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SUMMARY

This thesis work describes a new experimental method for the determination of Mode II (shear)
fracture toughness, Ky, of rock and compares the outcome to results from Mode 1 (tensile) fracture
toughness, Kic, testing using the International Society of Rock Mechanics (ISRM) Chevron-Bend (CB-)
method. The fracture toughness describes the resistance of rock to fracturing. This parameter is therefore
important when estimating the failure of rock and rock structures using rock fracture mechanics
principles.

Critical Mode I fracture growth at ambient conditions was studied by carrying out a series of
experiments on a clay bearing sandstone at different loading rates, i.e. clip-gage opening rates of
5106 m/s to 51010 m/s. The range of loading rates provides macroscopic fracture velocities that have
been shown to cause time-dependent fracture growth in other test set-ups. The mechanical data shows
that time- and loading rate dependent crack growth occurs in the test material. Crack density
measurements on scanning electron microscopy micrographs show constant size of the symmetric
fracture process zone (~ 700-800 um) independent of loading rate. Fracture surface roughness is constant
for all loading rates. Acoustic emission location data demonstrates that the fracture process zone has a
constant size of 5 mm in width and ~ 20 mm in length. The number of located acoustic emission events
decreases with slower loading rates. The fracture propagating in the CB-samples is therefore not a pure
Mode I fracture on the microscale. On the macroscale the fracture propagates co-planar under the
Mode I loading.

Mode I fracture toughness was determined on six rock types, ie. Flechtingen sandstone,
Riidersdorf limestone, Carrara marble, Aspé diorite, Mizunami granite, and Aue granite. Kic is
1.2 MPa m'/2, 1.1 MPa m!/2, 2.4 MPa m!/2, 3.8 MPa m!/2, 2.4 MPa m'/2, and 1.6 MPa m!/2, respectively.

The newly developed set-up for determination of the Mode II fracture toughness is called the
Punch-Through Shear (PTS-) test. It uses drill core that is available from most engineering site
investigations. Notches were drilled to the end surfaces of 50 mm long samples. These act as friction free
initial fractures. An axial load punches down the central cylinder introducing a high localised shear load in
the remaining rock bridge. To the mantle of the cotes a confining pressure may be applied to simulate a
normal stress on the shear zone. The application of confining pressure favours the growth of Mode 11
fractures as large pressures suppress the growth of tensile (Mode I) cracks.

The stress intensity factor at the critical loading condition in the PTS- test is calculated using a
Displacement Extrapolation Technique (DET) based on Finite Element Modelling (FEM). Comparison
of the results to Kiic values from other estimation methods confirmed the results.

Mode II loading experiments were carried out on the same six rock types as used in Mode I
testing.

Unstable macroscopic shear fracture growth is achieved at peak load in the PTS-test. Cyclic
loading in the post peak region provides controlled fracture propagation and shows constant compliance
change for the different rock types. Variation of displacement rates from 3.3 108 to 1.7 10> m/s do not
change the calculated critical stress intensity factor for most rock types. Variation of geometrical
parameters, i.e. notch depth, notch diameter, notch width, and sample diameter, leads to an optimisation
of the PTS- geometry.

Increase of confining pressure, i.e. normal load, on the shear zone increases Kic bi-linear. High
slope is observed at low confining pressures (< 30 MPa); at pressures above 30 MPa low slope increase is
evident. The maximum confining pressure, P, applied is 70 MPa. Ky increases for the Aspé diorite from
5.1 (at P = 0 MPa) to 12.4 MPa m!/2 (at P = 70 MPa), for Aue granite from 4.1 to 13.2 MPa m!/2, for
Mizunami granite from 4.9 to 14.2 MPam!/2, for Carrara marble from 3.1 to 7.9 MPam!/?2, for
Flechtingen sandstone from 1.9 to 5.4 MPa m'/2, and for Ridersdorf limestone from 2.3 to 6.7 MPa m!/2,
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With increase of shear stress from axial loading, primary macroscopic wing fractures develop at
about 30 % of the maximum stress. They propagate out of the stressed zone and stop. Further elevation
of shear stress results in development of a process zone leading to a secondary ‘sheat’ fracture.
Consequently the energy requirement for the formation of the two types of fractures is different. Increase
of confining pressure to above 30 MPa is shown to suppress the wing fractures.

Carrara marble develops an asymmetric process zone with two different regimes of preferred
microcrack orientation and a straight main separation. The acoustic emission analysis indicates mixed
mode cracking on the microscale. Increase of confining pressure changes the orientation of the main
fracture and the cracks within the process zone. These tend to reach constant orientation at P = 30-
50 MPa.

The Punch-Through Shear (PTS-) test provides controlled testing conditions and reproducible
results. Five different evaluation approaches give consistent results for the Mode II fracture toughness.
The asymmetry of the evolving fracture process zone in Carrara marble was shown. This result is
consistent with the prediction from stress field analysis and it has also been observed in field studies of
shear zones.

The existence of Mode 1I fracture in rock is a matter of debate in the literature. Comparison of the
results from Mode I and Mode II testing, mainly regarding the resulting fracture pattern, and correlation
analysis of Kjc and Knc to physico-mechanical parameters emphasised the differences between the
response of rock to Mode I and Mode 1I loading. On the microscale, neither the fractures resulting from
Mode I the Mode 1I loading are pure mode fractures. On macroscopic scale, Mode I and Mode II do
exist.
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ZUSAMMENFASSUNG

Diese Arbeit beschreibt eine neue experimentelle Methode zur Bestimmung der Modus 1I (Schub)
Bruchzihigkeit, Kic, von Gestein und vergleicht die Ergebnisse mit Resultaten aus Versuchen zur
Bestimmung der Modus I (Zug) Bruchzihigkeit, Kic. Fir die Modus I Belastung wurde die ,Suggested
Method’ der ,International Society of Rock Mechanics’ (ISRM), die Chevron-Bend (CB-) Methode,
verwendet. Die Bruchzihigkeit beschreibt den Widerstand eines Gesteins gegen die Ausbreitung eines
Risses. Dieser Parameter ist bei der Abschitzung des Versagens von Gestein und Felsbauwerken unter
Anwendung der FelsriBmechanik von Bedeutung.

An einer Serie von Versuchen mit verschiedenen Belastungsraten wurde das kritische Modus I
RiBwachstum eines tonhaltigen Sandsteines untersucht. Die Clip-gage Offnungsraten wurden hierbei von
5106m/s bis 510 m/s wvariiert. Diese Bandbreite der Raten resultiert in makroskopischen
RiB3geschwindigkeiten, die subkritisches Wachstum zulassen. Dieses wurde in anderen Versuchsaufbauten
belegt. Die mechanischen Daten zeigen, dal3 zeit- und belastungsratenabhingiges Rillwachstum in dem
Material stattfindet. Rifldichtemessungen an Rasterelektronenmikroskopaufnahmen weisen unabhingig
von der Belastungsrate eine konstante Breite der symmetrischen Ri3prozeizone von etwa 700-800 pm
auf. Die Riloberflichenrauhigkeit der Proben ist unabhingig von der Belastungsrate. Daten aus der
Aufnahme der akustischen Emissionen belegen, dal3 die Rilprozef3zone eine konstante Gréf3e von etwa
5 mm Breite und etwa 20 mm Linge hat. Die Anzahl der aufgezeichneten akustischen Emissionen nimmt
zu langsameren Belastungsraten hin ab. Der sich im CB- Versuch ausbreitende makroskopische Rif3 ist
somit kein reiner Modus I Riss auf der mikrostrukturellen Ebene. Makroskopisch hingegen propagiert der
Rif3 unter Modus I Belastung co-planar.

Die Modus I Bruchzihigkeit wurde fiir sechs Gesteine bestimmt, den Flechtinger Sandstein,
Riidersdorfer Kalkstein, Carrara Marmor, Aspé Diorit, Mizunami Granit und Aue Granit. Kic ist
respektive 1,2 MPa m!/2, 1,1 MPa m!/2, 2.4 MPa m!/2, 3,8 MPa m!/2, 2.4 MPa m!/2 und 1,6 MPa m!/2.

Der neu entwickelte Versuchsaufbau zur Ermittlung der Modus II Bruchzihigkeit wurde Punch-
Through Shear (PTS-) Test genannt. Die Proben werden aus Bohrkernen hergestellt. In die Endflichen
von 50 mm langen Kernstiicken werden mit Kernbohrkronen Nuten eingebracht. Diese dienen als
reibungsfreie Anfangsrisse. Eine axiale Last auf dem entstandenen Innenzylinder der Proben induziert
lokal eine hohe Schubspannung in der verbleibenden Gesteinsbriicke zwischen den Nuten. Auf die
Mantelfliche der Proben kann ein Umlagerungsdruck aufgebracht werden. Dieser wirkt als
Normalspannung auf die Scherzone. Da durch hohe Normalspannungen das Modus I Rilwachstum
unterdriickt wird, wird durch den Umlagerungsdruck das Modus II RiBwachstum gefordert.

Der Spannungsintensititsfaktor bei kritischer Belastung im PTS- Test wird mittels einer
Verschiebungsextrapolationsmethode (Displacement Extrapolation Technique, DET) bestimmt. Der
Vergleich der DET Ergebnisse mit Knc Werten, die mit Hilfe anderer Methoden abgeschitzt wurden,
gibt konsistente Resultate.

Die Modus II Belastungsexperimente wurden an denselben sechs Gesteinen wie die Modus I
Versuche ausgefiihrt.

Der Scherrif3 im PTS- Test wichst bei Maximallast instabil. Zyklische Belastung der Probe in den
Postpeak Bereich 1463t kontrolliertes Riwachstum zu. Die Compliancednderung der zyklischen Belastung
ist fur verschiede Gestein gleich. Die Vatiation der Verschiebungstate von 3,3 108 bis 1,7 10> m/s hat
bei den meisten der untersuchten Gesteine keinen Einflufl auf Kyc. Die PTS- Probengeometrie wurde
bezlglich der Nutentiefe, des Nutendurchmessers, der Nutenbreite und des Probendurchmessers
optimiert.

