value from Eq. (1) (or the peak value of
the stress in Fig. 4b) is the dynamic uniaxial compressive
strength of the specimen at average strain rate or loading
rate as determined (Fig. 5).

2.6 Reporting of Results

The test report should include the following information:

(a) Lithologic description of the rock (rock type, color,
texture, grain size, weathering and other available
information form observation).

(b) Specimen number and basic parameter of the specimen
(diameter, length, seismic wave velocity, density, etc.).

(c) Test scheme including specimen groups and number of
specimen in each group.

(d) Test signals including incident, reflected and trans-
mitted waves.

(e) Mode of failure or failure degree of the specimen.

(f) Stress—strain curve, strain rate and loading histories of
the test.

(g) Dynamic uniaxial compressive strength for each speci-
men and corresponding strain rate (or loading rate).

3 Part 2: Suggested Method
for Determining Dynamic Indirect
Tensile Strength of Rock Materials
by the Brazil Test
3.1 Scope
This method of test is intended to measure the dynamic
tensile strength of the prepared rock specimens indirectly by
the Brazil test. The method is intended to extend the ISRM
suggested method for determining the static indirect tensile
strength by the Brazil test to its dynamic counterpart [5, 8].
The dynamic load is induced by the split Hopkinson pres-
sure bar (SHPB). The test is mainly intended for dynamic
strength classification and characterization of intact rocks.
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3.2 Apparatus

(a) An SHPB is used to exert the dynamic load to the disk
sample (Fig. 1). The length of the striker bar is chosen
to vary the duration of the loading pulse. Based on the
one dimensional stress wave theory, the dynamic for-
ces on the incident bar- sample interface (P;) and the
transmitted bar-sample interface (P,) can be calculated
using Eq. (4).

(b) It is critical to ensure force balance (i.e., Py ~ P»)
during the dynamic test. The pulse shaper technique is
relatively easy to implement and applicable to different
material bars. During tests, the striker impacts the
pulse shaper before the incident bar, thus generating a
non-dispersive ramp pulse propagating into the inci-
dent bar and thus facilitating the dynamic force bal-
ance of the specimen. The dynamic force balance
validates the static stress analysis in the specimen.

(c) In the static test by the Brazil test suggested by the
ISRM, two special steel loading jaws are designed to
achieve an arc of contact of approximate 10° at failure
of the disk sample [9]. In addition, two adhesive paper
strips are used to wrap the sample disk up on it
periphery. In dynamic tests using SHPB, these designs
will interfere with the wave propagation and thus
introduce errors in the results. Given a properly
aligned SHPB system, the disk specimen is recom-
mended to be placed between the bars directly [5].

3.3 Specimen Description

The geometry of the Brazil test specimen is shown in Fig. 6.
The specimen diameter should be related to the average grain
size in the rock by a ratio of at least 10:1 or should be close to
50 mm, and the thickness should be approximately equal to
the specimen radius. Smaller specimens are preferred to
achieve the dynamic force balance and higher loading rates.

3.4 Procedure

(a) The test specimens should be cut and prepared using
clean water. The cylindrical surfaces should be free
from obvious tool marks and any irregularities across
the thickness of the specimen should not exceed 0.025
mm. End faces shall be flat to 0.25 mm and parallel to
within 0.25°.

(b) Specimen orientation shall be known and the water
content should be controlled or measured and reported
in accordance with the ISRM Suggested Method for
Determination of Water Content of a Rock Sample [10].

Incident | =& > | Transmitted
bar bar

Fig. 6 Schematics of the disk specimen for the Brazil test in a split
Hopkinson pressure bar (SHPB) system (D: diameter of the specimen,
t: thickness of the specimen. P1 and P2 are the dynamic forces on both
ends of the sample)

(c) Load on the specimen shall be applied using an SHPB
system where the pulse-shaper technique is used to ensure
the dynamic force balance. The loading rate is controlled
by varying the impact velocity of the striker bar and the
material and the geometry of the pulses shaper.

(d) The data acquisition rate should be around 2 millions
points per second and the bandwidth of the recording
system should be around 100 kHz. The data precision
should be around 10 bit.

(e) The number of specimens per sample tested should be
determined from the practical considerations, but
normally thirty tests are recommended to cover a wide
dynamic loading range.

35 Calculation

(a) Verification of the dynamic force balance: Using Eq.
(4), the dynamic forces applied on both ends of the
sample can be determined. A typical test featuring the
dynamic force balance is illustrated in Fig. 7.

(b) Determination of the tensile stress history at the
specimen center: If the dynamic force balance is
achieved, the resultant tensile stress at the sample
center, g(7) can be determined as

a(t) = 0.636P(t)/(Dt) (5)

In Eq. (5), 7 is the time, o(7) is the resultant tensile
stress at the sample center, P(7) is the loading history,
which is determined following standard SHPB data
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Fig. 7 Dynamic force balance (In: Incident wave, Re: Reflected wave,
Tr: Transmitted wave, Py: the dynamic force on the incident bar-
sample interface and P,: the dynamic force the transmitted bar-sample
interface)

reduction scheme. D and ¢ are the diameter and

thickness of the disk, respectively.
(c) Determination of the tensile strength: For the static
Brazilian test, the tensile strength o, is determined as
the peak value of (7). This method applies also for the
dynamic test because the dynamic force balance has
been achieved. The dynamic tensile strength is deter-
mined as the peak-load using Eq. (5).
Determination of the loading rate: The loading rate of
the test is determined as the slope of the tensile stress
history before the failure onset (Fig. 8). For the case
shown in the figure, the loading rate is 1689 GPa/s and
the dynamic tensile strength is 40.9 MPa.

(d

3.6 Reporting of Results

(a) Lithologic description of the rock.

(b) Orientation of the axis of loading with respect to spec-
imen anisotropy (e.g. bedding planes, foliation. etc.).

(c) Source of sample, including geographic location, depth

and orientation, dates and method of sampling and

storage history and environment.

Seismic wave speeds of the specimen measured using

ultrasonic method.

(e) Number of specimens tested.

(f) Specimen diameter and thickness.

(g) Water content and degree of saturation at the time of
test.

(h) Date of testing and details of the testing machine.

(i) Mode of failure.

(d)
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Fig. 8 Tensile stress history

(G) Any other observations or available physical data such
as specific gravity, porosity and permeability, citing
the method of determination for each.

The check for dynamic force balance for each
specimen.

() The dynamic loading history of each test and the
loading rate.

The dynamic tensile strength plotted as a function of
the loading rate.

(k)

(m)

4 Part 3: Suggested Method

for Determining Dynamic Mode |

Fracture Toughness of Rock Materials
4.1 Scope
This method of test is intended to measure the dynamic
fracture toughness of a rock sample using the notched
semicircular bend (NSCB) specimen [11]. The test is
mainly intended for the classification and characterization
of intact rock with respect to its resistance to the crack
propagation. The dynamic fracture toughness also serves as
an index for rock fragmentation processes involving dril-
ling, crushing and tunnel boring or for the analysis of
fracturing in rock blasting.

4.2 Apparatus

(a) SHPB is used to exert the dynamic load to the sample
(Fig. 1). The dynamic forces on the incident bar-
sample interface (P;) and the transmitted bar-sample
interface (P,) can be determined using Eq. (4).
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Fig. 9 Schematics of the notched semi-circular bend (NSCB) spec-
imen in the split Hopkinson pressure bar (SHPB) system (R: radius of
the specimen, ¢: thickness of the sample, a: notch length, S: distance
between the two supporting pins. P, and P, are the dynamic forces on
both ends of the sample)

(b)

4.3

(a)

(b)

It is critical to ensure force balance (i.e., Py ~ P»)
during the dynamic test. The pulse-shaper technique
should be used to generalize a non-dispersive ramp
loading pulse to the test, which facilitates the dynamic
force balance of the specimen. The dynamic force
balance guarantees quasi-static stress analysis of the
specimen [11].

Specimen Description

The geometry of the NSCB specimen is shown in
Fig. 9. The apex of the NSCB specimen is in contact
with the incident bar and the diametrical end of the
specimen is supported by two pins mounted on the
transmitted bar. The specimen diameter should be
related to the average grain size in the rock by a ratio
of at least 10:1 or should be close to 50 mm, and the
thickness should be approximately equal to the speci-
men radius. Smaller specimens are preferred to
achieve the dynamic force balance and higher loading
rates.

All the dimensions of the geometry should be con-
verted into dimensionless with the specimen radius
R and diameter D = 2R as: o, = a/R, o, = t/R, 0 = S/
D. a is the notch length.

4.4

(a)

(b)

(©

(d)

©)]

®

(@

4.5

(a)

(b)

Procedure

The test specimens should be cut and prepared using
clean water. The cylindrical surfaces should be free
from obvious tool marks and any irregularities across
the thickness of the specimen should not exceed 0.025
mm. End faces shall be flat to 0.25 mm and square and
parallel to within 0.25°.

Specimen orientation shall be known and the water
content controlled or measured and reported in
accordance with the suggested method for determina-
tion of water content of a rock sample [10].

The disk is then split along the diameter into two
semicircular samples. A notch is machined subse-
quently to the semi-circular sample using a rotary
diamond-impregnated saw from the center of the ori-
ginal disk and perpendicular to the diametrical cut. A
diamond wire saw should be used to further sharpen
the notch-tip into a crack-tip. The radius of the fabri-
cated crack-tip should be less than the average grain
size of the rock material.

Load on the specimen shall be applied using an SHPB
system where the pulse-shaper technique is used to
ensure the dynamic force balance. The loading rate is
controlled by varying the impact velocity of the striker
bar and the geometry and material of the pulse-shaper.
The data acquisition rate should be around 2 millions
points per second and the bandwidth of the recording
system should be around 100 kHz. The data precision
should be around 10 bit.

The achievable loading rate has a lower bound where
the NSCB specimen can be barely broken and a high
bound where the initial failure occurs from one of its
contacts with the supporting pins, not from the tip of
the notch.

The number of specimens per sample tested should be
determined from practical considerations, but normally
thirty tests are recommended to cover a wide dynamic
loading range.

Calculation

Verification of the dynamic force balance: It is a must
to ensure that the dynamic forces applied on both sides
of the sample are approximately balanced during the
entire dynamic loading period. One typical example of
dynamic force balance check is illustrated in Fig. 10.
Using Eq. (4), the dynamic forces applied on both ends
of the sample can be determined.

Determination of the dynamic fracture toughness: The
history of mode-I stress intensity factor (SIF) K;(f) in
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wave, Tr: Transmitted wave, Py: the dynamic force on the incident bar-
sample interface, P,: the dynamic force on the transmitted bar-sample
interface)

current NSCB specimen can be determined by the
following formula:

P(1)S

K](f) = WY(OCQ)

(6)
where R is the radius of the specimen, t is the
thickness of the sample, S is the distance between
the two supporting pins and P(t) is the loading
history. Y(a,) is a dimensionless function depending
on crack geometry and can be calibrated
numerically.

The supporting span o around 0.55 is recommended.
For 0.15 < o, < 0.5, Y(,) can be determined using the
following equations:

Y () = 0.5037 + 3.44092, — 8.079202

Ta
+ 16.48953 (o5 = 0.50) (7a)
Y(t) = 0.4670 + 3.90940, — 8.76340 )
+ 16.8454] (o5 = 0.55)
Y(2,) = 0.4444 4 4.21980, — 9.110102
(7¢)

+ 16.9520 (a5 = 0.60)

For other values of og, numerical analysis is needed to
determine Y(o,). A typical stress intensity factor his-
tory from a dynamic NSCB test is shown in Fig. 11.
The dynamic fracture toughness K;c is obtained from
the peak value of K/(f), provided that the dynamic
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11 Evolution of SIF obtained from a dynamic NSCB test

force balance has been achieved at both ends of the
sample.