Kic steigt bi-linear mit Zunahme des Umlagerungsdruckes an. Ein starker Anstieg ist bis zu
Umlagerungsdriicken, P, von etwa 30 MPa zu beobachten, oberhalb dieses Wertes ist die Steigung
geringer. Bisher wurden Umlagerungsdriicke bis maximal 70 MPa aufgebracht. Kjic nimmt fiir den Aspo
Diorit von 5,1 (bei P = 0MPa) auf 12,4 MPam'/2 (bei P = 70 MPa), fir Aue Granit von 4,1 auf
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13,2 MPa m!/2, fir Mizunami Granit von 4,9 auf 14,2 MPam!/2, fur Carrara Marmor von 3,1 auf
7,9 MPa m!/2, fiir Flechtinger Sandstein von 1,9 auf 5,4 MPa m!/2 und fiir den Rudersdorfer Kalkstein
von 2,3 auf 6,7 MPa m!/2 zu.

Mit steigender Scherspannung entwickeln sich bei etwa 30 % der Maximallast primir Zugrisse,
sogenannte ,wing fractures’. Sie wachsen aus der Zone erhohter Scherspannung heraus und stoppen. Ein
weiterer Anstieg der Scherspannung fihrt zur Initiierung einer RilprozeBzone, die sekundir zu einem
Scherril3 fihrt. Somit ist der Energiebedarf fiir das Wachstum der beiden Risse unterschiedlich. Oberhalb
eines Umlagerungsdruckes von etwa 30 MPa werden ,wing fractures’ unterdriickt.

Carrara Marmor entwickelt eine asymmetrische ProzeBzone, die zwei Regionen unterschiedlicher
bevorzugter MikroriBlorientierung und einen Hauptri3 zeigt. Analyse der akustischen Emissionen belegt
verschiedene Rilmoden auf der mikrostrukturellen Ebene. Die Orientierung der Mikrorisse und des
Hauptrisses dndert sich mit Zunahme des Umlagerungsdruckes. Oberhalb eines Umlagerungsdruckes von
etwa 30 MPa wird eine konstante Orientierung erreicht.

Der Punch-Through Shear (PTS-) Test bietet kontrollierte Versuchsbedingungen mit
reproduzierbaren Ergebnissen. Finf verschiedene Evaluierungsmethoden haben konsistente Ergebnisse
fir Kiuc bei P = 0 MPa geliefert. Die Asymmetrie der entstehenden ProzeBzone konnte in Carrara
Marmor gezeigt werden. Diese Beobachtung deckt sich mit Vorhersagen aus Spannungsfeldanalysen und
konnte auch schon in Feldstudien an Stérungszonen belegt werden.

Ob die Entstehung eines Modus II Risses in Gestein méglich ist, wurde vielfach in der Literatur
diskutiert. Der Vergleich der Ergebnisse der ModusI und Modus II Experimente, insbesondere
beziiglich der entstehenden Rilmuster und der Korrelationsanalysen von Kic und Kne zu physiko-
mechanischen Parametern, zeigt die deutlichen Unterschiede der Reaktion des Gesteins auf Modus I und
Modus II Belastung auf. Mikroskopisch gesehen wachsen die Risse weder unter Modus I noch unter
Modus II Belastung in einem reinen Modus. Allerdings existieren Modus I und Modus II Risse auf der
makroskopischen Betrachtungsebene.
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1 INTRODUCTION

Fracture is a failure mechanism of brittle
materials that has great importance to 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.
Geomechanics and related faulting is also of
major importance in structural geology and
seismology (Brace & Bombolakis, 1963).

Ability to recognise pre-failure rock mass
behaviour may result in predicting or averting the
potential for geotechnical and geological failure
(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 enhance
performance and economy 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
and underground constructions at increasing
infrastructure  or

overburden pressure for

transportt.

Research in rock fracture mechanics in the
past has provided major knowledge on tensile, so-
called Mode I, fracturing (e.g. Griffith, 1920;
Ouchterlony, 1982; Atkinson, 1984; Thouless et
al., 1987; Ouchterlony, 1988; Ouchterlony, 1989;
Buthenuth & de Freitas, 1995; Zhang et al., 1999;
Pyrak-Nolte & Morris, 2000; Zhang, 2002; and
many others). Tensile fractures within a rock mass
can be generated both in tensile and compressive
stress fields and are therefore very common. One
might think here of the vertical fractures caused

in pillars in excavations due to the weight of the
overburden, or fractures

stimulation of boreholes. Even shear (Mode II)

from  hydraulic

loading of existing fractures was shown to initiate
tensile fractures (e.g. Brace & Bombolakis, 1963;
Horii & Nemat-Nasser, 1985; Wong et al., 2001).
It was proposed from these that it is unlikely that
a shear (Mode II) loaded fracture could extend in
its own plane.

Erdogan & Sih (1963) reported that shear
loading of a pre-fabricated notch in Plexiglas
plates caused presumably tensile fracture
propagation. The fracture did not propagate in
the assumed Mode II, i.e. shear, direction but
turned out of that plane and lined up parallel to
the direction of the major principal stress. About
twenty years later Ingraffea & Arrea (1982)
showed same fracturing behaviour in a shear
loaded concrete beam. Bazant & Pfeiffer (1980)
cite that following Ingraffea & Arrea “the bon
mot ‘shear fracture is a sheer nonsense’ has been
heard in some [...] lectures” (p.111). The
existence of Mode II fractures in rock material is
a matter of debate in literature still (e.g. Ingraffea
& Arrea, 1982; Bazant & Pfeiffer, 1986; Petit &
Barquins, 1988; Lockner, 1995; Moore &

Lockner, 1995; Katz & Reches, 2004).

Technically the resistance of rock to the

initiation and propagation of fractures is
described in terms of fracture toughness. Any
pre-existing fracture within rock subjected to any
kind of loading increases several times the local
stresses at the tip of the fracture. The local stress
increase at a straight flat fracture tip is mainly
governed by the sharpness of the tip of the
fracture and its length. The fracture toughness is
the limit of local stress increase due to an existing

fracture before its critical extension takes place.



Chapter 1 — Introduction

For determination of Model fracture
toughness there exist ISRM (International Society
of Rock Mechanics) Suggested Methods to
determine the fracture toughness (Ouchterlony,
1988; Fowell, 1995) and several other methods
have been proposed (e.g. Evans, 1972; Barker,
1977; Atkinson et al., 1982; Chong & Kuruppu,
1984; Sun & Ouchtetlony, 1986; Guo et al., 1993;
see also Chang et al., 2002, and Whittaker et al.,
1992, and references quoted therein).

For the determination of Mode Il fracture
toughness some experimental methods were
introduced in the literature (e.g. Jumikis, 1979;
Ingraffea, 1981; Watkins, 1983; Barr & Derradj,
1990; Rao, 1999). At present no Suggested
Method for determination of Mode Il rock
fracture toughness exists.

Aims and content

This study examines in terms of (rock)
fracture mechanics the response of rock material
to Mode I (tensile) and Mode II (shear) loading —
aiming at (¢) introducing a new method to apply
(pure) Mode 11
Mode II fracture toughness and (¢) giving new

loading, (b) determining the
insights to the discussion upon the existence of
Mode II itself. Hereby, it is differentiated between
the technical applicable stress intensity factor, and
description of the microstructural processes.

On one hand tests on Mode I loading have
been carried out yielding an understanding of the
tensile fracturing process. The influence of
loading rate on various parameters during slow
fracture propagation of sandstone samples
subjected to Mode I loading is examined. The
ISRM  Suggested Method for Model fracture
toughness determination (Ouchterlony, 1988) was

used to apply pure Mode I loading.

On the other hand a method to apply pure
Mode II loading for determination of the Mode 11
fracture toughness was developed as major part
of this thesis. The method is able to apply a
confining pressure, i.e. normal stress to the shear
loaded zone, independently from the shear load.
Confining pressure is most desirable for Mode 11
fracture growth as large pressures suppress the
tensile mode (Mode I) and therefore Mode 11 is
most likely in such environments (e.g. Broberg,
1999; Lawn, 1993; Melin, 19806).

Presentation of the results in papers and at conferences

Majority of findings as presented in this
thesis are published or submitted for publication
conference

in international  journals  or

proceedings.

Tensile fracturing was investigated on
behalf of microstructure and Mode I fracture
toughness on a sandstone. Emphasis was put on
the influence of loading rate on fracture
toughness and micromechanics. Furthermore, the
roughness of Mode 1 fracture faces was studied
jointly with Dr. Nader Fardin, KTH Stockholm,

Sweden. The results are published in:

Backers T.,  Fardin N.,  Dresen G. &
Stephansson O. 2003a. Effect of Loading Rate on

Fracture Toughness, Roughness and Micromechanics of
Sandstone. Int. J. Rock Mech. Min. Sci.; 40: 425-433.

This study was extended by the analysis
and interpretation of Acoustic Emission (AE)
events recorded during testing and a discussion of
the (mechanical/chemical) processes evident on
the microscale. The AE
carried out by Dr.

acquisition  and
processing was
Stanchits,
Germany. Correlation of micromechanics and AE

Sergei
GeoForschungsZentrum  Potsdam,

was described and discussed. The manuscript
summarising the findings is submitted to the
International Jounrnal of Rock Mechanics and Mineral
Sciences for a special issue of the EURO-
Conference 2003 on Rock Physics and

Geomechanics:

Backers T., Stanchits S. & Dresen G. submitted.
Tensile Fracture Propagation and Aconstic Emission
Activity in Sandstone: The Effect of Loading Rate. Int. .
Rock Mech. Min. Sei..

A general overview of the findings of the
two above publications was presented at the

EURO-Conference 2003 on Rock Physics and
Geomechanics:

Backers T., Stanchits S., Stephansson O. &
Dresen G. 2003b. The Influence of Loading Rate on
Mode I Acoustic Emission and Micromechanics of
Sandstone. In: Makurat A. & Curri P. (eds.). EURO-
Conference on  Rock  Physies  and  Geomechanies —
Micromechanics, Flow and Chemical Reactions. Extended
Abstract Volume, Delft, Netherlands.

No method for Mode Il loading with
application of independent confining pressure is
new method was

available. Therefore, a



developed. The basis for the testing method for
Mode II loading was laid out in a diploma thesis:

Backers T. 2001. Punch-through shear test of drill
core — a new method for Kuc ftesting. Diploma thesis,
Divpision of Engineering Geology, Technical University
Berlin, Germany.

It describes the basic layout of the test, the
testing procedure and first results from testing.
The test was called the Punch-Through Shear test
(PTS- test). The principle set-up was presented at
the ISRM Regional Symposinm EUROCK 2001
meeting in Finland:

Stephansson O., Backers T. & Rybacki E.
2001. Shear fracture mechanics of rocks and a new testing
method for Kuc. In: Sarkka, P. & Eloranta, P. (eds.).
Rock Mechanics - a challenge for society. Proceedings of the
ISRM Regional Symposinm EUROCK 2001, Espoo:
163-168. Balkema, Netherlands.

As part of the present study the proposed
testing method was revised; this includes re-
formulation of the mathematical framework, the
interpretations of the resulting macroscopic
fractures, the fracture evolution, the influence of
geometry and confining pressure. Results are
presented in

Backers T., Stephansson O. & Rybacki E.
2002b. Rock Fracture Toughness Testing in Mode 1 —
Punch-Through Shear Test. Int. |. Rock Mech. Min. Sci.;
39: 755-769.

In the discussion of the paper several
questions arouse about the influence of the
sample size, grain size, and loading rate on
fracture toughness, and a detailed analysis of the

microstructures.

Analysis of the microstructures within the
PTS- test was summarised in a peer-reviewed
paper presented at the International Conference on
Structural - Integrity and Fracture held in Perth,
Australia, in September 2002:

Backers T., Rybacki E. Alber M. &
Stephansson O. 2002a. Fractography of rock from the
new Punch-Through Shear Test. In: Dyskin AV ., Hu
X. & Sabouryeh E. (eds.). Structural Integrity and
Fracture — The International Conference on Structural
Integrity and Fracture, Perth, Australia: 303-306.
Balkema, Netherlands.

The presentation includes a description of
the sequence of macroscopic and microscopic
fractures developing in Catrrara marble, and the
change of macro- and microscopic fracture
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pattern with variation of confining pressure. The
paper and presentation was awarded with ‘“The
Best Student Paper’.

Most recent results from PTS- testing were
summarised in a contribution presented at the
SINOROCK 2004  Conference. The influence of
sample size, (grain size,) cyclic loading and
loading rate are discussed. The abstract and an
electronic-version of this paper are published in a
special issue of the Infernational Journal of Rock
Mechanics and Mineral Sciences:

Backers T., Dresen G., Rybacki E. &
Stephansson O. 2004. New Data on Mode 11 Fracture
Toughness of Rock from Punch-Through Shear (PTS)
Test — SINOROCK2004 Paper 1.401. Int. ]. Rock
Mech. Min. Sci.; 41:351-352.

Structure of the thesis

Mode I and Mode 1I loading and theory of
fracturing are described in Chapter 2. Chapter 3
describes the rock types used and testing
equipment. The method for Model loading,
experimental results and discussion are presented
in Chapter 4. The new Mode II loading set-up
and fracture toughness determination technique,
experimental results and discussion are presented
in Chapter 5. The Mode I and Mode II fracture
toughness values are correlated to selected
physico-mechanical properties and the results
from Mode I and Mode 1I loading are compared
to cach other (Chapter 06).
examples for application and outlines a computer

Chapter 7 gives

modelling  application based on fracture
mechanics and fracture mechanics data obtained
in this thesis. Chapter 8 provides a general

discussion of the results.
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2 INTRODUCTION TO THEORY OF ROCK FRACTURE MECHANICS
AND FRACTURE TOUGHNESS DETERMINATION

An introduction to the theory of rock frac-
ture mechanics and some key references are
given. The reader is introduced to the terminol-
ogy regarding fractures in rock, the mechanical
background of fracturing in terms of stress inten-
sity factor and to the process of fracturing includ-
ing fracture process zone models. Existing meth-
ods for determination of the critical stress
intensity factor, the fracture toughness, both in
Mode I and Mode II are outlined.

2.1 Discontinuities in rocks

In literature terms regarding the descrip-
tion of discontinuities and in particular fractures
are frequently used in not clearly specified mean-
ings. This might be due to different nomencla-
tures in different disciplines. The terms used in
this thesis are explained in this section.

A crack is any opening in rock that has one
or two dimensions much smaller than the third.
The width to length ratio, termed crack aspect ra-
tio, is typically 103 to 10> (Simmons & Richter,
1976). Cracks can be divided into three scale
classes — micro, meso and macro. Microcracks are
planar discontinuities with their longest dimen-
sion in the order of one to few grain diameters.
This might be about 1-10°—1-10* microns (En-
gelder, 1987). Based on their occurrence within
the rock they can be divided into: grain boundary
cracks — located at the interface between grains —,
intragranular cracks — cracks restricted within one
grain —, and zntergranular cracks — cracks cutting
more than one grain (Engelder, 1987).

A mesocrack is a discontinuity spanning a
larger number of grains than a microcrack,
formed by a complicated rupture event and even-
tually connecting several microcracks. The exten-
sion is several hundreds of microns to few milli-
metres. Micro- and mesocracks are laxly called
cracks whenever a distinct differentiation is not
necessary.

width of process branching crack
Jone macrocrack/
fracture
\
— L rr N oS
: sz D -~ A - ’/— - \
\.__, \« S o \\/ AN
f mesocrack
microcrack
traction free process
initial fracture newly created fracture zone

Fig. 2-1. The nomenclature of a fracture system. Fracture
with surrounding fracture process zone (FPZ). The
process zone consists of micro- and mesocracks. (modi-
fied from Liu et al., 2000).

The macrocrack spans several millimetres to
decimetres. It is also referred to as fracture. It con-
sists of the through-going main separation and
the surrounding fracture process zome, FPZ (Fig. 2-1)
(e.g. Hoagland et al., 1973; Atkinson, 1987). This
process  zone includes  microcracks and
mesocracks. Prior to the main fracture growth ex-
tensive micro-/mesocracking occurs (Fig. 2-2).
Meso- or macrocracks propagating off the macro-

crack are called branching cracks. The width of the
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fracture process zone depends on grain size (e.g. Ho-
agland et al., 1973; Labuz et al., 1985; Zang et al.,
2000). The size of the FPZ was obsetved to be
about five to ten times the average grain size (e.g.
Hoagland et al., 1973; Zang et al, 2000), but
greater values up to 40 grain diameters have been
reported, too (c.f. Whittaker et al., 1992). Broberg
(1999) defines the process zone as the area in
state of decohesion, in front of the fracture tip
and the wake of it, where microcracks coalesce to
form the through-going main separation. Non-
clastic deformation within the FPZ is caused by
stress concentrations at the fracture tip (c.f. Chap-
ter 2.4 for details on the physical description of
the FPZ and related models).

In tectonics and structural geology the
genesis of fractures and fracture networks is indi-
cated by the terms joint and fault. A joint is a dis-
continuity that shows a displacement normal to
its surface or trace and no displacement parallel to

its surfaces (Pollard & Aydin, 1988). A fault has
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Fig. 2-2. The development of a fracture and fracture
process zone (FPZ) under a tensile load perpendicular to
a starter notch. The schematic sequence A-D shows mi-
cro-, meso-, and macrocrack development with increas-
ing load. Load and number of microcrack evolution is
schematically given in bars on the right. (modified from
Hoagland et al., 1973).
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Fig. 2-3. Length range of different types of discontinui-
ties in rock.

been generated by a shear displacement, therefore
showing displacement parallel to the surfaces
(Pollard & Aydin, op. cit.). In general these types
of discontinuities are much larger than fractures.
Figure 2-3 shows the length classification from
microcrack to fault.

2.2 Mode of fracturing, stress distribution, stress

intensity factor and fracture toughness

In fracture mechanics cracks or fractures
are usually subdivided into three basic types,
namely Mode I, Mode II and Mode 111, from a
mostly mathematical viewpoint (Irwin, 1958). The
division is based on the crack surface displace-
ment (Lawn, 1993), or crack tip loading
(Engelder, 1987; Whittaker et al., 1992). In litera-
ture this is indicated as either mode of crack propaga-
tion, mode of fracturing or mode of loading. Relating the
modes of fracturing to the modes of loading —
with the assumption that the fracture propagates
within its own plane — is appropriate for most
metals (Rao et al., 2003). But for rock a specific
mode of loading is not necessarily leading to the
same mode of fracturing. Unfortunately, the refer-
ence of mode regarding the applied loading and
fracture propagation is often mixed up in litera-
ture. For sake of clarity, there will be a clear dis-
tinction between ode of loading’ — for the applied
boundary stresses! — and ‘wode of fracturing or fail-
ure’ — for the mechanical breakdown process de-
fined by relative displacement.

1In the following, we shall regard positive stresses as
compressive, while negative stresses indicate tension, and
principal stresses o1 = 02 = o3.



Mode 1 Mode 11 Mode II1

Fig. 2-4. Basic modes of fracturing. Any combination of
these is referred to as mixed mode. The principle of su-
perposition is applicable. (modified from Hudson & Hat-
rison, 1997).

In terms of crack surface displacement
(mode of fracturing), the modes can be classified
as depicted in Figure 2-4. In Mode I, also called
the gpening (tensile) mode, the crack tip is subjected
to displacements perpendicular to the crack plane.
The crack propagation is in crack plane direction.
The crack carries no shear traction and no record
of shear displacement is visible. In Mode II the
crack faces move relatively to each other in the
crack plane. Crack propagation is perpendicular to
the crack front. Shear traction parallels the plane
of the crack. The third mode of fracturing is
Mode III. Shear displacement is acting parallel to
the front in the crack plane. Any combination of
the three basic modes is referred to as wixed mode.
The principle of superposition is sufficient to de-
scribe the most general case of crack tip deforma-
tion (Atkinson, 1987).

Inglis (1913) could show mathematically
that the local stress at a sharp notch or crack
could rise to a level several times that of the ap-
plied stress. It thus became apparent that even
sub-microscopic flaws (or even inhomogeneities)
can be considered as potential planes of weakness
in materials. This stress concentration concept

yields
L1

P, @1
A

where ocr is the stress at a crack tip, oa is the ap-
plied stress and g is the curvature of the crack tip.
The ratio in equation (2-1) is an elastic stress con-
centration factor and it depends on the shape
(curvature) of a crack or corner.