Determination of the dynamic loading rate: The rock
dynamic fracture toughness depends on the loading
rate. The loading rate is measured as the pre-peak
slope of the SIF history curve (Fig. 11). The loading
rate for the test as shown in the figure is determined as
74 GPa-m"%/s.

Reporting of Results

Lithologic description of the rock.

Orientation of the axis of loading with respect to
specimen anisotropy (e.g. bedding planes, foliation,
etc.).

Source of sample, including geographic location, depth
and orientation, dates and method of sampling and
storage history and environment.

Seismic wave speeds of the specimen measured using
ultrasonic method.

Number of specimens tested.

Specimen diameter and height.

Water content and degree of saturation at the time of
test.

Test duration and stress rate.

Date of testing and type of testing machine.

Mode of failure.

Any other observations or available physical data such
as specific gravity, porosity and permeability, citing
the method of determination for each.

The check for dynamic force balance and detection of
failure onset for each specimen.

The dynamic loading history of each specimen in the
sample and the loading rate.
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(n) The dynamic fracture toughness plotted as a function
of the loading rate.

5 Notes and Recommendations

Three testing methods for determining dynamic rock com-
pressive strength, dynamic rock indirect tensile strength and
dynamic rock fracture toughness (mode I) were proposed.
The suggested dynamic compression and tension testing
methods are directly expanded from the ISRM suggested
methods for measuring the static uniaxial compressive
strength of rocks [6] and the tensile strength of rocks by the
Brazilian tests [9].

For the fracture toughness measurement of brittle rocks,
core- based samples are preferred, because they can be
easily obtained from natural rock blocks. As a result, the
developed standard method of fracture toughness tests on
metals [12] and ceramics [13] are rarely utilized. ISRM
recommended two methods with three types of core-based
specimens for determining the fracture toughness of rocks:
Chevron bend (CB) and short rod (SR) specimens in 1988
[14] and cracked chevron notched Brazilian disk (CCNBD)
specimen in 1995 [15].

Itis noted that each of the three suggested fracture samples
has a pre-fabricated chevron notch; and the critical crack is
not pre-fabricated but formed in the process of crack propa-
gation. The complexity of the three dimensional crack as well
as its influence to the dynamic wave propagation is far from
being explored. Further, in the SR test, the accuracy of the
measurement suffers significantly from the friction between
the driving wedge and the notch corner of the sample [16]. In
contrast, the NSCB [17, 18] sample configuration has a
simple two dimensional crack with less disturbance on the
stress wave propagation during the dynamic loading, which
facilities dynamic stress balance in the sample. Indeed, the
reliability of this sample configuration on the fracture tests of
rocks has been critically validated [11]. Because the sample
fabrication procedure and data reduction equations devel-
oped for the dynamic NSCB method can be used for static
NSCB tests without modification, it is recommended that the
NSCB method be also considered as one of the suggested
methods by ISRM for measuring static fracture toughness.

There are other important dynamic mechanical properties
for rocks. It is recommended that dynamic testing methods
for other rock dynamic properties, such as dynamic shear
strength, dynamic flexural strength and dynamic frictional
properties be developed. Furthermore, because rocks are
normally under tectonic stress in their natural states, it is thus
important to determine the effects of pre-stresses on the
dynamic properties of rocks. Because the primary difference

between the dynamic tests and the static tests is the loading
device, it is thus recommended that any dynamic testing
method developed also be considered as the corresponding
ISRM static testing suggested method so that a direct com-
parison of the static and dynamic properties can be made.
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Tobias Backers and Ove Stephansson

1 Introduction

Fracture is a failure mechanism of brittle materials that is of
great importance for the performance of structures. Rapid
and violent failures of large-scale geotechnical, mining or
civil engineering structures cause significant safety hazards,
material damage, and interruption to or even cessation
of mining or building activities. Ability to recognise pre-
failure rock mass behaviour may result in predicting or
averting the potential for geotechnical and geological fail-
ures (Szwedzicki 2003). Rock fracture mechanics is one
approach to resolve this task.

Rock fracture mechanics can be employed not only to
improve safety, but also to enhance the performance and
profitability of rock engineering structures. Examples are
the geological disposal of radioactive waste, terrestrial
sequestration of carbon dioxide to ease prejudicial effects
on the environment, efficient underground storage of oil, gas
or air, enhanced recovery of hydrocarbons, geothermal
energy extraction, and underground constructions at
increasing overburden pressure for infrastructure or trans-
port. For these geomechanical applications the stress states
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are mostly compressive, therefore, shearing is an important
failure mechanism in rock materials.

The stress and displacement field around a crack tip
during shearing results from the application of uniform
shear loadings at infinity. In this so-called Mode II loading
in fracture mechanics, the crack faces slide relative to each
other and displacements of the crack surfaces are in the
crack plane and perpendicular to the crack front. The crack
initiation takes place when the crack tip stress intensity
factor Ky reaches a critical value, called the Mode II plain
strain fracture toughness Kjjc. The value of Kj; depends on
the external loading, the geometry of the specimen and
crack dimension. The fracture toughness Kjc, sometimes
called critical stress intensity factor, is a material parameter
depending on the type of rock material and its physical
boundary conditions, such as confining pressure and
temperature.

Whittaker et al. (1992) have presented an overview of
different methods for determination of Mode II fracture
toughness. Some more recent methods have been proposed
by e.g. Chang et al. (2002), Hakami and Stephansson
(1990), Ko and Kemeny (2006), Rao et al. (2003). Only Rao
et al. (2003) performed experiments on Short Beam Com-
pression specimens with application of confining pressure
that is independent of the vertical load, but the method is
under discussion as it frequently delivers Kjc > K¢
(Whittaker et al. 1992; Watkins and Liu 1985).

The important influence of confining pressure on Mode 11
fracture toughness can only be determined by methods that
can independently apply a normal load to the fracture plane.
It has been stated by several researchers that under conditions
of overall compression Mode II fracture, propagation is most
likely (Melin 1986; Lawn 1993). This was experimentally
confirmed by Bobet and Einstein (1998) who demonstrated
that macroscopic wing fractures (Mode I) can be suppressed
by applying confining pressure, i.e. normal stress. Confining
pressure had to be applicable to the specimen to be able to
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suppress macroscopic tensile fracturing. The Punch-Through
Shear with Confining Pressure (PTS/CP) experiment
(Backers 2005; Backers et al. 2002a, b, 2004) allows mea-
suring Ky at different confining pressures. A modified
version of PTS/CP test of rectangular samples under biaxial
loading was presented by Lee (2007).

In Mode I loading the crack is subjected to a normal
stress, the crack surfaces separate symmetrically and the
crack front propagates in direction of the crack plane. Three
ISRM Suggested Methods for determining Mode I fracture
toughness K have been presented (Ouchterlony 1988;
Fowell et al. 1995). Fracturing in rock structures commonly
occurs under mixed mode I-II loading where crack faces
undergo both opening and sliding displacements and where
pure Mode I stress and pure Mode 1II stress intensity are the
limiting cases of mixed mode I-II loading. To solve com-
mon rock engineering problems with a fracture mechanics
approach both fracture toughnesses Kjc and Ky are needed.

The suggested method for Kjjc fracture toughness deter-
mination makes use of the PTS/CP experiment, where
specimens from K¢ testing (Chevron Bend test Ouchterlony
1988) can be used to obtain fracture toughness data for both
Mode I and Mode II analysis.

It may be discussed if the concept of mode of fracturing
is applicable to rock material. Rock is, in general, a multi-
component material. Hence, when a fracture propagates
through the material, it may not follow a straight trace but is
influenced by grain boundaries, cracks, flaws and other
discontinuities. From a mathematical point of view, in
which the concept of the mode of fracturing was developed,
a pure mode of fracture can only be achieved if the fracture
propagates in a straight continuous plane within a given
homogeneous stress field. Therefore, any deviation of the
propagation direction of the fracture within the applied
stress field introduces some mixed mode kind of fracturing.

Moreover, the fracture follows the given fabric and the
fabric itself will introduce stress fluctuations that superim-
poses to the applied stress field (Dyskin 1999). In addition,
the fracture generated will itself introduce cracks in its
surrounding and build up a zone of mixed mode micro-
cracking, the so-called fracture process zone. Hence, for a
granular material the differentiation into the mode of frac-
turing is not possible on the microscale.

From analysis of acoustic emission recording in labora-
tory experiments it has been clearly shown that at Mode 1
and Mode II loading conditions, where the macroscopic
fracture follows the direction of Mode I and Mode II,
respectively, the micromechanical breakdown involves both
tensile as well as shear cracking (e.g. Backers et al. 2005;
Stanchits et al. 2003). Therefore, neither under pure Mode I
nor Mode II loading conditions is the crack propagation
pure tensile or pure shear; fracturing in rock material which
always involves a mixed mode on the microscale.
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In the context of laboratory based fracture toughness
testing the mode of fracturing is here understood from a
macroscopic point of view, at which the fracture propaga-
tion is in the direction of Mode I or Mode II. Further, as
fracture toughness depends on boundary conditions, the
term material property is not applicable.

2 Scope

The laboratory experiment is intended to directly measure
the Mode II (in-plane shear) fracture toughness of rock
material. The geometry of the test specimen is designed to
use standard core material (NX size or 50 mm diameter)
and to deploy the remaining halves from Mode I (tensile)
fracture toughness testing by the Chevron Bend method
[ISRM Suggested Method (Ouchterlony 1988)]. The
experimental set-up allows the Mode II fracture toughness
to be measured at different levels of confining pressure. The
test is called the PTS/CP experiment.

3 Specimen Preparation

1. For any specimen preparation treatment appropriate high
precision (preferably diamond stud) tools should be
used. During specimen preparation, caution has to be
taken to limit the micromechanical damage of the
specimen. Micromechanical damage may influence the
fracture propagation and cause reduced magnitude of
fracture toughness. Cautious specimen preparation
should involve slow drilling, cutting and grinding
operations to limit vibrations and heat generation. If no
cooling agent can be used in the process of specimen
preparation, special caution has to be taken to limit the
temperature increase due to specimen preparation.

2. The specimens should be right circular cylinders having
a height L to diameter D ratio of 1:1 and a diameter
D equal to 50 mm (Fig. 1). The end surfaces should be
flat to 0.01 mm and shall not depart from perpendicu-
larity to the longitudinal axis of the specimen by more
than 0.5°.

3. The mantle surface of the specimen cylinder should be
smooth, free of abrupt irregularities and straight to
within 0.5 mm over the full length of the specimen.
Such irregularities might act as stress concentrators.

4. A circular notch of diameter ID = 0.5D =25 £ 0.2 mm
and deptha = 0.1D = 5 £ 0.2 mm is to be inserted into
one end surface of the cylindrical specimen and a circular
notch of diameter ID = 0.5D = 25 £ 0.2 mm and depth
b =0.6D = 30 £ 0.2 mm shall be manufactured into
the other end surface (Fig. 1). Hence, the intact rock
portion is of length IP = L — @ — b = 15 mm. The axis
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Fig. 1 Specimen geometry and dimensions of the Punch-Through
Shear with Confining Pressure experiment

of the circular notches has to be aligned with the cylinder
axis of the specimen. The sinking of the notches may be
performed preferably by a computerised numerical con-
trol (CNC) milling machine or alternatively an appro-
priate hollow drill bit. The width of the notches shall be
t =15 £ 0.2 mm. The bottom of the notches should
have a small curvature.

. The dimensions of the specimen should be measured to
the nearest 0.1 mm. The specimen diameter should be
measured by averaging two diameters measured at right
angles at at-least two levels. The notch depths should be
reported by averaging three measurements at angles of
120°. The specimen height should be determined by
averaging three measurements at angles of 120°.

. The specimen should be stored after specimen prepara-
tion for an appropriate time interval at sufficient condi-
tions to achieve the desired moisture condition and
history. The conditions of storage, moisture adjustment
or drying shall be reported.

. The minimum information on each specimen shall include
dimensions, specimen preparation routines, special
observations made during specimen preparation, moisture
content, and macroscopic description of the surface.

Experimental Set-Up

. The specimen is placed on top of a bottom support that
has a central cut out CO of diameter ID + 2t <
CO < ID + 5 mm and depth CD =~ 0.1D (Fig. 2). The
specimen end surface with the notch of length b faces
downwards.

. A load stamp assembly is placed on top of the specimen
that should contain a load piston of diameter LO = ID
and shall provide a sealing of the specimen from a
possible confining pressure liquid (Fig. 2).

seal ]
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Fig. 2 Principle set-up of the Punch-Through Shear with Confining
Pressure experiment

3.

4.

The whole assembly may be covered by a jacket that seals
the specimen from the confining pressure medium.

The assembly consisting of specimen, loading devices
and jacket is placed into a loading frame of sufficient
capacity and equipped with a system to apply a confin-
ing pressure that can be independently controlled. The
load piston of the system should be travelled into contact
with the load stamp of the installed assembly; no axial
load should be applied at this stage. Thereafter, the
confining pressure system should be filled with confining
pressure medium.

No guidelines on how to insert the specimen assembly

into the loading frame or confining pressure device are
given in detail, as very different systems are available. It
must be assured that the workflow can be followed with the
used loading equipment.

5

1.

Testing Procedure

The minimum information collected during experiment
is the applied confining pressure Pc and peak load F,y.
However, it is advisable to continuously record the axial
deformation 6 (accuracy Ad = 0.001 mm), the axial
load F, (accuracy AF,, = 0.05 kN) and the confining
pressure (accuracy APc = 0.05 MPa) during the
experiment. The rate of data acquisition should be
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Fig. 3 Loading scheme and response of the Punch-Through Shear with Confining Pressure PTS/CP experiment

appropriate to detect the maximum load achieved; a rate
of four data sets per second (s) may be found sufficient
for the suggested axial displacement rate.

2. A small pre-load Fi,. is applied to the experimental set-
up. The pre-load F,. should be large enough to firmly
stabilise the assembly, but sufficiently small as to not
introduce any damage to the specimen (Fig. 3a).

3. The confining pressure Pc is applied subsequently
(Fig. 3b). The confining pressure will act on the mantle
surface and on the top surface of the specimen. On
reaching the desired level of confining pressure, Pc
should be kept constant. A servo-controlled system is
recommended.

4. The axial displacement is increased at a constant rate of
dd = 0.2 mm/min (3.3 x 107° m/s) (Fig. 3c) resulting
in an increase of the axial load. The other boundary
conditions are kept constant.

5. At peak load a fracture propagates between the notches
(Fig. 3d). The experiment may be terminated after
driving the test to the post-peak.

6. The number of specimens per sample tested should be
determined by practical considerations, but a minimum
of five specimens is recommended. A sample in the
sense of experiments consists of all specimens tested at
the same boundary conditions.

6 Calculations

The Mode II fracture toughness may be evaluated from the
peak load F,.x achieved during testing by

Kic = 7.74 X 1072 Fpax — 1.80 x 1073P¢, (1)
where Ky is in MPa\/ m, Fp.x 1s given in kN, and Pc is
given in MPa. The formula is valid for the suggested
geometry only, ie., if L =D =50 mm, ID = 25 mm,
a =5 mm and » = 30 mm.

7 Reporting of Results

The report of each experiment should at least include the
following:

1. Source of specimen as precisely as possible; location
and orientation.

2. Lithological description of the rock type including grain
size.

3. Details of the methods used for specimen preparation,
dimensions of the prepared specimen, special observa-
tions made during specimen preparation, and macro-
scopic description of the specimen surface.
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Table 1 Values for Mode I and Mode II fracture toughness of various rocks

Rock Kic
Avro granite, medium grained Sweden 3.8
Aue granite, coarse grained Germany 1.6
Mizunami granite, medium grained Japan 2.4
Seoul granite, finegrained Korea 1.6
Carrara marble Italy 24
Flechtingen sandstone, finegrained Germany 1.2
Bentheim sandstone, finegrained Germany 0.9
Ruedersdorf limestone, mudstone Germany 1.1

4. Orientation of the loading axis with respect to the
specimen anisotropy, bedding planes, etc.

5. History and environment of test specimen storage or
treatment (temperature, drying, saturation, etc.).

6. Specimen condition at time of test (saturation degree,
fluid/gas content, temperature, etc.).

7. Details of experiment including history, confining
pressure, loading rate, etc.

8. A record of the peak load.

9. Individual test plots showing confining pressure, axial
stress and axial displacement versus time. If there is
major stress drops during loading, the test should be
considered invalid.

10. The calculated value of the Mode II fracture toughness;
if known, along with the Mode I fracture toughness and
the ratio of Kyc/Kic.

11. Description of the specimen after testing, especially
description of the macroscopic visible fractures. If there
are fractures other than the vertical connection of the
notches on stopping the test at peak load, the test may
be discarded.

The report of a series of samples should contain the
following:

12. The average value of each sample of experiments
including a representative measure of the scatter.

13. A plot showing the Mode II fracture toughness of each
sample as a function of confining pressure.

14. The ratio of Ky c/Kjc if the Mode 1 fracture toughness
was determined, e.g. by the Chevron Bend experiment
[ISRM Suggested Method (Ouchterlony 1988)].

8 Typical Values

Table 1 gives some examples of Mode I and Mode II
fracture toughness values for different rocks. The Mode I
fracture toughness was determined using the ISRM Sug-
gested Method, Chevron Bend Method (Ouchterlony 1988)
and the Mode II fracture toughness was determined by to
the above procedure.

Kic (low P) Kic (high P) Knc/Kic
4.7 115 1.2/3.0
4.2 10.5 2.6/6.6
4.2 10.9 1.5/3.8
4.0 - 2.5/-
3.1 6.7 1.3/2.8
2.1 53 1.8/4.4
— — —/—
3.1 42 2.8/3.8
9 Notes and Recommendations

The following notes and recommendations shall support and
explain the details of the suggested method. For further
details on the reported results and information, please refer
to the given references.

9.1 Evaluation Procedure

It is suggested that Ky is estimated by a technique based on
a displacement extrapolation technique (DET) as frequently
used in literature, e.g. Lim et al. (1993). The displacement
formulations are based on Irwin’s crack tip displacement
equations (Whittaker et al. 1992). In Cartesian coordinates,
the displacements are given by

K |r 0 30
M_E ﬁ{@k—l)cosi—cosj]
Ky |r 0 .30
2\ 1O S+ sin— 2
G 2n{(k+3)sm2+sm2} (2)
& [ 030
V_E E{(Zk—kl)smi—sm?}
Kn |r 0 30
2\ [—(Zk -3) cosi — 0057} ) 3)

where u is the displacement in shear direction, v is the
displacement perpendicular to u, G is the shear modulus,
k = 3—-4v, with v being Poisson’s ratio, r is the distance
from the crack tip, and 0 is the angle from the shear
direction. In the case of 6 = +£180°, i.e. on the notch faces,
Egs. (2) and (3) become

KH r

== 2n[2k+2] (4)
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Fig. 4 Displacement extrapolation technique. The displacements for
the calculation of Kj; were determined by 2D FEM using the standard
PTS/CP geometry. (Top leff) from a K versus r; plot the curve is

_K] r

v= e fan 2+ 2 5)

Thus, K} and Kj; can be determined separately by the x-
and y-direction displacements. In the case of Ky, u is
measured at the nodal points of the upper and lower notch
faces, i.e. 0 = £180°, thus

i ;
+_ Ky [rni

u; =3 ﬂ[k+1], atf = +180 (6)
_ 7Kf] ri . o
P =26\ [k+1], at0=—180° (7)

The relative y-direction displacement of the corre-
sponding nodes is

i
_Ky i

G 2n[k +1] (8)

Au=ul—u;

and consequently Kj; is defined by

; G 21
ki = AU
1T k+1 ri U, (9)

The Ki; at given boundary stresses for different r; are
determined and plotted as functions of the distance from the
notch tip. For the linear part of that function, a linear
regression extrapolates Kj; to the notch tip, i.e. r=0
and Kﬁk

T. Backers and O. Stephansson
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extrapolated to theK; axis providing a linear correlation between axial
stress 0, and axis intercept Kﬁ (top right). (Bottom) The same
procedure provides a correlation between confining pressure P and Kiy)

For the suggested geometry, the corresponding relations
are determined on the bottom notch. The influence of axial
loading, oA, and confining pressure, Pc, are evaluated
(Fig. 4).

Some other methods can be used to evaluate Ky from
the PTS/CP experiment; some of those are explained and
discussed in Backers (2005). Here, the values obtained by
the DET method used here are compared to the J-integral
approach (Rice 1968). In the case of the PTS/CP method it
becomes

1
J = EAMAT (10)
where Au is the shear displacement in the notch plane and
At the drop of average shear stress from peak to residual
shear stress across the fracture faces. Au and At can be
obtained from the post peak part of the shear stress versus
strain diagram (see Hakami 1988 for details).

The Energy Release rate obtained by the J-integral anal-
ysis of a limestone sample (P = 5 MPa, g, = 87.2 MPa)
is J ~ 4 x 10* J/m? or K¢ ~ 3.1 MPa m"2. In compari-
son, the DET method provides Kjjc = 3.3 MPa m'2. The
J-integral method requires that small scale yielding is evident
to be able to assume equivalence to Ky, and additional
fracturing in the specimens, as sometimes obtained, limits
the evaluation capability of the method.

The advantage of the suggested method to determine
Kiic is that only the peak load needs to be recorded. For e.g.,
a J-integral approach a full load and displacement recording
would be necessary.
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Fig. 5 Influence of confining pressure, Pc, on and 7,, (the shear stress
is not an interpreted value and therefore presented here. Ky and t,,
are linked by a factor only and hence the trends are the same),
T = Fyax (1 x ID x IP)"!, for different rock types. (Recalculated
data after Backers 2005; Backers et al. 2002b)

The given formulation is valid only for the suggested
geometry and deviations from the ideal configuration will
result in inaccurate values of Kjjc. Further, at low confining

pressures wing fractures may be introduced in the specimen
altering the stress fields. This alteration is not accounted for
in the equation.

9.2 Influence of Confining Pressure

The shear stress (T = Foa(m x ID x IP)™!) (intact rock
portion IP = L — a — b) at failure is reported to increase
with confining pressure for various rock types. Figure 5
summarises selected data from Backers (2005) and Backers
et al. (2002b). The PTS/CP test data shows results for
experiments performed at confining pressures, Pc, up to
70 MPa.