The stresses and displacements at the tip of
an existing crack with a sharp tip (curvature p = 0)
can be calculated using the Westergaard
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Fig. 2-5. Notations within Cartesian co-ordinate system
for stress tensor.

(1939) and Sneddon (1945) stress functions.

The derivation and formulations of the
stress and displacement functions can be found in
op. cit. or in textbooks like e.g. Lawn (1993) and
Whittaker et al. (1992). The stress formulations
can be reduced to the simple form

K,

where oy is the stress tensor in Cartesian co-

£,0):4,j=x,y,2 k=LILII (2-2)

ordinates, fj is a geometric stress factor depending
solely on angle 6, and K is a factor depending on
the outer boundary conditions, i.e. applied loading
and geometry (for notations see Fig. 2-5). The
subscript k refers to the corresponding mode.

In the theory of fracture mechanics K is
the stress intensity factor that gives the grade of stress
concentration at the tip of a crack of length a at a
given dimension of
stress - (length)!/2, in units MPa - m'/2,

K, =0,Vn-a=0,v21-1r;6=0 (2-3)

One must be aware that the concept was

loading and has the

developed for the case of a fracture propagating
in its own plane due to corresponding modes of
loading. Any deflection from this plane will result
in mixed mode conditions, c.f. equation (2-2).

Crack initiation will occur, when the stress
intensity factor reaches a critical value, called frac-
ture toughness, Kic.

Each of the modes possesses specific stress
symmetry properties near the crack edge
(Broberg, 1999) defining the directions for maxi-
mised stress intensity. In a Cartesian co-ordinate
system as shown in Figure 2-5, the modes may be

specified as follows (Fig. 2-6):
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Fig. 2-6. Stress distribution in terms of stress factor fj around crack tip for different pure modes of loading. Each of the
modes possesses specific stress symmetry properties near the crack edge (Broberg, 1999). Notations according to Fig-
ure 2-5. Note: positive stress factor as indicative of tension.

Mode I: 'The lateral (fyy) and the directional
stress component (fy) are symmetric with respect
to the crack trace. The shear stress component
(ty) shows point-symmetry.

Mode II: The lateral (fyy) as well as the direc-
tional stress component (f) are point-symmetric.
The shear stress component (fy) is the only com-
ponent to be symmetric with respect to the crack
trace.

Mode III: f,, appears to be symmetric with
respect to the crack trace while fi, shows point-
symmetry.

2.3 The Griffith concept and Energy Release Rate

Most materials fail when stressed beyond
some critical level. But what is the nature of fail-
ure? In 1920 A.A. Griffith considered an isolated
crack in an elastic solid subjected to an applied
stress and formulated a criterion for its extension
from the fundamental energy theorems of classi-
cal mechanics and thermodynamics. He modelled
a static crack as a reversible thermodynamic sys-
tem.

The energy-balance concept by Griffith
(op. cit.) is given by the equilibrium requirement

dU/dc=0 2-4)

where dU is the change in system energy and dc is
the crack extension. If equilibrium is not main-
tained a crack would extend or retract reversibly,
according to whether the left hand side of equa-
tion (2-4) is negative or positive. Failure is defined

by

Op =,/2E'y/7tc

where or is the failure load, E’ is Young’s

(2-5)

modulus (plane stress E’=E or plane strain
E’=E/(1-v?) condition; v: Poisson’s ratio), y is the
crack surface energy and c is the crack length. At
outer applied stress oa < or the crack remains sta-
tionary (sfable); at oa = or it propagates spontane-
ously (unstable). Equation (2-5) is the Griffith
strength relation.

The logical extension from this fundamen-
tal concept expounded by Griffith yields the energy
release rate, G (Irwin, 1958). The parameter has
been denoted G in honour of Griffith. Rearrang-
ing the energy equilibrium formulation of Griffith
leads to

no’c/BE'=2y=G (2-6)

Crack extension occurs as G reaches the
critical energy release rate, G, at the failure stress,

OF.
Irwin (1958) could show the equivalence of
energy release rate and stress intensity factor. As
the principle of superposition applies the relation-
ship yields
G=K!/E'+K./E'+K’

1 (1 + V)/E' (2_7)

where v is Poisson’s ratio and E’ identifies
with Young’s modulus (plane stress or plane
strain condition).



24 The process of fracturing and fracture process
zone (FPZ) models

24.1  The process of fracturing

The process of fracturing in rock and rock
like materials has been frequently studied. This
was done under different loading conditions and
for different materials, and by means of different
observation scales and techniques, e.g. interpreta-
tion of mechanical data, microscopy at different
scales and detection and interpretation of Acous-
tic Emission (AE) events. The reader is referred
to textbooks and reviews like Pollard & Aydin
(1988), Atkinson (1991), and Dresen & Guéguen
(2004).

When subjecting a plate with an isolated
fracture to an increasing tensional stress perpen-
dicular to the fracture, it will generally fail by
rapid Mode I fracture propagation. The fracture
accelerates approaching speeds which’s maximum
is governed by the speed of elastic waves.

Experimental work on inclined single or
multiple pre-fabricated fractures (notches) sub-
jected to compressive loads was carried out by
e.g. Brace & Bombolakis (1963), Hoek & Bi-
eniawski (1984) and Sammis & Ashby (19806) in
glass, e.g. Erdogan & Sih (1963), Horii & Nemat-
Nasser (1985), Ashby & Hallam (1986), and Petit
& Barquins (1988) in PMMA, e.g. Shen et al
(1995), Bobet & Einstein (1998), Park et el
(2001), Tang et al. (2001), Wong et al. (2001), and
Sagong & Bobet (2002), in model materials, and
e.g. Petit & Barquins (1988) in rock samples.

It was recognised that under compressive
loading, both tensile and shear stress concentra-
tions develop at pre-existing inclined inhomoge-
neities at the meso-/macroscopic observation
scale. As the compression applied to the sample
increases further, tensile cracks will be initiated at
the tips of the pre-existing fractures. These are
called wing cracks and they grow progressively
into the direction of the remote major principal
stress and stop (e.g. Brace & Bombolakis, 1963;
Kemeny & Cook, 1987, Petit & Barquins, 1988).
At the early stages of propagation the growth of
the stable wing crack is dominated by the stress
field of the originated fracture. As it extends it
starts to interact with neighbouring microcracks
and this interaction might lead to coalescence and
later ultimate failure.
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Depending on the geometry and pattern of
the interacting fractures, and also the stress condi-
tion, different coalescence behaviour was ob-
served. In general, wing cracks initiate at the frac-
ture tips for uniaxial and low confinement biaxial
conditions (Fig. 2-7). Bobet & Einstein (1998) re-
portt that the location of crack initiation moves to
the middle of the flaw for increase of confining
pressure and macro-/mesoscopic wing cracks dis-
appear completely for higher confining stresses.
Later, secondary fractures are likely to connect
the pre-existing fractures. The secondary fracture
follows the direction of shear and was found to
be unstable (Sagong & Bobet, 2002). The most
preferable geometry for shear fractures to develop
in a set-up with two initial fractures (Fig. 2-7) is to
organise them co-planar, as well with as without
confining pressure (Bobet & Einstein, 1998).

For growth of 3D cracks, i.e. cracks with
not planar but curved surface, intrinsic limits are
reported. For further details on this rarely studied
subject refer to e.g. Germanovich & Dyskin
(2000) and Dyskin et al. (2003)

While e.g. Brace & Bombolakis (1963) or
Horii & Nemat-Nasser (1985) indicated from ex-
periments in glass, that shear fractures will not
propagate in their own plane on the micro-
/mesoscale, in some expetiments shear fractures
were found to grow in principle in-plane in rock
(e.g. Petit & Barquins, 1988; Reches & Lockner,
1994; Moore & Lockner, 1995), at least on the
macroscale.

_ wing crack

A

o

e \\
shear crack

[ ]
confining pressure

Fig. 2-7. Set-up for fracture coalescence in shear and the
influence of confining pressure on the fracture pattern as
described by Bobet & Einstein (1998). Refer to text for
explanation.
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On the microscale Bazant & Pfeiffer (1980)
describe the shear fracture resulting from Mode 11
loading as a zone of inclined tensile microcracks
that later connect by shearing. The shear fracture
or shear band consists of inclined struts of the
material between inclined cracks and shear failure
requires these struts to be crushed in compres-
sion.

According to Lockner (1995) shearing will
take place along surfaces oblique to the maximum
principal stress, o1, and play an important role in
the development of local stress concentrations.
The local stresses induced near a fracture tip
loaded in shear contain a component of tension
as well as shear. This will in general lead to tensile
failure before shear failure is achieved. Two proc-
esses take place during the loading of fractures in
compressive shear. First, the propagation of ex-
tensional cracks decreases stress intensity, so that
additional deviatoric stress must be applied to
cause further fracture propagation. At some point
the extensional crack propagates out of the area
of high stress concentration and ceases. Second,
diagonal flaws propagate out-of-plane parallel to
the major principal stress direction. These flaws
are favourably oriented to act as initiation points
for shear failure. When the flaw density becomes
high enough for crack interaction to occur, en-
echelon arrays of cracks will develop (Costin,
1987; Lockner, 1995). Finally, the stress concen-
tration is high enough to initiate shear fractures
propagating in plane and being governed by their
own stress field. The expanse of damaged rock is
asymmetrically distributed around the Mode II
fracture (Moore & Lockner, 1995). Similar obser-
vations on PMMA and sandstone were reported
by Petit & Barquins (1988). They state that ‘vari-
ous [...] examples show that Mode 11 propagation
from a defect cannot induce the formation of a
single crack coplanar with the defect as is sug-
gested by the fracture mechanics model. A mac-
roscopically [...] sheatr zone involving Mode I
minor fractures [microcracks] can, however,
propagate to prolong the defect’ (p. 1254).

Recording of acoustic emission events dur-
ing loading cylindrical samples in compression in
combination with microstructural observations
yielded a description of the formation of shear
fractures. Below yield strength many dilatant mi-
crocracks are formed in random distribution.
Near peak strength nucleation and local increase

10

of crack density lead to the development of the
process zone in which the shear fracture develops
by crushing, buckling and rotation (e.g. Lockner
et al., 1992; Reches & Lockner, 1994; Zang et al.,
2000).