The reported shear stress at failure increases non-linearly
with confining pressure. As Kjic is linearly linked to the
shear stress at failure, ! Ky shows similar behaviour. Due
to the observations from microstructural analyses (Backers
et al. 2002a), the increase of shear stress and fracture
toughness may be interpreted as a bi-linear relation. At low
confining pressures the average shear stress between the
notches, 1,y, steeply increases with P, while at high P the
T,y Necessary for fracture propagation increases moderately
with increase in confining pressure. The transition from
steep to shallow slope is around 25-35 MPa. Alternatively,
one might consider a square root rise to a maximum value.
However, that would imply constant fracture toughness at
very high Pc and no frictional influence.

From microstructural analyses, it has been reported that
at low confining pressures wing fractures, i.e. tensile frac-
tures, are initiated at the bottom notch inner tip at about
30 % of the peak load. The wing fractures are typically not
initiated at confining pressures Pc > 30 MPa. Also, the
signature (shape and crack content) of the fracture process
zone changes with the increase of confining pressure up to
about 30 MPa, but not above, indicating a change of
micromechanism. A discussion of these features can be
found in Backers et al. (2002a, b).

9.3 Discussion of Loading History

The PTS/CP experiment has the unique ability to indepen-
dently apply an external shear load and a normal stress
perpendicular to the plane of shear loading. In principle,
some other methods do have the possibility to vary the
confining pressure, but not independently to an external
shear load (i.e. triaxial compression test (Hakami and
Stephansson 1990) and compression shear cube test

' Kine =774 x 1072 Fpax — 1.80 x 1072 Pc =774 x 1072

Tx 7 xIDxIP— 180 x 107> Pc.
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(Jumikis 1979). The very important influence of overall
compression (confinement) on Mode II loading induced
fracturing (Melin 1986; Lawn 1993) can be adequately
studied by the Punch-Through Shear test only.

Due to the geometry and the suggested loading layout of
the test, the specimen is not loaded purely isostatically on
application of the confining pressure. A shear load is
introduced in the plane between the notches. The ratio of
confining pressure to shear stress, k = Pc/t, is constant
during application of confining pressure.

After application of confining pressure, the inner cylin-
der is punched down in displacement control. The ratio of
confining pressure to shear stress, k = Pc/t, will, therefore,
decrease on punching down the inner cylinder. It was shown
numerically by Melin (1986) that at high ratios of xk Mode II
is preferred. Lower ratios will cause preferred initiation of
Mode I fracture. When P is high enough Ky will reach Ky
before 7 has reached the level at which Mode I is preferred.
K is decreased in the PTS/CP experimental procedure, hence
Mode II is preferred if Pc is sufficiently high. In other
methods (e.g. Rao et al. 2003; Jumikis 1979), Mode II
loading is applied by adjusting the loading angle and con-
fining pressure also depends on the loading angle. Hence, x
is governed by the limited loading angle to achieve Mode II
loading and then is kept constant with simultaneous
increase of shear stress and confining pressure.

924 Discussion of Displacement Rate

It has been shown for a selection of rock types that the
displacement rate has minor influence on the peak strength
Backers 2005). In a testing series the displacement rate was
varied between 3.3 x 1077 and 1.7 x 10~ m/s at constant
confining pressure for various rock types (Fig. 6). The tes-
ted rock types have homogeneous mineralogical composi-
tion and grain size. For an inhomogeneous, coarse grained
granite it was reported that the fracture initiation stress
increases at higher displacement rates. The suggested dis-
placement rate of 3.3 x 107° m/s allows performance of
the test within reasonable time without effects of the oper-
ational condition such as subcritical crack growth weaken-
ing effects. It should be noted that there is evidence to
expect an influence by this subcritical crack growth mech-
anism on individual rock types, and this possibility should
be considered in the planning of a testing campaign (c.f.
Sect. 9.8).

9.5 Discussion of Geometry

The circular geometry of the PTS/CP experiment is superior
to a rectangular geometry in terms of structural stability as

T. Backers and O. Stephansson
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Fig. 6 Shear stress on notch plane at fracture initiation versus
displacement rate at constant confining pressure of 5 MPa for a
selection of rock types [the shear stress at fracture initiation is
normalised with the shear stress at 0.2 mm/min. Top Carrara marble;
middle Flechtingen sandstone; bottom Ruedersdorf limestone]

is mostly favoured in several Mode II testing methods. The
tubular (hollow-cylindrical) layout of the PTS/CP test in the
notch regions is able to withstand high confining pressures
due to the tangential stresses; no sign of specimen failure is
reported up to 120 MPa for limestone (Backers et al. 2004).
A geometry with straight notches can be studied at low
confining pressures only, as bending stresses introduced by
the confining pressure would cause failure.

9.5.1 Influence of Notch Depth
Variation of the notch depth yielded a region of constant
shear stress in the plane between the notches for
10 mm < IP < 20 mm (Fig. 7). The upper notch depth, a,
is fixed to 5 mm at specimen height L = 50 mm and the
lower notch depth, b, is varied. The average shear stress on
the cylindrical plane between the notches remains almost
constant for Ruedersdorf limestone and Carrara marble, but
increases for small IP for Aue granite. It is constant between
IPs of approximately 10 and 20 mm for the three rock types.
The suggested IP of 15 mm lies within the constant regime
for all tested rock types.

Variation of rock ligament between the notches, IP,
illustrates a plateau of t,, for a certain range of IP (Fig. 7).
Similar results are reported by Yoon et al. (Yoon and Jeon
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Fig. 7 Shear stress on notch plane at fracture initiation versus intact
rock portion IP [The average shear stress on the cylindrical plane
between the notches remains almost constant for Ruedersdorf lime-
stone and Carrara marble, but increases for small IP for Aue granite. It
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Top Aue granite; middle Ruedersdorf limestone; bottom Carrara
marble. Recalculated data from Backers (2005)]

2003) for Daejeon granite. They report constant Ky for IP
of about 17 to 40 mm. Numerical analyses performed by
Watkins (1983) on samples with similar, but cubic geometry
give evidence of constant stress intensity factor in Mode 11
for IP/L ratios of 0.3-0.5 (IP = 15-25 mm in case of PTS/
CP geometry) for experimental Mode II fracture toughness
determination of mortar without confining pressure.

For small ligament lengths the notches are expected to
influence each other by coalescence and interaction of the
initial process zones before actual fracture propagation
takes place at peak load; a decrease of shear stress necessary
for fracture propagation is expected at small /P. The initial
fracture process zone was shown by means of acoustic
emission to be few millimetres in length (~2-3 mm for
Mizunami granite; (Backers 2005; Stanchits et al. 2003). If
the process zones of the top and bottom notches interact at
low IP, as is suggested by acoustic emission, coalescence/
overlap of the fracture process zones should result in a
magnified loss of strength. This is only vaguely supported
by the shape of the stress versus IP plot at low IP in Fig. 7
for Ruedersdorf limestone and Carrara marble. The elevated
average shear stress necessary for fracture growth in Aue

(a) (b)
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o limestone O
= 40 = 40
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Fig. 8 a Influence of symmetrical and unsymmetrical sample geom-
etry. T,y is similar for symmetrical (L = 25 mm) and unsymmetrical
(L =50 mm) Ruedersdorf limestone samples. (¢ =5 mm, D =
50 mm, Pc = 5 MPa). b Influence of the upper notch length, a, on 1,
of Carrara marble and Ruedersdorf limestone (white circles) and Carrara
marble (grey circles). [Results for upper notch depth a = 5 and 30 mm
with similar IP are given. There is no evidence for a significant influence
of the notch depth on 7,,. (L = 50 mm, D = 50 mm, Pc = 5 MPa).
Recalculated data from Backers (2005)]

granite (Fig. 7) might be explained by the comparably large
grains (average is 1 mm, but up to 5 mm are included). At
small IP only few grains are located between the notches
and hence coalescence might be aggravated by inter- as well
as intragranular crack propagation accompanied by inter-
locking and crack arrest.

9.5.2 Influence of Asymmetric Specimen
Geometry

The proposed depth of the notches is non-symmetrical; this
is to avoid compressive failure of the upper part of the inner
cylinder during axial loading.

To verify an influence of the asymmetry on the test
results, tests on samples of L =25 mm with a =b =35
mm, that is, with a similar length of IP as for the suggested
geometry, are performed. t,, is the same within sample-to-
sample scatter for both the suggested (L = 50 mm) and
short (L = 25 mm) geometries (Fig. 8). This also suggests
that samples of L = 25 mm may be used if sample material
is slender. Nevertheless, larger specimens are easier to
handle and specimen preparation is more secure.

To investigate the influence of notch length, tests were
performed with a = 30 mm and b = 5 mm, i.e. with the
(suggested) specimen turned upside down, and compared to
testing of samples with suggested set-up (Fig. 8). No evi-
dence for a noteworthy influence of the notch depth on t,, is
reported (Backers 2005). During this series of testing,
compressive failure of the top of the inner cylinder was
frequently observed for specimens with a = 30 mm.

An unsymmetrical shape of the sample, i.e. notch depth
a # b, and sample height, L, is shown to have a minor
influence on the obtained t,,. Hence, the contribution of
bending of the unsupported outer ring to the Mode II
fracture process is either negligible or non-existing.
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Fig. 9 Influence of the notch width, 7, on 7, for Carrara marble. [The
shear stress at failure remains similar for the tested ¢. (L = 50 mm,
D =50mm, a % 5 mm, ID ~ 25 mm, IP & 15 mm). Reprocessed
data from Backers (2005)]

9.5.3 Influence of Notch Diameter and Sample
Diameter

It should be noted that the Mode II fracture toughness as
derived from the PTS/CP experiment may be sensitive to
the sample diameter D and notch diameter /D (Backers
2005). It was reported that 7,, decreases with increasing ID
at constant D for one large grained rock type. In addition,
from selected experiments it is suggested that an increase of
D increases T, at given ID. The effect appears to depend on
grain size, but has only been studied at low confining
pressure up to Pc = 5 MPa.

9.5.4 Influence of Notch Width

Experiments with notch widths, 7, of 0.8, 1.5 and 3.0 mm
were carried out on Carrara marble (Backers 2005). The
0.8 mm notch was manufactured using a CNC milling
machine, the 1.5 mm notch was prepared using a standard
drill bit, and the 3.0 mm notch was created by two drill bits
with overlapping diameters. Results from this series of
experiments are given in Fig. 9. The differences in t,, show
no clear trend for the tested 7. Slight variation of t,, may
apply due to the different methods to introduce the notches.
Further, in a wider notch more grains are intersected at the
bottommost of the notch, and hence more grain boundaries
might be preferably oriented for local failure. The notch
width (¢ = 1.5 mm) for the method was recommended as it
may be produced with conventional hollow drill bits.

9.6 Discussion of Fracture Generation

The fracture generation was studied on a variety of speci-
mens and rock types and under varying boundary conditions.
Fracture development and characteristics were described
using macroscopic observations, thin section analysis, SEM,
and analysis of acoustic emission recordings.

T. Backers and O. Stephansson

Figure 10 summarises the typical fracture characteristics
as observed in several studies. At low confining pressures,
typically Pc < 30 MPa, at about 30 % of the peak load a
wing shaped fracture develops from the bottom notch inner
tip (Fig. 10a). During propagation it turns towards the
centre of the specimen until it is oriented almost vertically
and then stops. Frequently, it stops even before aligning
itself parallel to the displacement direction. The length of
the wing fracture decreases with increasing confining
pressure. At about 60 % of the peak load at the top notch a
fracture was frequently observed propagating from the
dilatant tip of the notch to the mantle surface of the spec-
imen (Fig. 10b). Upon further loading these fractures
remain stable. At peak load a fracture starts from the bottom
notch and propagates to connect to the top notch (Fig. 10c).
At fracture propagation the load versus displacement data
shows negative slope indicating disintegration.

The reported formation of the bottom wing fracture
(~30 % peak load) and upper horizontal fracture (~60 %
peak load) are not detectable in the stress versus displace-
ment data, hence the energy consumption of those is
assumed to be minor.

Increased confining pressure, typically Pc > 30 MPa,
the wing shaped fractures are not initiated. The negative
stress intensity at the level of loading is sufficient to sup-
press tensile macroscopic fracture. Only the fracture con-
necting the notches develops at increased confining
pressures.

In contrast to the wing shaped fracture, which is usually
a very distinct feature highlighting only a single crack line
separating mostly grains boundaries, the fracture that
develops at peak load shows a wide fracture process zone.
In a study of the influence of the confining pressure on the
characteristic of the process zone of the shear fracture it was
observed that the width of the zone is considerably reduced
with increase of confining pressure (Backers et al. 2002a).
The applied normal load to the fracture trace alters the local
stress redistribution and the fractures initiated in the process
zone rotate to align with the main fracture trace. Further,
less crack surface is initiated leading to a smaller fracture
process zone width. These changes in characteristics were
most prominent at Pc < 30 MPa. Above this confining
pressure the reported changes were minor.

The changes in appearance of the fracture evolution and
its characteristics with confining pressure may be related to
a change in slope in the shear strength/Mode II fracture
toughness versus confining pressure data, c.f. Fig. 5.

Application of confining pressure superimposes a nega-
tive > K; and this results in shorter wing fractures that stop
before being aligned with the major principle stress. No

2 A negative K; describes a state of compression.
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Fig. 10 Fracture evolution in the PTS/CP experiment. Top fracture
evolution for Pc = 0.1 MPa (left side of individual sketch) and
Pc > 30 MPa (right side of individual sketch). [The axial force vs.

wing fractures are initiated at the notches in samples sub-
jected to confining pressures >30 MPa. According to Melin
(1986) pure macroscopic shear fracture growth occurs if the
level of confining pressure is high enough so that all tensile
stresses at the fracture tips vanish or even become com-
pressive. The stresses at the bottom notch in PTS/CP testing
at higher confining pressures are consequently below a
critical level to allow macroscopic wing fracture initiation.
Suppression of Mode I fracturing above a certain level of
confining pressure was experimentally proven by Bobet and
Einstein (1998) and is consistent with the observations for
the PTS/CP experiment.

9.7 Influence of Temperature

In a series of experiments on a Korean granite the influence
of temperature on Mode II fracture toughness was studied
by Meier et al. (2009). 53 specimens were tested at tem-
peratures ranging from —75 to 250 °C and using the Punch-
Through Shear with Confining Pressure experiment
(Fig. 11). Variation of temperature has an impact upon the
average shear strength granite within the applied tempera-
ture range. The shear stress at failure shows elevated values
at sub-zero temperatures; it is anticipated that the water
phase of the air dry specimens forms ice and the toughness
of the ice adds to the toughness of the rock. As the water is
frozen below 0 °C and the properties do not vary signifi-
cantly, and t,, remains constant for that interval, the
hypothesis of the superposition of rock and ice toughness is
assumed valid. Around the freezing point the values drop
down to remain constant for up to 100 °C. Presumably
above temperatures of 100 °C 1,, is slightly increasing

displacement

displacement

displacement data is given at the bottom and displays the position of
the fop drawings in the loading path. a 30 % of peak load, b 60 % of
peak load, ¢ peak load]
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Fig. 11 1, at different temperatures at ambient pressure conditions
(Pc = 0.1 MPa) for a Korean granite

again; the increase is due to crack propagation into newly
formed arrester positions (i.e. microcracks in orthogonal
directions to the main travel direction).

9.8 Subcritical Crack Growth

The PTS/CP experiment was also employed to determine
the subcritical crack growth parameters as defined in
Charles’ law (Backers et al. 2006). The study applied static
loading at different fractions of the peak load and measured

the time-to-failure. From a weakest link theory (Wilkins
1980, 1987) the subcritical parameters may be derived.
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Hong Zheng, Xia-Ting Feng, Zuyu Chen, J. A. Hudson, and Yujie Wang

1 Introduction

The ISRM Suggested Methods for rock characterization,
testing and monitoring have been widely established and
included in the Blue Book (ISRM 2007). A following book
on the new and updated ISRM Suggested Methods, released
between 2007 and 2013, will be published soon in the ISRM
Book Series. This will be called the Orange Book. How-
ever, the reports of testing results using these ISRM Sug-
gested Methods are individually somewhat different,
because they have different contents. The output format of
the test data from different testing machines also varies
considerably.

It should be noted that usually the reporting of testing
results is currently only retained by the tester or published
in journal or conference papers. Thus, it is not easy to use
and compare the testing results for the same rock type from
different sites or indeed different rock types (Toll and Cubitt
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2003; Toll 2007, 2008; Weaver et al. 2008). Therefore, it is
important to develop an approach leading to a digital
standardised format for the storage and reporting of rock
testing results for the same rock type and for different rock
types conducted worldwide (Exadaktylos et al. 2007; Chen
2009; Zheng et al. 2010; Li et al. 2012). In order to use the
format across the world, a Web style is required (AGS
1999, 2004, 2005; Swift et al. 2004; see the Websites for
GADML, eEarth, XMML, GeoSciML, NEES, RockLab,
Rockware, DIGGS). This should be suitable not only for the
existing ISRM Suggested Methods but also for new and
upgraded ISRM Suggested Methods. Also, it should be
independent of any specific language environment and
sufficiently extendable to satisfy the requirements of new
ISRM Suggested Methods incorporating different items and
parameters. In this way, such reporting will be useful for
data integration and comparative analysis of remote data
resources and improving the reliability and accuracy of
complex engineering problem solving methods.

Hence, the purpose of the ISRM Suggested Method (SM)
for reporting rock laboratory test data in electronic format is
to provide a method for the reporting of results for the
ISRM Suggested Methods for rock laboratory tests in a
digitally standardised format. Such a report could include
one or more of the following:

1. The original testing data and results obtained from dif-
ferent testing machines as guided by an ISRM Suggested
Method (for example, the ISRM Suggested Method for
determination of the uniaxial compressive strength of
rock materials) which is stored in a standard electronic
format.

A group of laboratory tests for the same rock type at the
same project site (for example, a report for testing
results for the uniaxial compressive strength of several
specimens of marble at the Jinping II hydropower station
site in China) which is stored and reported in a standard
electronic format with local and Web output.
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3. The results of laboratory tests for the same rock type at
different project sites (for example, reports of testing
results for different marble stratum types following the
same ISRM Suggested Method). These would be stored
and reported in a standard electronic format with local
and Web output.

4. The results of laboratory tests for different rock types at
different/or the same project sites (for example, report-
ing of testing results for Jinping marble, Longyou
sandstone, Inada granite, etc., following the corre-
sponding ISRM Suggested Methods, stored and reported
in a standard electronic format with local and Web
output).

With a standard electronic format, users in different
locations in the world can upload the information and can
store their own testing data, including tables, photographs
and figures, on the Web file. Researchers and engineers
around the world can look at the testing results through the
Web. In this way, testing results for the same rock type from
the project, the same rock type from different project sites,
and different rock types from the same or different project
sites can be compared. Thus, the reporting of testing results
can be shared worldwide.

As a first step, the electronic formats for reporting of the
ISRM Suggested Methods for rock laboratory tests have
been developed. This strategy can later be extended to all
ISRM Suggested Methods for rock characterization and
monitoring.

2 Standardisation of the Reporting
Structure of the ISRM Suggested
Methods for Rock Laboratory Testing

In order to develop a series of electronic formats for all
ISRM Suggested Methods for rock laboratory testing, the
basic features of the Suggested Methods have firstly been
analysed. Each Suggested Method for laboratory testing
includes five categories, i.e. “Scope”, “Apparatus”, “Pro-
cedures”, “Calculations” and “Reporting of Results”.
However, the different Suggested Methods for laboratory
testing have different parameters for each category
(Table 1). A standardisation method is required to describe
the contents of each category. Also, the category “Report-
ing of Testing” includes four sub-categories, i.e., descrip-
tion of the test equipment, description of the test object,
description of the test process and description of the test
results. The latter category for a group of testing results on
the same rock type includes a description of general infor-
mation which is a description of the testing equipment, rock
and specimens, and a description of the specific informa-
tion, which is a description of testing results for a set of
specimens. The descriptions for these sub-categories and

H. Zheng et al.

their general and individual information vary within the
Suggested Methods. Therefore, three-step strategies are
developed to standardise overall testing reports and the
testing result format (Fig. 1). The first step is the stan-
dardisation of the five categories. The second step is the
standardisation of four sub-categories for the category
“Reporting of Results”. The third step is to standardise the
testing result format for the sub-category “Description of
the Test Results”.

The details for the three steps are further developed and
shown in Fig. 2. The standardisation of contents for the first
four categories, shown in Fig. 2, is performed via the
overall standardisation strategy. The four sub-categories for
the category “Reporting of Results” are further detailed in
Fig. 2. The apparatus type and description of rock in the
field can be considered as general information, indicating
that the same rock type is tested in the same equipment. The
description of testing specimens, testing process and testing
results varies and can be considered as individual specific
information.

According to the developed standardisation method, an
overall structure tree of the data structure document has
been constructed, as shown in Fig. 3. This includes ‘parent
nodes’ such as “Apparatus Information”, “Rock Informa-
tion”, “Sample Source” and “Specimen”; ‘middle nodes’
such as “Specimen Size”, “Failure Pattern” and “Result
Parameters”; and ‘children nodes’ such as “Apparatus
Name”,..., “Number of Specimen”, “Specimen No.”,
“Diameter”, “Height”, “Ends Flatness”,..., “Loading
Rate”, “Failure Type”, “Failure Photo” “Tested by”,...,
“Remarks”.

The parent node “Specimen” as a repeated node can be
repeatedly used according to the number of specimens. For
example, if five specimens are to be used for the same tests,
it will be repeated five times to represent “Specimen 17,
“Specimen 2”, “Specimen 3”, “Specimen 4” and “Speci-
men 5” successively.

The middle node “Geographic Location” can be
explicitly represented by its three children nodes, such as
“X-coordinate”, “Y-coordinate”, and ‘“Z-coordinate”,
which are established by users to distinguish the sample
source. In detail, the “X-coordinate” and “Y-coordinate”
are the projection plane coordinates of the sample source
with respect to the same project site; the “Z-coordinate”
means the depth of the sample source. If the user wishes to
use the conventional drill hole survey notation, it can be
represented by the drill hole ID and its down-hole position
in metres.

The middle node, “Result Parameters”, can be sub-
divided into several children nodes according to the number
of parameters in the testing results. For example, for the
report of testing results for triaxial compression, the result
parameters include “triaxial compressive strength” as
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Basic Features:
Analysis of ISRM Suggested
Methods for laboratory testing

¢ Standardisation of overall system

a. Scope

b. Apparatus

c. Procedures

d. Calculations

e. Reporting| of results

* Standardisation of the results report

a. Description of test equipment
b. Description of test object

c. Description of test process

d. Description (I)f test results

* Standardisation of the testing result format

a. General data format
b. Individual data format

Fig. 1 Standardisation steps for the ISRM suggested methods for
laboratory rock testing

“Parameter 017, “Confining Pressure” as “Parameter 027,
“Internal friction angle” as “Parameter 03”, and “Cohe-
sion” for “Parameter 04”. However, for uniaxial com-
pressive tests, it includes “Uniaxial Compressive Strength”
as “Parameter 01”7, “Young’s modulus” as ‘“Parameter
02”, “Poisson’s ratio” as “Parameter 03, “Modulus
Method” as “Parameter 04” and “Axial Level” as
“Parameter 05”.