Glaser & Nelson (1992) did detection of
AE events during Mode I and Mode II loading of
dolostone samples. They state that in Mode I as
well as Mode 1I loading the most common source
kinematic is tensile crack propagation. Mode 1I
crack propagation is due to growth of local tensile
crack increments which, in aggregate, produce the
macro-failure shear plane. They do not detect any
signals until peak load in Mode I loading, which is
in direct contrast to observations reported by
Hoagland et al. (1973) (c.f. Section 2-1). Evidence
for crack growth can be found in microstructural
data and acoustic emission events, starting well
before peak load at the onset of non-linear de-
formation in the load-deflection curve (Ouchter-
lony, 1982). This has also been confirmed by
Stanchits et al. (2003) for Mode I loading of gran-
ite samples.

It can be concluded that tensile fracturing
is dominant in rock and rock-like materials, as
usually Kpc > Kjc. Even in situations where
Mode IT seems to be favourable, Mode I takes
over (Melin, 1989). This is manifested in e.g. the
formation of wing fractures on shear loaded frac-
tures. The wing fractures propagate stable and of-
ten stop when aligned parallel to the direction of
maximum principal stress. Mode II fractures are
initiated co-planar with the shear loaded fracture.
They form on the microscale as an array of en
échelon cracks that are later connected. Micro-
cracks are asymmetrically distributed with respect
to the shear plane. Propagation is mostly unstable.
Confining pressure enhances the growth of
Mode II fractures and suppresses development of
Mode I wing cracks.

24.2  Static— dynamic versus stable (— subcritical) —
critical — unstable fracture growth

There exist two terminological frames for
the fracture propagation process. One is defined
as a function of fracture propagation velocity; the
second is defined as a function of amount of
stress intensity factor. The velocity dependent
definition-frame is the differentiation between
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Fig. 2-8. Static — dynamic versus stable (— subcritical) —
critical — unstable fracture growth. Schematic plot of K
vs. fracture velocity for Mode I. See text for details. (after
Zhang et al., 1999, and Atkinson, 1984).

static and dynamic, and the stress concentration fac-
tor dependent is the differentiation between stable
and unstable. Figure 2-8 shows the different re-
gimes of fracture propagation.

For instability of a crack it is necessary that
the stress intensity equals fracture toughness, i.e.
K = K¢, and that dK/dc > 0, where c is the crack
length (Lawn, 1993). Otherwise a crack is stable
(c.f. Section 2.3). A stable crack extends compara-
bly slow and can be stopped at any stage, i.e. re-
quires an increase in stress for each increment of
crack growth. An unstable crack will be accelerated
by excess energy and propagates at speeds ap-
proaching a terminal velocity that is governed by
the speed of elastic waves. It is referred to as dy-
namic. Instability can be either achieved by reach-
ing a critical crack length or by impact loading.
The term critical is used for the onset of unstable
crack growth, hence the transition from stable to
unstable. In terms of stress intensity factor it is
called the critical stress intensity factor, K¢ (c.f.
Section 2.2). Any fracture propagation taking
place at fractions of K¢ is referred to as suberitical
crack growth (e.g. Atkinson, 1984). It is governed
by several competing mechanisms like diffusion,
dissolution, ion exchange, microplasticity and
stress corrosion. Latter is important in rock,
whilst the other mechanisms have been mainly
shown to be active in ceramics and glass. Subcriti-
cal fracture propagation takes place at slow
speeds, the transition from critical cracking to
stress corrosion dominated propagation is re-
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ported to be at a crack propagation velocity of
about 103 m/s (Atkinson, op. cit.). At stress in-
tensities lower than Ko, no subcritical crack
growth is initiated.

24.3  Fracture process one models

In the previous sections the static stresses
and displacements in the vicinity of a loaded crack
were introduced in terms of the stress intensity
factor, K. It can be seen from equation (2-2) — as-
suming linear elastic behaviour — that providing
any non-zero K results in infinite or singular
stresses at the crack tip, i.e. r — 0. This is a mani-
festation of Hooke’s law applied beyond its limits
of validity.? Physically, the stress catrying ability
of a material is limited by its yield strength.
Hence, a small region behaving inelastically is ex-
pected immediately ahead of the crack tip. This
region is referred to as the plastic zone in metallic
materials (Irwin, 1958), but it has been demon-
strated to be the microcracking zone or the frac-
ture process zone (FPZ) in rock (e.g. for Mode 1
loading by Hoagland et al., 1973).

Some fracture process zone models have
been proposed. The most important (according to
Whittaker et al., 1992) are the maximum normal
stress criterion (Schmidt, 1980), the cohesive
crack model (Dugdale, 1960; Labuz et al., 1983)
and the slip-weakening model (Ida, 1972; Palmer
& Rice, 1973).

The maximum normal stress criterion is
based on the assumption that the formation of
the FPZ takes place when the local minimum
principal stress in the vicinity of the crack tip
reaches the ultimate uniaxial tensile strength of
the rock material. The theory provides formula-
tions for the size and shape of the process zone.

2 One of the basic assumptions of the classical linear
theory of elasticity is not satisfied in problems concerning
cracks, namely the assumption about the smallness of
changes in the boundary conditions at the surface of the un-
strained body. This fact makes the equilibrium of a body
with cracks non-linear (Barenblatt, 1962).

11
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N
Fig. 2-9. Process zone models. Schematic representation
of the basic layout, nomenclature and stress distribution
of the FPZ models. Shaded area indicates area with stress
carrying ability. (A) Cohesion zone model. A tensional
force tears the fracture faces apart. When the maximum
tensile stress reaches the tensile strength, o, the FPZ de-
velops at a true fracture tip opening, s, of zero. With in-
creasing fracture tip opening the stress is reduced to zero
and the corresponding s reaches a critical value sc.
(B) Slip-weakening model. A shear force introduces in-
creased stresses at the fracture tip and FPZ development
is initiated on reaching tp. During shear displacement the
stress is reduced to the level of frictional sliding at a dis-
placement of uc. (C) Cowie-Scholz Model. At the frac-
ture tip frictional resistance approaches the level of shear
strength, tc. The stress is reduced in the fracture break-
down zone (fbz) to the residual frictional strength and dc
is the breakdown displacement, which coincides with the
inflection point on the stress profile.

The cohesive crack model describing the
FPZ for Mode I fracturing in rock is a modifica-
tion to the Dugdale crack model introduced for
metals.? The model assumes a crack with an ef-
fective crack length (Fig. 2-9.A). This effective
length can be diverted into a traction free portion
(true crack length) and a length over which cohe-
sive stresses apply. The cohesive stresses tend to
close the crack and refer to the FPZ. The material
in the process zone is partially damaged but still
able to withstand a stress, which is transferred
from one surface to the other. The material out-
side the FPZ is assumed to be linear elastic. The
FPZ starts to develop when the minimum princi-
pal stress reaches the tensile strength and the
corresponding  true  crack  tip  opening
displacement is zero. With increasing crack tip
opening the stress is reduced to zero while the
corresponding crack tip displacement reaches a
critical maximum value. Hence, the stress
singularity ~ problem is  overcome. Unlike
Dugdale’s proposal that the crack closing
cohesive stress is assumed to be a constant having
the value of the yield strength, the closing
cohesive stress is a function of the true crack tip
opening displacement.

3 Batenblatt developed in 1962 a mathematical
model of fracture, which is very much comparable to the
Dugdale model. It is not further considered here as pre-
dominantly used in material sciences.
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The so-called slip-weakening model for
Mode II fracture problems was stimulated by the
previously described cohesive crack model. This
mathematical model is based on the assumption
that during propagation or slippage of the fracture
a shear stress T exists between the fracture sut-
faces (Fig. 2-9.B). 1 is a function of the amount of
slip u as well as the effective normal stress
o'N = on—po, where onx is the normal stress
across the fracture faces and po is the pore pres-
sure. The peak stress is p and r is the residual
value of shear stress. At initiation of slip weaken-
ing the slip u is zero, i.e. u = 0, and © = 1. When
u reaches a critical value uc, the stress is reduced
to tr and the size of the slip-weakening zone cot-
responds to the FPZ. The stress singularity is
eliminated.

A ‘post-yield fracture mechanics’ model
was proposed by Cowie & Scholz (1992)
(Fig. 2-9.C). The model is based on laboratory
and field observations and is derived from the
cohesive crack model by Dugdale. The basic as-
sumptions are very comparable to the slip-
weakening model; however, the shape of distribu-
tion of stress vs. displacement is different.

2.5 Fracture tonghness testing methods, influencing
Sactors and data

For determination of the critical stress in-
tensity factors of the different modes, i.e. fracture
toughnesses Kic, Kic (and Kue), respectively,
laboratory testing methods have been developed.
Most matured are the Model testing methods
(Section 2.5.1), evidently in three ISRM Suggested
Methods. Some Mode II methods exist (Sec-
tion 2.5.2), but most are insufficient to provide re-
liable results. There are very few methods avail-
able that provide Mode I1I loading conditions
(e.g. Cox & Scholz, 1988; Yacoub-Tokatly et al.,
1989). Mode I and Mode II fracture toughness
testing methods are summarised below and fac-
tors influencing fracture toughness and typical
data is given.

25.1  Mode I fracture tonghness testing methods

Several testing methods for determination
of the Mode I fracture toughness, Kic, have been

Chapter 2 — Theory of Fracture Mechanics

introduced. Here, for example the SCB (Semicir-
cular Core in three point Bending) test* (Chong &
Kuruppu, 1984), the chevron-notched SCB test
(Kuruppu, 1997), the BD (Brazilian Disc) test
(Guo et al., 1993), the RCR (Radial Cracked Ring)
test (Shiryaev & Kotkis, 1982), the MR (Modified
Ring) test (Thiercelin & Roegiers, 1986), and the
DT (Double Torsion) test (Evans, 1972) can be
instanced. Reviews of the methods can be found
in e.g. Whittaker et al. (1992) and Chang et al.
(2002). The DT test is of special importance, as it
has been also applied to the study of subcritical
crack growth in rock (e.g. Atkinson, 1984).

Three testing methods for rock have been
introduced by the International Society for Rock
Mechanics  (ISRM) as Suggested Methods
(Ouchterlony, 1988; Fowell, 1995).

In 1988 the Chevron Bend (CB-) and Short
Rod (SR-) method were introduced as ISRM Sug-
gested Methods (Figs. 2-10.A and 2-10.B). The
CB-method uses cores with a prefabricated chev-
ron shaped notch that is sub-

A lForce

f

Fig. 2-10. ISRM Suggested Methods for determination of
Mode I fracture toughness. A: Chevron Bend (CB-)
method; B: Short Rod (SR) method (both Ouchterlony,
1988) and C: CCNBD (Cracked Chevron Notched Bra-
zilian Disc) method (Fowell, 1995).

4 Sometimes referred to as HDB (single edge Half
Disc specimen in three point Bending) test.
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jected to three-point bending. The CB- method is
used within this thesis — details about testing and
evaluation can be found in Chapter 4.

The SR- method uses the remaining halves
of the CB- method. A notch is introduced into
the core in long axis-direction and is subjected to
tension. This combination of CB- and SR-
method provides the possibility to study the effect
of anisotropy, i.e. determination of Kic parallel
and perpendicular to the core axis.

The CCNBD (Cracked Chevron Notched
Brazilian Disc) was introduced in 1995 by the
ISRM as Suggested Method (Fowell, 1995). It
uses Brazilian discs® (Brown, 1981) with a notch
in the centre of the specimen (Fig. 2-10.C). The
evaluation of Kic from this method is still under
discussion, e.g. Wang (1998), Wang & Xing
(1999) and Wang et al. (2003).

Bearman (1999) introduced a method to
estimate Kjc using the Point-load test (Franklin,
1985).

2.5.2  Mode 1l fracture toughness testing methods

Several methods for determining the
Mode Il fracture toughness have been intro-
duced. Most of the procedures were developed
for metals but later applied to rocks. Only those
that have been applied to rock or rock like mate-
rials (e.g. concrete) are mentioned here.

Ingraffea (1981) introduced the Antisym-
metric Four-Point Bending test for application of
both mixed Mode I-II and Mode II loading
(Fig. 2-11.A). Swartz and Taha (1990) performed
numerical analyses and stated that even under
pure shear loading in the Antisymmetric Four-
Point Bending test tensile stresses inevitably exist
around the notch tips. Despite not being able to
avoid the tensile stresses, too, the Antisymmettic
Four-Point Bending Cube Test has been applied
to concrete and rock testing by Barr and Derradj
(1990) (Fig. 2-11.B).

5 The tale surrounding the Brazilian test tells that the
test is called ‘Brazilian’, because it was developed in Brazil
while shifting a church in a small village. Mortar rollers were
put underneath the church and the church was moved. Dur-
ing this procedure several rollers split apart. (Gramberg,
1989; Hudson & Harrison, 1997).
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Fig. 2-11. Mode II fracture toughness testing methods.
(A) Antisymmetric  Four-Point  Bending, (B) Anti-
symmetric Four-Point Bending Cube, (C) Punch
Through Shear, (D) Compression-Shear Cube, (E) Short
Beam Compression, (F) Centrally Cracked Brazilian
Disc, (G) Triaxial Compression, and (H) Three-Point
Bending Semi-Disc.



Watkins¢ (1983) introduced the rectangular
Punch Through Shear Test (Fig. 2-11.C) and ar-
gued numerically that failure takes place in
Mode II (Davies et al., 19806).

The  Compression-Shear  Cube  test
(Fig. 2-11.D) (Jumikis, 1979) was shown to be a
potential method for determining Kic (e.g. Izumi
et al.,, 1986). This method was employed by Rao
(1999) to determine Kiic of granite and marble.

The Short
(Fig. 2-11.E) with a special notch orientation was
developed by Watkins & Liu (1985). The notches
are orientated perpendicular to the loading direc-

Beam Compression test

tion. The Ky values determined in this test are
always less than the Kjc values, although Kic is
thought to be lower than Kiic. Kic being smaller
or close to Kjc is not reasonable for brittle rock,
since from experimental experience the shear
strength is known to be in general larger than the
tensile strength (e.g. Rao et al., 2003). An excep-
tion to this might be very porous materials like
e.g. some sandstones, mortar and concretes.

Several other testing methods for Kyc have
been invented. Some were first developed for the
determination of the stress intensity factor for
Mode I or mixed mode, but as the stress intensity
factors are functions of the angle between applied
load and the fracture plane (Atkinson et al., 1982),
they were modified to perform Kic-testing.

The Cracked Chevron Notched Brazilian
disc (CCNBD) (Fowell, 1995) was originally in-
troduced by the ISRM as a Suggested Method for
determining the Mode I fracture toughness of
rocks (c.f. previous section). Mode II loading can
be induced with a distinct inclination of the slot
(Fig. 2-11.F), but slight inaccuracy in the set-up
results in mixed mode conditions. Therefore, this
method is not practical for determining the
Mode II fracture toughness. In contrast, Chang et
al. (2002) claim the CCNBD method is suitable
for mixed mode as well as Mode 11 determination.

The same problem and discussion as for
the CCNBD test is evident with the SCB- test
(Chong & Kuruppu, 1984). It uses a half ‘Brazil-
ian Disk’ with an introduced notch at diagonal cut
(Fig. 2-11.H).

¢ Note that Miss Watkins’ name later changed to
Mrs. Davies.
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To estimate the Mode 1I energy release rate
of intact rocks an evaluation method for the Tri-
axial Compression Test was introduced (Hakami
& Stephansson, 1990) following Rice (1980)
(Fig. 2-11.G). It was found that the energy release
rate and, hence, fracture toughness is influenced
by confining pressure (Hakami & Stephansson,
op. cit.).

The only tests out of those presented
above, that are able to demonstrate the theoretical
and in laboratory experiments proven dependency
of the fracture toughness on confining pressure,
are the Compression Shear Cube and the Triaxial
Compression Test. Unfortunately, both methods
cannot vary confining pressure and shear stress
independently during testing and, hence, are lim-
ited in magnitude of confining pressure.

2.5.3  Factors influencing fracture tonghness

Fracture toughness was introduced in Sec-
tion 2.2. The critical stress intensity factor is a
mechanical property of the material that may vary
with changing environmental and loading condi-
tions (Erdogan & Sih, 1963). Selected factors are
briefly discussed below.

Confining pressure

Winter (1983) among others could show
experimentally that Kjc increases with increasing
confining pressure. Tests on three point bending
specimen with increasing confining pressures on
e.g. Ruhr sandstone showed a linear increase of
fracture toughness by a factor of five up to
100 MPa confining pressure. Thallak et al. (1993)
confirm a linear increase of Kjc with confining
pressure for laboratory hydrofracture experi-
ments. Al-Shayea et al. (2000) applied confining
pressures up to 28 MPa to Centrally Cracked Bra-
zilian Disc Specimen. Kic for a limestone in-
creased 274 % with an increase of 28 MPa of con-
fining pressure, while Kyc increased 137 % only
(c.f. Tab. 2-1) for the same increase in confining
pressure. Rao (1999) varied the loading angle in
the Compression-Shear Cube testing for determi-
nation of Kjc yielding a variation of confining
pressure. Knic was found to linearly increase with
increasing confining pressure. For marble Kic in-
creased approximately 2.5 times for an increase of
confining pressure from ambient conditions to
20 MPa. Kyc of granite increased by a factor of
1.7 at P = 10 MPa.
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Other parameters

Other variations in boundary conditions
have shown to influence fracture toughness.
These are, for example, temperature (e.g. Al-
Shayea et al., 2000; Dwivedi et al., 2000) or mois-
ture content. So, Dwivedi et al. (op. cit.) could
show Kjc to increase with decreasing temperature
(+30° to -50° C) in CCNBD specimen. They re-
late this effect to the remaining moisture content
in the samples. The water freezes and the fracture
toughness of the ice adds to the one of the rock.
Changing the moisture content changes the de-
gree of Kjc-variation with temperature change.
With increasing temperature, Kic increases
slightly until approx. 100° C, and then starts
dropping (Al-Shayea et al, op. cit). Kuc was
shown to slightly increase with temperature, at
least for temperatures up to 120°C (Al-Shayea,
op.cit.).

For the influence of loading rate on frac-

ture toughness refer to Section 2.4.2 (and e.g.
Zhang et al., 1999; Atkinson, 1984).

Interestingly, fracture toughness can be re-
lated to physico-mechanical properties of rock,
like Young’s modulus, uniaxial compressive
strength, tensile strength, point-load index, Pois-
son’s ratio, compressional wave velocity, grain
size, grain contact length, or dry density (c.f. e.g.
Whittaker et al,, 1992; Bearman, 1999; Zhang,
2002; Alber & Brardt, 2003).

254 Typical data on Kic and Kiic for rocks

Table 2-1 summarises typical values for Kic
and Kiyic for several rock types. In general Kyc is
larger than Kic in rock, a factor of 2-3 is usually
assumed for ambient conditions (e.g. Rao et al,
2003). Lockner (1995) even suggests a factor of
15.
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Rock type Value References
[MPa m'/?]
Kic
Diorite (Aspé) 3.21 Staub et al. (2003)'
Diorite 2.22-2.77 Bearman et al. (1989)!
Dolostone 0.81-2.57  Gunsallus & Kulhawy
(1984)2
Granite ~2.0 Ingraffea (1981)3
1.88 Rao et al. (2003)!
0.65-2.47 e.g. Miiller & Rummel
(1984)!, Ouchterlony
(1988)!, Ouchterlony &
Sun (1983)!
Limestone ~0.8 Ingraffea (1981)3
0.82-2.21  e.g. Bearman etal. (1989)!,

Guo (1990)!, Ouchterlony
& Sun (1983)!
P=0.1MPa 0.42 Al-Shayea et al. (2000)3

P=28MPa 1.57

Marble 2.21 Rao et al. (2003)!
0.46-2.25 e.g. Bearman (1999)°, Guo
(1990)!, Miiller & Rummel
(1984)1, Ouchterlony
(1988)?
Sandstone 1.67 Rao et al. (2003)!
0.67-2.56 e.g. Guo (1990)!, Ouchter-

lony (1988)1/2, Meredith
(1983)
P=0.1MPa  1.08 Miiller (1984)!
P=40MPa 2.21

P=80MPa 2.54

Kiic
Granite ~2.2 Ingraffea (1981)3
4.90 Rao et al. (2003)*
1.75-20.60  Singh & Sun (1989)
Limestone ~0.9 Ingraffea (1981)
P=0.1MPa 0.92 Al-Shayea et al. (2000)
P=28MPa 2.18
Marble 6.1 Rao et al. (2003)*
3.33-6.36  Rao (1999)*
Sandstone 4.95 Rao et al. (2003)*
0.32-0.41  Singh & Sun (1989)
Kic/Kic
Granite ~1.1 Ingraffea (1981)
2.6 Rao et al. (2003)
Limestone ~1.1 Ingraffea (1981)
P=0.1MPa 2.1 Al-Shayea et al. (2000)
P=28MPa 1.4
Marble 2.8 Rao et al. (2003)
Sandstone 3.0 Rao et al. (2003)

Tab. 2-1. Fracture toughness data from various sources.
Note the confining pressure, P, dependent data. A com-
pilation of Kic values for different rock types can be
found in Whittaker et al. (1992). ! Chevron Bend (CB-)
method, 2Short Rod (SR) method, 3Antisymmetric
Four-Point Bending method, * Compression-Shear Cube,
> Centrally Cracked Brazilian Disc, ¢ Point-load test.