Moreover, the middle node “Original Testing Data” and
“Other Observations” can also be sub-divided into several
children nodes which are truncated here for brevity. “Ori-
ginal Testing Data” is used to store the testing data of each
specimen. And its children nodes are different for each of
the Suggested Methods for laboratory testing. For example,
the middle node “Original Testing Data” includes “Time”,
“Pressure”, “Axial Strain”, “Lateral Strain” and “Stress”
for uniaxial compression testing. However, it includes
“Time” and “Value of strain” for creep testing. And
“Other Observations” is used for extending nodes. Some
information could be included in this middle node, such as
“SEM image”, “CT image”, “Microseismic events distri-
bution map”, “Microseismic data”, etc.

The overall structure tree shown in Fig. 3 and includes
the items in the existing Suggested Methods (ISRM 2007).
This may need to be extended or modified according to the
content of future new Suggested Methods. However, it is
easy to implement such modifications.

3 Digitisation of the Reporting Structure
for the ISRM Suggested Methods
for Rock Laboratory Testing

The data structure shown in Fig. 3 needs to be digitised.

The digitisation of the data structure includes three types of

documents: data structure document, data storage document

and data display document. This has the key features shown
in Fig. 4, as in the following list:

(a) The data structure document, categories and nodes
should be capable of being extendable.

(b) It should be easy to store and find data in the nodes
with large memory and good compression.

(c) Data storage should be divorced from the environment.
This means that a language environment should not be
necessary to access data.

(d) Data types should be customisable. The users should
be able to define their own data types.

(e) There should be data display flexibility.

(f) The data should be able to be shared and transmitted
by network.

With the application of network language technology in
the Extensible Markup Language, three types of documents
including data structure document (XSD), data storage
document (XML) and data display document (XSL), are
developed to digitise the data structure in Fig. 3.

3.1 The Data Structure Document

The basic digitised data structure can be defined according
to the structure in Fig. 3. It has different digitised data
structures for each type of node.

All root nodes, parent nodes and middle nodes are of
“complex type” because they have their own children
nodes. The digitised data structures for these three nodes
can be defined as the structure of the “complex type” which
includes each secondary node as “element ref”. For
instance, the root node “Test” has its secondary nodes—
such as “Apparatus Information”, “Rock Information”,
“Sample Source” and “Specimen”. The repeated node
“Specimen” is marked as ‘maxOccurs = unbounded’.
Therefore, the digitised data structure for the root node
“Test” in Fig. 3 can be defined in Appendix 1.

The children nodes can be in the value type of “selec-
tion”, “decimal” or “string”. The digitised data structures
of children nodes are defined in Appendixes 2, 3 and 4,
respectively. For example, the children nodes whose value is
selected, i.e., “Failure Type”, can be defined in Appendix 2.
The children nodes, which are decimal, for example,
“Diameter”, can be defined in Appendix 3. The children
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ISRM Suggested Methods for Laboratory Testing

!

Scope Apparatus Procedures Calculations Reporting of results
< Standardizationof overall
system
v \ 4 A 4
1. Test purpose 1. Components of 1. Specimen 1. Interpretation of
and use the apparatus preparation the unknown
instructions 2. Function and 2. Calibration and parameters
2. Requirements principle of setting up 2. Calculation
and descriptions each system. 3. Loading formulas
of test object condition
and apparatus.
v
¢ Standardisation
Test equipment description Test object description Test process description Test result description

Apparatus
type

Description of rock in the field :

a.Source of sample (location,
depth and direction, geological
condition, sampling date and
method)

b.Lithological description
(mineral composition, grain

Description of test specimen:

a.Specimen preparation and
storage methods

b.Specimen number and size

c.Specimen state (water
content, degree of
saturation, gravity,

a. Test temperature
and humidity

b.Loading condition
(loading rate and
direction)

c.Loading duration

a. Failure mode
b. Test recorded data

c. Calculated results

size, pore water composition) porosity)

) 4

General data format

Standardisationof testing results format

) 4

Individual data format

The output format of the testing results

Fig. 2 The standard items for the ISRM suggested methods for laboratory testing

nodes which are a string, for example, “Apparatus Name”,
can be defined in Appendix 4.

There is a data structure document for each ISRM Sug-
gested Method. The data structure document for UCS test-
ing, for example, can be named as “UCS.xsd”.

3.2 The Data Storage Document

The data storage document is to define the storage format of

the data having the structure in Fig. 3. It should have the

following advantages:

1. Good compression to enable the storage of a large
number of test data.

2. Convenience for the integration of structured test data
with different sources.

3. Ability for updates through this digital format. If any
part of the data changes, the document can be auto-
matically updated without resending the entire struc-
tured data.

XML, as a digital format, is very effective for these
requirements (Bowman 1998; Wang 2001; Durant 2003;
Nance and Hay 2005; Byron and Lysandros 2006; Caronna
2006; Chandler et al. 2006; Madria et al. 2008; Bardet and
Zand 2009). According to the data structure in Fig. 3, the
data can be stored in their own nodes. For example, for the
data for the node <SpecimenNo>, the datum “1” is stored
as <SpecimenNo> [</SpecimenNo>. It is a text format
which is independent of the language (see an example in
Appendix 5).

The testing results can be input by using the user inter-
face (see Fig. 5 for input interface, an example for uniaxial
compressive strength tests, UCS). Photographs of specimen
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Apparatus _ Apparatus
Information ||| [ et Description
L (e

W Lithology
—[ ‘WeatheringAndAlternation ] """"""""""""""""

DrillholeID

Down Hole Position |-

Xcoordinate

Geographic
Location

Ycoordinate

Zcoordinate

» Sampling Method fr-esseweressseeresessssreesssssnnnnns

—
_1 Sample | Orientation §
Source ] o

— | (Sawpeba) . Object
—[ Drilling and Testing Method l """""""""""""" o
—[ Storage History and Environment l """""""
—| Specimen Preparation Methods l

Tt 1 | ————————{Number of Specimen Jrrrrr

of the
same rock|_| |— Specimen Size
type with

several
sa.mples) Ends Flatness
Sides Smoothness Jrreeeeresssmmmsssserssssssnnnnns
Natural Water Content |
............................................

Diameter

| -
—H[ Specimen ]m_ | TestDate J > Process i
{_Loading Rate | Description

(o o)

Failure Type

|— Failure pattern

Parameter 01

Parameter 02
— Result Parameters :

Parameter N

— Original Testing Data

I— Other Observations

1 = )

Root Node Parent Node Parent Node( repeated node) ~ Middle Node Children Node

1

Fig. 3 The overall structure tree in the data structure document
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(a) Data structure document is

extendable.
Digitised data p| (b) Category and Data Nodes are
structure document extendable.
(c) Data types can be customised.
Network (a) Store and find data easily in
language [P Digitised data nodes with large memory and
technology storage document p|  good compression
(XML) (b) Data storage divorced from
the environment. Accessible
data.
Digitised data
display document P (a) Flexibility of data display
(b) Share and transmit data by
network

Fig. 4 Digitisation of the ISRM suggested methods for rock laboratory testing

ISRM Suggested Method for UCS Test in Electronic Format

Input test information
Apparatus Information

4

Apparatus Name:  [vaterials testing system Measuring Span:  [axial force capacities 2600 kN, Maximum travel range for axial extensometer -4 to +4(mm); |
Apparatus Type:  [MTS 81504 Calibration Information: Axial force:0.5% of full scale range, Maximum non-linearity for axdal extensometer
Rock Information Information for Each Specimen
Rock Type: |sangstone Formation Code: ;3 SpecimenNo. [\ Height(mm): [ico
Lithology: _'r-_“anlglhs quartz, feldspar, mica and a small amount of accessory Di {mm): [50 Sides Smoothness(mm): r
Weathering and Alteration: Emuuera:e weathering;no alternation Ends Flatness(mm): |D 02 Saturation Degree: [D 021
sample Source Water Content: 0021 Test Duration(Hour): (015
Project Name: |[istoric preservation for Longyou grottaes Loading Rate(MPals): [0 5 Loading Orientation: |30
Project Site:  [Longyou Sampling Method: [Dril nole sampling Test Data: !503[5—0_2’-01_ . UCS(MPa): ;'0_90_?5- -
Orientation:  [notnoywest  Sample Date: [2010-01-01 f I P—
Young's Modulus(GPa): (360141 Failure Type: [Snear v
Number of Specimen: [5 Note: Geographic LCIEa[IDI'I could be ' -~
Gangranbic Location: e e Poisson's Ratio: [0 3262 Modulus Method: | Tangent Modulus  »|
(' Coordinate System % Drillhole Survey Notation At what Axial stress level to determine the modulus: 05
3 — ; Additional information
X-coordinate(m). | Drillhole ID:  [327-16A
Y-coordinate(m). | Attach the original data? Attach the pircture?
| —
—— Down-hole position{m): [24.55 ; 5 -
Z-coordinate(m). | . Yes No £ Yas e No Add |

Fig. 5 An example of the interface for user input

failure and testing curves, etc. can be uploaded and added in  the user interface (Fig. 7). The recorded data may have
the report of testing results (see Fig. 6 as an example). different formats according to the testing system. The ori-
Moreover, the type of the attached pictures can be chosen in  ginal testing data recorded by the testing system for each
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(a)
w Electronic Format for DCS Test E@
Open the Failure Specimen Picture
ll_gpg_._n_‘l !e_\_ﬁl_CTUQE\speclmem Jpg
Show The Picture
Submit |
save as:
i-- \ISEMMICS\Longyew, Thejiang(rovince) Sendstene J3 Failure Specisen Pictare JPG

{b)
= Electronic Format for OCS Test
Open the Stress-strain Curve Picture
|2 \PICTURECurve 1 Jpg
Show The Picture
45 ~ 0 (MPa)
10
35 r
30 r
5 F
20 r —axial strain
1 =
101\F — lateral strain
5 =
L 1 G '} J E
-0.04 -0.02 0 0.02 0.04
This picture is save as:
[« AISEA\IICS\Longyou, ThejiangPrevince) Sendstone_J3_Stress=strain curve JIG
Submit

Fig. 6 An example of uploading of a failure specimen picture and b stress—strain curve

w Electronic Format for UCS Test

BB

Choose the picture type:

@« Failure specimen Photo

" Stress-strain curve Picture

" SEM (Scanning Electron Microscope) Image
© CT (Computed Tomography) Image

" Microseismic events distribution Map
 Others: |

oK |

Fig. 7 The choose window for the attached picture

rock specimen can also be transferred into the standard
format shown by children nodes of the middle node
“OriginalTestingData” and stored as an attached node. The
calculation equations included in the Suggested Method can
be also displayed to obtain the testing results (see Fig. 8 for
an example of calculation of the UCS).

The testing results are stored in the user’s name, i.e., the
name of the rock type with project site, formation code and
testing method. For example, the determination of the UCS

testing for sandstone of late Jurassic, J3, at Longyong
Grottoes, the data storage document can be named as
“Longyong_Sandstone_J3_UCS.xml”.