3 EQUIPMENT AND MATERIALS

The loading equipment and Acoustic
Emission (AE) recording system employed in this
work are described. Selected properties, e.g.
elastic ~ properties,  strength  data  and
microstructural parameters, of the tested rocks —
one diorite, two granites, one limestone, one

sandstone and one marble — are presented.

3.1 Loading equipment

A stff (1.1-101°N/m) setvo-controlled
loading frame (MTS, Material Test Systems
Corporation, Minneapolis MI, USA; model-no.:
815-315-03) including a 400 MPa oil pressure
(Fig. 3-1). 'The
compressive force is 4600 kN. A high accuracy
load cell with a range of 0-1000 kN (calibration
error <1 %; sensitivity = * 1 kN) is used. The
confining pressure system is servo-controlled.
Maximum oil pressure is 200 MPa (+ 0.5 MPa).
The system is run by the controlling packages
TestStarll and TestWare by MTS. The detailed
specifications of the controlling procedures used

vessel is used maximum

for testing are listed in Appendix D.

A Hoek-Cell with a maximum pressure of
70 MPa, manufactured by RocTest Ltd., Canada,
is used. The inner diameter of the cell is 2 inches.
The pressure is applied by an ENERPAC hand

pump.

3.2 Acoustic Emission equipment

The acoustic monitoring system consists of
eleven piezoelectric transducers glued to the
12-channel fast
oscilloscope with 10 bit vertical resolution at
10 MHz (PSO 9070, Krenz,

sample surface. A storage

sampling rate

Germany) was used to store full AE waveforms.
During testing, ultrasonic transmission tests were
performed periodically to monitor P-wave
velocities in different directions and at different
loading stages. A 400V electrical pulse was
applied to two transducers and arrival times and
AE amplitudes were recorded. Hypocenter
location was determined by a least square iterative
technique using automatic picking of onset
arrivals. Details on the recording system and
location analysis were described by Zang et al.
(1998). All work related to recording and analysis
of acoustic emissions was carried out by Dr. S.
Stanchits, GeoForschungsZentrum (GFz)

Potsdam, Germany.

3.3 Tested materials

The rock materials tested in this study are
briefly described below. Figure 3-2 shows grain

and Table 3-1
arithmetic and geometric mean grain diameters

size distributions summarises
and corresponding grain size. Figure 3-3 shows

micrographs of the undeformed samples.
Table 3-2 summarises selected properties of the

rocks.

Aspii Diorite

The Aspé diorite is from the Aspé Hard
Rock Laboratory, Sweden. It is a reddish grey,
medium-grained, porphyric monzodiorite, with
feldspar augen of 10-30 mm. The Aspé diorite
belongs to the 1700-1800 Ma Smaland granite
suite (Wikberg et al., 1991). The grain size is
1.3 mm.
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Fig. 3-1. Photograph of the MTS loading frame. Frame,
load cell and pressure vessel are indicated.

Rock type Geometric  Arithmetic ~ Grain
diameter size
[mm] [mm] [mm]
Aspo diorite 0.85 1.37 1.28+1.61
Aue granite 0.66 0.82 0.9910.67
Mizunami granite ~ 0.43 0.55 0.65+0.43
Carrara marble 0.18 0.19 0.27£0.10
Flechtingen sst 0.15 0.16 0.23£0.08
Rudersdotf lim - - ~0.01

Tab. 3-1. Geometric and arithmetic mean grain diameter
as determined from intercept length measurements, and
average grain size (Underwood, 1970). Calculation factor
for grain size from geometric mean diameter is 1.5,
assuming spherical, space-filling grains.

N
Fig. 3-2. Grain size distribution of tested rocks. Intercept
length is given; arithmetic mean grain diameter as
determined from intercept length measurements
(Underwood, 1970) is indicated by wvertical line.
Riidersdorf limestone has a grain size about 5-15 um (not
shown). Data for Asp6 diorite is cut off at high intercept
lengths. Counting traces of length 76 to 447 mm were
imprinted to micrographs. Data was taken in two
perpendicular directions, showing no anisotropy.
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Aue Granite

The Variscian Aue granite from the
Erzgebirge, Germany, is a red syeno-monzo-
granite. The quartz content is about 30 vol.%, the
feldspar content 60 vol.%, and mica 10 vol.%,
respectively (Zang, 1997). The grain size is
1.0 mm, but grains up to 5.0 mm can be found.
Feldspars are frequently altered to chlorite.

Mizunami Granite

The granite is from a borehole sunk for the

(MIU)

Laboratory project in Japan. It is classified as

Mizunami  Underground Research
biotite granite (~50 % quartz, ~40 % feldspar and
~10 % others). The medium grained granite is
from ~200m to ~ 500 m below surface, grain

size is 0.7 mm.

Carrara Marble

The Jurassic marble is from an unknown
quarry near Carrara, Italy. It has a mineral content
of 99 vol.% calcite with a mean grain size of
0.3 mm. The material appears isotropic and
shows no preferred cleavage or lattice orientation.

Chapter 3 — Equipment and Materials

Flechtingen Sandstone

The red sandstone of Permian age is from
a quarry near Magdeburg, Germany, and has
frequently been used as building stone. The grain
size is about 0.2 mm, varying between 0.1 and
0.5 mm. Grain shape is sub-angular to sub-
rounded. The sandstone consists of quartz
(~70 vol.%), feldspar (~15 vol.%), and diagenetic
cement (~15 vol.%) (Zang, 1997). Besides calcite
and dolomite, illite is the main component of the
(~9 vol.%). The
isotropic and shows little to no macroscopic

cement material  appears

visible layering.

Riidersdorf Limestone

The mudstone (c.f. nomenclature Dunham,
1962) from the Ridersdorf open pit mine near
Betlin, Germany, has a low fossile content. It is of
Triassic age and consists of 90-95 vol.% calcite,
and minor percentage (~ 5-10 %) of clay. Clay
aggregates have a maximum size of 0.3 mm, grain
size is approximately 10 um.

Uniaxial Tensile Young’s Poisson’s Dry Porosity
comp. strength strength modulus ratio density
Rock type oc or E v o} o)
[MPa] [MPa] [GPa] lg/cm?] [%%]
Aspé diorite 219 £ 151 15+11 68+ 81 0.241 2.87 1.17
Aue granite 134+ 72 8+17 48 £ 872 0.19 2 267 1.87
Mizunami granite 166 £ 353 9+23/7 50£83 0.373 2.67 1.77
Carrara marble 59¢/101 £ 67 ~77 49 4/5 0.23 4/5/7 2.77 0.77
Flechtingen sandstone 96 £ 1327 617 21 £527 0.127 230+ 0.037 1367
Ridersdotf limestone 406 5+167 226 0.22°6 267 557

Tab. 3-2. Compilation of selected rock propetties of the chosen rock types. Values are taken from: ! Staub et al. (2003),
Nordlund et al. (1999), 2 Zang (1997), 3 JNC Development Institute report (2003), + Hauptfleisch (1999), > Alber &
Hauptfleisch (1999), ¢ Alber & Heiland (2001) and pers. comm. J. Heiland (1999), and 7 new data — this work.
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Ridersdorf limestone

1

«—

Fig. 3-3. Micrographs of undeformed samples of each
rock type taken with crossed nicols. All micrographs are
the same scale.
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4 MODE I LOADING — METHODS, RESULTS AND DISCUSSION

The influence of loading rate on various
parameters during slow fracture propagation of
Flechtingen sandstone samples subjected to
Mode I loading is examined in this chapter. The
ISRM Suggested Method for Model fracture
toughness determination (Ouchterlony, 1988) is
employed for applying Mode I loading and for

determination of Kic.

Fracture velocity is dependent on the stress
intensity as is outlined in Section 2.5.2. Fracture
roughness increases with increasing loading rate.
For example, Marder & Fineberg (1996) showed
that slow moving fractures in Plexiglas tend to
leave smooth fracture surfaces, whilst fractures
travelling at speeds above a critical limit create
small  branches that can be examined
microstructurally. The formation of microcracks
in the fracture process zone (FPZ) produces
Acoustic Emissions (AE) that allow monitoring
fracture propagation in-situ.

The loading rates applied in this study are
chosen to provide fracture speeds at which
subcritical crack growth is suggested to be a likely
mechanism  (fracture  velocity <103 m/s;
Atkinson, 1984) and are well below the threshold
for which Kic is expected to increase considerably
near the terminal velocity (e.g. Zhang et al., 1999).
A series of experiments with variation of loading
rates from 5-10¢m/s to 5-101°m/s has been
carried out, which corresponds to fracture
of 102m/s to 106m/s.
Mechanical and fracture toughness data are

propagation  rates

analysed, the surface roughness of the resulting

fractures is  characterised and  resulting
microstructures and acoustic emission activity are

presented and discussed.

4.1 Methods

4.1.1  The Chevron Bend method

Loading for determination of Mode I
fracture toughness, Kic, was done according to
the ISRM Suggested Method (Ouchterlony,
1988), using the Chevron Bend (CB-) method.
The set-up is outlined in Figure 4-1, and typical
dimensions for testing are given in Table 4-1.