3.3 The Data Display Document

The purpose of the data display document is to define the
display format of the data described by the data structure
document and the storage document. XSL, Extensible Style
sheet Language, can be used to present the XML data in a
readable format. Each test parameter’s unit could be spec-
ified in this data display document (XSL). The data are
displayed in a tabular format. The photographs and testing
curves can also be included by inserting the data for the
attached nodes. The data of the node “Specimen” are dis-
played in rows of the number of the specimens, one row for
the testing results of each specimen. The data display
document is defined in the corresponding file “.xsl”, for
example, “xxx_xxx_xxx_UCS.xsl” for the data display
document of the testing result report in the UCS test and
“xxx_xxx_xxx_(Original)UCS.xsl” for the data display
document of the original test data in the UCS test. More-
over, its flexibility in display patterns allows bespoke design
by referring to the user’s requirement. The testing results
report can be stored at the users’ local computer (Fig. 9a)
and uploaded on the ISRM Website (Fig. 9b) to enable data



68

H. Zheng et al.

Fig. 8 An example of the
calculation equations for the
recorded test data leading to the
actual test results

Open the original file

Open

Calculations
1.Strain

1o , original measured axial length

dy and G;.original specimen diameter and circumference

Al echange in measured axial length (define to be positive for a decrease in length )
Ad change in diameter(defined to be negative for an increase in diameter) and the

change in circumferential AC' = sAd

N A AT M
£ == £ =— == — £,=8,+28,
) dy Co dy
2.Stress

o the compressive stress P the compressive load 4, the intial cross-sectional area

Calculate the strain and stress and save the original testing data.

w Electronic Format for OCS Test

e \ORIGINAL\specime 1_original data b

&, Avial strain, £, :Circumferential strain

&3 :Diametric strain, £, Volumetric strain

O=—

4,

Next specimen

sharing around the world. The reporting of the testing
results can include photographs and curves (Fig. 10). The
original testing data can also be displayed, e.g., for speci-
men 1 in Fig. 11.

4 Notes and Recommendations
for the Electronic Formats for Different
ISRM Suggested Methods

Based on the standardisation and digitisation methods
mentioned above, each ISRM Suggested Method has its
own data structure and its own three files, including the data
structure document with “.xsd”, data storage document
with “.xml”, and data display document with “.xsl”. The
data structure for a given ISRM Suggested Method can be
generated by modifying Fig. 3 according to its data items.
The corresponding three files, including the data structure
document, the data storage document and the data display
document, can be changed accordingly. For example, the
data structure and three files, UCS.xsd, UCS.xml, and
UCS .xsl, for reporting of UCS testing have been established
in Appendix 5.

A code has been developed to perform the process of the
electronic format for storage and reporting of the testing
data and results for the existing ISRM Suggested Methods
for rock laboratory tests, including uniaxial compressive
strength, shear strength, triaxial compressive strength, point
load strength index, and tensile strength, etc. The original
testing data from the Suggested Methods recorded from the
testing system can be transferred into the standard format.
The testing results can be calculated by using the equations
and methods given in the ISRM Suggested Methods. The
testing results can be stored automatically from the calcu-
lation, uploading of the calculated results or with input from
the interface. The reporting of the testing results can be
displayed on a personal computer or through the Web.

The procedure is outlined for practical implementation
as follows (by taking reporting of Longyou sandstone UCS
as an example).

Step 1: Run the code LabTestElectronicformat.exe.

Step 2: Click the ISRM Suggested Method for testing,
e.g., UCS (Fig. 12).

Step 3: Designate the storage path for the digitised files
and create the data structure document for testing, e.g., UCS
(see Fig. 13).
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Fig. 9 An example of reporting of testing results in the format of a local computer and b the Web



70 H. Zheng et al.

/= Ez\ISRE\UCS\Longyou sandstone zml — Windows Internet Explerer
4 [EE ISMVICS\Lengyou_swadstons_J3_UCS. xnl ¥4 X R-
& G |@EaswKS\Lagea sadsten B KS L | fi- 0 & oFEe-GIAD-
- 201002 Tangent 2
5 500 100.0 0.02 0.30 21 21 015 05 0.0 05 Shear 168 | 28614 029 Moduus 500
Tested . State Key Laboratory of Geomechanics and 0.
By: HongZheng Lah Name: Geotechnical Engineerng e hongzheng irsm@gmail com
Test ISRM Suggested Method for the Uniaxial Compressive Strength Test Accrediting Checked
Method: of Rock Materials Body: UKAS 0000 By: Tom
Specimen No Failure Picture Stress-Strain Curve
o (MPa)
Spedmen1 —axial strain
— lateral strain
L L 1 e
=-0.04 . -
Stress-strain curve of Specimen No.1
=  seE T <

Fig. 10 Reporting of the testing results including photograph and figures

/= E:\ISEM\OCS\Longyou sandstone J3 DCS.xml — Windows Internst Ezplorer

[ E: \ISRWCS Lengyon,_ssadstone_T3_ICS. xal vl by % ple
W | @ EISIVICS\Longyou_saadstons_J3_ICS. xal | B0 - e -GIRD- "

Original Testing Data For Uniaxial Compressive Test of Rock Materials

The Original Uniaxial Compressive Test Data of Sandstone Specimen1

Lab Name. State Key Laboratory of Geomechanics and Geotachnical Enginzering Tested by HongZheng hongzheng irsmigdamail. com
Loading Pressure(kN) Aual Strain(*10%) Lateral Strain{102) Stress(KPa)
0.0000 0.0000 0.0000 0.0000
1.3800 0.0000 0.0000 0.0007
1.7200 0.0000 0.0000 0.0009
22400 0.0000 0.0000 0.0011
2.4400 0.0001 0.0000 0.0012
27400 0.0001 0.0000 0.0014
3.0200 0.0001 0.0000 0.0015
32400 00001 0.0000 0.0017
3.4600 0.0001 0.0000 0.0018
35600 0.0001 0.0000 0.0018
37400 0.0001 0.0000 0.0019
3.9200 0.0001 0.0000 0.0020
4 0000 00001 00000 0.0020
4.0000 0.0001 0.0000 0.0020
4.2600 0.0001 0.0000 0.0022
4.4400 0.0002 0.0000 0.0023
4.5600 00002 0.0000 0.0023
4 7400 00002 0 0000 00024
5.0800 0.0002 0.0001 0.0026
5.1800 0.0002 0.0001 0.0026
5.3000 0.0002 0.0001 0.0027
5.5200 0.0002 0.0001 0.0028
5 5400 00002 00001 0.0028
5.6400 0.0002 0.0001 0.0030
. b SN0 L0000 L ONOY ) RS E——
ET PR #i00s -

Fig. 11  An example of the display of the original test data
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Submit

ISRM Suggested Methods for Rock Laboratory Tests in Electronic Format
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Choose the method you want:

Determining Block Punch Strength Index
Determining the Uniaxial Co

Determining Shear Strength

|Axial Swelling Stress Test
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Determining The Indentation Hardness Index of Rock Materials

pressive Stre
Determining the Strength of Rock Materials in Triaxial Compression |

Determining Tensile Strength of Rock Materials
|Lahcratory Testing of Argillaceous Swelling Rock |

gth and Deformation Test of Rock

I/

Choose the method you want:

Submit

15KE Suggexted Bethods for Kook Labaratory Tests an Flectsanic Forasl

ISRM Suggested Methods for Rock Laboratory Tests in Electronic Format

|Determining the Uniaxial Compressive Strength and Deformation Test of Rock | -

Fig. 12 Interface for selection of the ISRM suggested methods

Step 4: Perform a standard process of electronic format.
1. Select input mode of the testing results by using input
interface or uploading the test result file obtained by the
software of the testing system. For the former, the testing
results for each specimen are inputted one by one (see
Fig. 5). For the latter, the data structure in the existing
Excel file shall follow the standard format suggested in
this method and matching the data structures (see
Fig. 9a). Upload the photographs of failure mode and
stress—strain curve of each specimen by clicking the
corresponding boxes and files (see Figs. 6, 7).

2. Upload the original data file by clicking the box
(see Fig. 8). The data structure in the existing file
shall follow the standard format suggested in this
method. For some testing systems, there may be some
calculations—for example, for UCS testing, calculating
stress and strain. The system provides this function (see
Fig. 8).

Input the file name of the testing results given by the
user with the format of “ProjectSite_Rocktype_Forma-
tionCode” (Fig. 14). For example, Longyou_sand-
stone_J3_UCS.xml for the testing results for sandstone
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Fig. 13 Interface for
designating the storage path for

= Electronic Format for UCS Test E@gj

the digitised files and creating the Choose the save path

data structure document for
testing

ECS x|

yeh

Choose the date input mode for data storage document

" Open the excel file

~ Manual input the test data

A new folder "UCS" for UCS test is created
under:

[e:USRMUCS

A new structure document "UCS.xsd" for
UCS test is created under:

[e USRMWCSWCS xstl

Submit J

Fig. 14 Input of file names and
display type of the testing report
and original data

User's information
Tested by: |HongZheng Lab Name: | State Key Laboratory of Geomechanics an

Email: [hongzheng irsm@gmz Remarks: [al the data is unreal just for example

Create the digitised documents

Three nodes ("GeographicLocation","RockType", "FormationCode")
are picked up as the keywords to name the digitised documents.

Show the save path of these files:
Data storage file for all the data

= Electronic Format for OC5 Test

Save

[E:usSRMWCS\Langyou_sandstone_J3_UCS xmi

Data display file for the testing results report

[ENSRMUCS\Longyou_sandstone_J3_UCS xs|

Data display file for the original testing data
[E WSRMWCS\Longyou_sandstone_J3_(Original)UCs xsl

Compatible format for AGS4NZ v1.0 (New Zealand)

[E:\ISRM\U CSYLongyou_sandstone_J3_{AGSANZ). txt

Output the testing report

© Local display

Output the original data file

© Local display ~ Web

~ Web

End

of late Jurassic, J3, at Longyou Grottoes. All the testing
results, plus the original testing data for each specimen,
are stored as standard electronic format “.xml”.

4. Input the data display file names for the testing results
report and the original testing data (see Fig. 14), e.g.,
Longyou_sandstone-_J3_UCS.xsl for the testing results
report and Longyou_sandstone_J3_ (Original)UCS.xsl
for the original testing data.

Step 5: Output the testing report at the local computer by
clicking the box “Local display” and at the Web by clicking
the box “Web” (see Fig. 14). Output the original data file at
the local computer by clicking the box “Local display” and
at the Web by clicking the box “Web” (see Fig. 14). If the
testing report and the original testing data are displayed in
the local computer, they will be transferred into the excel
format and displayed in this format (see Fig. 9a).
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With the procedure outlined above, the users do not need
to be experts in XML. The electronic formats for updated or
new ISRM Suggested Methods for rock laboratory tests can
be obtained by modifying the three documents mentioned
above. The corresponding codes with interfaces can be
developed accordingly.

5 Postscript

There may exist compatibility/uniformity problems
between the proposed SM for reporting rock laboratory test
data in electronic format with some existing formats for the
electronic data transfer of site investigation data which
some countries have or are adopting, for example, the AGS,
MZGS BTA, AGS4NZ v1.0 (New Zealand), AGS(SG), etc.
Nevertheless, the laboratory test data are just a part of the
full site investigation data. In order to have the compati-
bility with the existing electronic transfer formats, e.g.,
AGS4NZ v1.0 (New Zealand), AGS(SG), and BCA, etc.,
the SM can also give the output of the testing results in the

format used in these formats. As an example, it shows the
additional format for the output for UCS in Appendix 5.4.
Input the file name of the compatible format file for
AGS4NZ v1.0 (New Zealand) (see Fig. 14), e.g., Long-
you_sandstone-_J3_(AGS4NZ).txt. The ISRM will be fur-
ther addressing this issue with the intention of producing a
future document on the subject for other existing electronic
transfer formats.
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Appendix 1

The digital data structure for the “complex type” nodes
including root nodes, parent nodes and middle nodes in
Fig. 3

<xs:element name="Name of a root node, a parent node or a middle node'>

<xs:complexType>

<Xxs:sequence>

<xs:element ref="name of its secondary node 1'/>

<xs:element ref=""name of its secondary node n"/>

</xs:sequence>
</xs:complexType>

</xs:element>

For example, the root node “Test” can be defined as follows:

<xs:element name="Test">
<xs:complexType>

<xs:sequence>

<xs:element ref="Apparatusinformation"/>
<xs:element ref="RockInformation"/>
<xs:element ref="SampleSource'/>

<xs:element ref="Specimen" maxOccurs="unbounded"/>

</xs:sequence>
</xs:complexType>

</xs:element>

This part can
be modified
or extended
according to
changes of
the “complex
type” nodes
in Fig. 3.
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Appendix 2

The digital data structure for the children nodes of “selec-
tion” type

<xs:element name="Name of a children node in selection type">
<xs:simpleType>
<xs:restriction base="xs:string">

<xs:enumeration value="Option 1"/>

<xs:enumeration value="Option n"/>
</xs:restriction>
</xs:simpleType>

</xs:element>

For example, the children node “Failure Type” can be defined as follows
<xs:element name="FailureType">

<xs:simpleType>

<xs:restriction base="xs:string">

<xs:enumeration value="Shear"/> This part can be modified
or extended according to
the change of ‘children
<xs:enumeration value="Other"/> nodes’ in Fig. 3.

<xs:enumeration value="Axial Cleavage"/>

</xs:restriction>
</xs:simpleType>

</xs:element>

Appendix 3

The digital data structure for the children node of “deci-
mal” type

<xs:element name="Name of a children node in decimal type'>
<xs:simpleType>
<xs:restriction base="xs:decimal">
<xs:fractionDigits value="?"/> —Restrict the maximal decimal digits
</xs:restriction>
</xs:simpleType>
</xs:element>

For example, the children node “Diameter” can be defined as follows
<xs:element name="Diameter">
<xs:simpleType>
<xs:restriction base="xs:decimal">
<xs:fractionDigits value="4"/>
</xs:restriction>
</xs:simpleType>
</xs:element>
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Appendix 4

The digital data structure for the children nodes of “string”
type

<xs:element name="Name of a children node in string type" type="xs:string"/>

For example, the children node “Apparatus Name” can be defined as follows

<xs:element name="ApparatusName" type="xs:string"/>

Appendix 5

The data structure with its children nodes description and
the structure of three digitised documents for determining
the uniaxial compressive strength and deformability of rock
material.

5.1 The Data Structure

According to the overall structure tree in Fig. 3, the data
structure for UCS test is built up as follows by filtering

Table 2 Description of the children nodes in the data structure

nodes and defining the children nodes. In this structure tree,
the children nodes of the middle node “Result Parameters”
are defined as “Uniaxial Compressive Strength”, “Young’s
modulus”, “Poisson’s ratio”, “Modulus Method” and
“Axial Level”. For the middle node “Original Testing
Data”, its children nodes include “Time”, “Pressure”,
“Axial Strain”, “Lateral Strain” and “Stress”.

5.2 Description of the Children Nodes
in the Data Structure

See Table 2.

Children node Suggested unit/type Description Example
name
Apparatus type String Type of testing machine MTS 815.04
Apparatus String Name of testing machine Materials testing system
name
Measuring String Testing measuring span for force capacity,  Axial force capacities 2,600 kN;
span axial extensometer and circumferential Maximum travel range for axial
extensometer extensometer: —4 to +4(mm);
Maximum chordal travel range for
circumferential extensometer: —2.5 to
+12.5 mm
Calibration String Calibration accuracy for force capacity, Axial force: 0.5 % of full scale range;
information axial extensometer and circumferential maximum non-linearity for axial
extensometer extensometer: 0.15 % of range;
maximum non-linearity for
circumferential extensometer: 0.30 %
of range
Rock type String Rock type Sandstone

(continued)
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Table 2 (continued)

Children node
name

Apparatus type
Lithology

Formation
code

Weathering
and
alteration

Project name
Project site

X-coordinate

Y-coordinate

Z-coordinate

Drill hole _ID
DH position

Orientation

Sample date

Sampling
method

Number of
specimens

Specimen
number

Diameter

Height

Ends flatness

Sides flatness

Water content

Saturation deg

Test duration

Suggested unit/type

Yyyy-
mm-

dd

%

%

Hour

String
String

String

String

String

String

Decimal (fraction
digits: 2)

Decimal (fraction
digits: 2)

Decimal (fraction
digits: 2)

String

Decimal (fraction
digits: 2)

String

Data

String
(enumeration)

Integer

Integer

Decimal (fraction
digits: 1)
Decimal (fraction
digits: 1)
Decimal (fraction
digits: 2)
Decimal (fraction
digits: 2)
Decimal (fraction
digits: 1)
Decimal (fraction
digits: 1)

Decimal (fraction
digits: 2)

Description

Type of testing machine

Petrographic description of rocks,
including the sample’s texture,
fracturing, alteration, matrix, degree of
weathering, structure, etc.

Formation code in geologic age

Describe the weathering and alteration
condition of sample

Project title
Location of the project

X-coordinate to describe the geographic
location of sampling site

Y-coordinate to describe the geographic
location of sampling site
Depth to top of sample

Sample unique global identifier

Down-hole position of drill hole

Sample orientation

Sampling date

Sampling method

The number of specimens in test

Specimen number

Specimen diameter

Specimen height

The flatness of ends of specimen

The flatness of ends of specimen

Water content of specimen tested

Saturation deg of specimen tested

Test duration

H. Zheng et al.

Example
MTS 815.04
Contains quartz, feldspar, mica and a small

amount of accessory minerals and
composited by chlorite, gypsum

J3 (Late Jurassic)

Moderate weathering; no alternation

Historic preservation for Longyou grottoes

Longyou
143.76

22.52

131.42

327-16A
24.55

North by West

2009-04-09

Drill hole sampling

50.0

100.0

0.02

0.30

2.1

2.1

0.15

(continued)
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Table 2 (continued)
Children node

name
Apparatus type
Test date yyyy-
mm-
dd
Loading deg
orientation
Loading rate MPa/s
Failure type
UCS MPa
Young’s GPa
modulus
Poisson’s ratio
Modulus
method
Axial level %
Time S
Pressure KN
Axial strain 10-5 mm/
mm
Lateral strain 10-5 mm/
mm
Stress MPa

Test method

Accrediting
body

Checked by
Tested by
Lab name
Email

Remark

Suggested unit/type

String
Date

Decimal (fraction
digits: 1)

Decimal (fraction
digits: 1)

String
(enumeration)

Decimal (fraction
digits: 1)
Decimal (fraction
digits: 1)
Decimal (fraction
digits: 2)
String
(enumeration)
Decimal (fraction
digits: 1)
Decimal (fraction
digits: 1)
Decimal (fraction
digits: 4)
Decimal (fraction
digits: 4)
Decimal (fraction
digits: 4)
Decimal (fraction
digits: 4)
String

String

String
String
String
String
String

Description
Type of testing machine

Test date

Orientation of the axis of loading with
respect to specimen anisotropy

Loading stress rate

Mode of failure

Uniaxial compressive strength

Young’s modulus

Poisson’s ratio

Method of determining Young’s modulus

Stress level at which modulus has been
measured

Time in original test data

Pressure in original test data

Axial strain in original test data

Lateral strain in original test data

Stress in original test data

Test method

Accrediting body and reference number
(when appropriate)

The checker of the tests

The tester of the tests

Name of testing laboratory/organisation
Email address of responsible person

Remarks

77

Example

MTS 815.04

2010-02-01

90.0

0.5

Shear

16.8

36.2

0.33

Tangent modulus

50 %

76.5

24.880201

2.0581676

—4.610667

1.678518

ISRM Suggested Method for the uniaxial
compressive strength test of rock
materials

UKAS 0000

C. Einstein

Tom Yao

SKLGME

hongzheng @ gmail.com

Specimen tested outside required 2.5-3.0
diameter to length ratio
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5.3 Three Digitised Documents

1. The structure of the data structure document (UCS.xsd):

The structure of the data structure document, UCS.xsd,
can be generated by combining the format of Appendices 1,
2, 3 and 4 by following the structure of Appendix 5.1 above.
It is described as follows.

<?xml version="1.0" encoding="UTF-8" standalone="yes"?>

</--W3C Schema generated by XMLSpy v2005 rel. 3 U (http.//www.altova.com)-->

<xs:schema xmlns:xs="http.//www.w3.0rg/2001/XMLSchema"
elementFormDefault="qualified">

<xs.annotation>

<xs:documentation>XML Schema is for the Uniaxial Compressive Strength Test of

Rock Materials.
</xs:documentation>

</xs:annotation>

"

<xs:element name="ApparatusName" type="xs:string"/>

—_

<xs:element name="ApparatusType" type="xs:string"/>

.

<xs:element name="MeasuringSpan" type="xs:string"/>

—_

<xs:element name="CalibrationInformation" type="xs:string"/>
<xs.element name="RockType" type="xs:string"/>

<xs:element name="Lithology" type="xs:string"/>

—_

<xs:element name="FormationCode" type="xs:string"/>

1.

<xs:element name="WeatheringAndAlteration" type="xs:string"/>

—_m

<xs:element name="ProjectName" type="xs:string"/>

.

<xs:element name="ProjectSite" type="xs:string"/>

<xs:element name="SampleDate" type="xs:date"/>

—_m

<xs:element name="Orientation" type="xs:string"/>
<xs:element name="SamplingMethod" type="xs:string"/>

<xs:element name="TestDate" type="xs:date"/>

—m

<xs:element name="FailurePhoto" type="xs:string"/>

—_

<xs:element name="TestMethod" type="xs:string"/>
<xs:element name="AccreditingBody" type="xs:string"/>
<xs:element name="CheckedBy" type="xs:string"/>
<xs:element name="TestedBy" type="xs:string"/>

—_n

<xs:element name="LabName" type="xs:string"/>

<xs:element name="Email" type="xs:string"/>
<xs:element name="Remark" type="xs:string"/>
<xs:element name="SpecimenNo" type="xs:integer"/>
<xs:element name="NumberOfSpecimen" type="xs:integer"/>
<xs.element name="Drillhole_ID" type="xs:integer"/>
<xs:element name="DHPosition" type="xs:integer"/>
<xs.element name="ModulusMethod">
<xs:simpleType>
<xs:restriction base="xs:string">
<xs:enumeration value="Tangent Modulus"/>
<xs:enumeration value="Average Modulus"/>
<xs:enumeration value="Secant Modulus"/>

</xs:restriction>
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</xs:simpleType> <xs:simpleType>
</xs.:element>

<xs:restriction base="xs:decimal">
<xs:fractionDigits value="2"/>
</xs:restriction>

<xs:element name="FailureType">
<xs:simpleType>
<xs:restriction base="xs:string">

</xs:simpleType>
<xs:enumeration value="Shear"/> </xs:element>
<xs:enumeration value="Axial Cleavage"/>
<xs:enumeration value="Other"/>

</xs:restriction>

<xs:element name="TestDuration">
<xs:simpleType>

<xs:restriction base="xs:decimal">
</xs:simpleType> <xs:fractionDigits value="2"/>

</xs:element> </xs:restriction>

<xs:element name="Xcoordinate"> </xs:simpleType>
<xs:simpleType> </xs:element>

<xs:restriction base="xs:decimal">

<xs.fractionDigits value=