Sample preparation and testing set-up

Core samples of 50 mm diameter are used
in this study (Fig. 4-1). They are cut to a
minimum length of 200 mm. A chevron (V-)
shaped notch is cut in the middle of the specimen
meeting the requirements defined in Table 4-1.
Centred to the notch tip two metal knives are
glued on the mantle surface at a distance of
approximately 5 mm using a quick hardening
glue. A clip-gage for measuring the notch opening
(clip-gage COD) is
attached to the knives. For accurate measurement

opening  displacement,
of sample bending (load-point displacement, 1pd)
a saddle equipped with lvdt’s (linear variable
differential transformers) can be applied, resting
on top of the sample. AE transducers are directly
glued to the sample surface (Fig. 4-1.B+C). The
assembly is placed centred with respect to the
notch onto two support rollers with a support
span, S, of 166.5 mm. The tip of the notch is
pointing downwards. A third roller applies the
load opposite the notch tip inducing a three-point
bending to the core specimen.
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Fig. 4-1. Experimental set-up and loading configuration
of the Chevron Bend (CB-) method. (A) The cylindrical
sample with a centred notch is subjected to load, F, in
three-point bending. Dimensions ate indicated [in mm).
Devices for measurement of clip-gage opening
displacement (COD) and load-point displacement (Ipd)
are shown, c.f. Table 4-1 for dimensions. D: specimen
diameter, ap: Chevron tip position, F: applied load, t
notch width, S: support span and L: specimen length.
(B) Cross section A-A’ of the chevron-shaped notch.
Location of the AE sensots is indicated in cross section

(B) and along sample (C).

tension|

comptession]

Fig. 4-2. Finite element modelling of CB set-up. Major
principal stress is plotted, the scale notifies equal amount
of tensile and compressive stress.
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Geometry Value This study
[mm]
Specimen diameter D 50
Specimen length, L. >35D 200-250
Support span, S (3.33£0.02) D 166.5
Chevron angle, 6 90.0° £ 1.0° 90°
Chevron tip position, a, (0.15+ 0.01) D 7.50+0.06
Notch width, t 0.03D 1.5

Tab. 4-1. Dimension of the Chevron Bend (CB-) samples
for determination of Kic. The parameters are chosen
according to the ISRM Suggested Method (Ouchterlony,
1988).

Figure 4-2 depicts the major principal
stress as obtained from FEM in a three point
bending set-up. The localised stresses around the
notch tip are tensile, i.e. negative; at the load point
high compressive stresses are evident. The
symmetric stress concentration diminishes quickly
away from the notch tip.

Testing procedure

The CB- method suggests two routines for
loading, i.e. level 1 and level 2 testing. In level 1
testing the specimen is loaded in load control and
unstable  fracture propagation leading to
catastrophic failure occurs within approximately
10s. In this study cyclic loading is applied as
suggested for level 2 testing; each experiment
consists of at least 4 loading/unloading cycles.
The experiments are COD controlled. The
(COD-rate) 1is

5107 m/s, unless otherwise stated. Unloading

suggested loading  velocity
and reloading is initiated at least twice before and
after peak load for determination of a correction
factor, p. Force, F, load-point displacement and
clip-gage
recordings are shown in Figure 4-3.

opening are recorded.

Typical

Evalnation

The Model
determined by

0.5
I<1( — 1+ p FC . |:Fmax 1A5min :l and (4_1)
’ 1-p) FE_. D

max

fracture  toughness is

2
A, =| 183547152 1ogs 22| |2 4
D D) | D

where Fna is the peak load, D is the specimen
diameter, Amin is a geometry correction factor
accounting for diameter, support span, S, and



notch depth, a9 (Ouchterlony, 1988). The first
part of equation 1 accounts for non-linearity. Fc is
the corrected peak load and p is determined
following the proposal of Barker (1979) which
bases on energy considerations. It describes the
slope  of two
unloading/reloading loops spanning the peak load

change in neighbouring

and is
p=—t (4-3)
X

with notations as shown in Figure 4-4. According
to Barker “p can be interpreted as the degree of
plasticity exhibited by the specimen between two
points on the loading curve where the [fracture] is
growing” (Batker, 1979, p.526) (Fig. 4-4.A).
p =0 means that the specimen suffered no
additional ‘plastic deformation’ during loading
and fracture growth (Fig. 4-4.B). An increase of p
therefore exhibits an increase of ‘plasticity” during
fracture propagation. The upper limit p =1
(Fig. 4-4.C) represents a completely irreversible
fracture propagation.

=

0.8 1 —F

max

Force, F [kN]
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Fig. 4-3. Typical results from testing. (A) Force vs. clip
gage opening, COD, plot containing six loading cycles.
(B) COD vs. time. The loading and unloading is ruled by
constant COD-rate. The inlay shows load vs. corrected
time to determine the critical time, tc, which is necessary
to reach the peak load. Only the time intervals indicated
grey are considered.
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For details about sample preparation,
testing and evaluation the reader is referred to the
ISRM Suggested Method (Ouchterlony, 1988),
Barker (1979) and Ouchterlony (1989). An
description  for  the

instructive evaluation

procedure is given in Hams (1991).

4.1.2  Roughness determination

To determine the surface roughness of a
fracture, its face is digitised using a 3-D laser
scanner (Lanaro et al., 1998; Fardin et al., 2001).
The obtained raw co-ordinate data points are
reconstructed to a digital replica using Surfacer
software package (Imageware, 2000). A binary
object (digital replica) of 250 000 data points is
obtained from the whole fracture surface of each
sample. A square sampling window of size
30.0 mm by 30.0 mm (90 000 data points) is
selected from each sample to describe its surface
roughness.

The surface roughness is characterised
using fractal dimension, D, and amplitude
parameter, A. Parameter D typically describes
how roughness changes with scale and A specities
the variance or sutface slope at a reference scale
(Kulatilake & Um, 1999). The Roughness Length
Method (RLM) (Malinverno, 1990) is used to

F / X, (A) (B)
F\I
\Xll 71/2 F.\l v“
"\ ©
\X,H _]/7P\| X
Il
=T COD/LPD

Fig. 4-4. Definition of plasticity factor, p. p is defined as
xi/xu. The slopes are constructed as tegtessions to the
cyclic loading branches prior to and post peak. The grey
area is the elastic and irrecoverable (plastic) work, Wiasic
and Wphgic, done in advancing the crack an additional
distance. The area trapped by the regressions, abszissis
and curve is approximated by the indicated trapezoid.
(A) Schematic example of testing. p is between zero and
one. W = Weasic + Wphasie. (B) At p = 0 the deformation
is perfectly elastic. W = Wepsie. (C) At p=1 the
deformation derived from plastic deformation is at a
maximum.
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estimate the fractal parameters. To calculate D
and A of digital sampling windows of each
fracture surface, a series of increasing window
sizes, w, of 1.0, 1.5, 2.0, 3.0 and 6.0 mm are
selected and the standard deviation of reduced
asperity heights, S(w), are calculated three
dimensionally (Fardin et al., 2001). As

S(w)=A-w" (4-4)

in case of a surface, the calculated S(w) are plotted
in a log-log diagram as function of w. The Hurst
exponent, H, and therefore fractal dimension D =
3-H, is obtained as the slope of the line fitted on
S(w) vs. w data. The amplitude parameter, A, is
directly extracted from the S(w)-intercepts.

All work related to recording and analysis
of surface roughness was carried out by Dr. N.
Fardin, KTH Stockholm, Sweden.

4.1.3  Microstructural analysis

The microcrack characteristics within the
vicinity of the main fracture were analysed by
scanning electron microscopy (Zeiss DSM 962).
Microcrack density close to the fracture trace is
determined from a mosaic of backscattered
scanning electron micrographs at a magnification
of 200x using the line intercept method (c.f.
Underwood, 1970). Pores, grain-boundaries and
intragranular cracks are counted along 34 to
44 traces per sample, oriented perpendicular to
the fracture trace. Line length was about 1350 um
starting at the main fracture trace. ‘Open grain
boundaries’ include grain boundaries coated with
illite or other cement minerals.

4.2 Results

Results from the detailed study of the
influence of loading rate on several parameters of
Flechtingen sandstone are described. Additional
information and observations from other rock
types are given. A compilation of Mode I fracture
toughness data for the rock types from Chapter 3
is presented. Dimension, failure load and
determined fracture toughness of the individual

specimens can be found in Appendix B.1.
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4.2.1  Kic determined by the Chevron Bend method for
several rock types

Mode I fracture
determined for the rock types described in

toughness, Kic, was

Chapter 3. Table 4-2 summarises the results. Note
the variation in the p-values. The limestone shows
a low p= 0.1 whilst the sandstone shows high
p = 0.5. The other rock types display p-factors
between ~0.2 and ~0.3.

4.2.2  The influence of loading rate on different
parameters in Mode I testing of Flechtingen
sandstone

Mechanical data and Fracture Toughness

Figure 4-5.A displays the maximum force,
Finax, versus COD-rate. Although COD-rates span
five orders of magnitude, Fm. remains almost
constant; the average is Fia = 0.72 £ 0.04 kN.
The deviation is less than 6 %, which is within the
expected experimental scatter. The critical time, tc
(Fig. 4-3), is the loading time interval necessaty to
reach the peak load (Zhang et al., 1999) at load
point displacement, 8r. Figure 4-5.B shows the
influence of COD-rate on tc and k. The time to
reach the peak load increases exponentially with
decreasing clip gage opening rate and the load
point displacement necessary to reach the peak
load stays constant.

From each experiment the uncorrected
Mode I fracture toughness, Kic, the correction
factor, p, and the corrected fracture toughness,
KC¢c, have been evaluated according to
Ouchterlony (1988). The loading rate, k’, was

(1999):
k= Kic/tc. The fracture velocity, a’, may be
expressed as (Ouchterlony, 1989):

calculated following Zhang et al

Rock type no. Kic p

of tests  [MPam!/? []
Aspo diorite 4 3.83 £0.03 0.22 £0.07
Aue granite 5 1.60 £ 0.13  0.29 = 0.04
Mizunami granite 6 238 +0.12 0.29 £0.04
Carrara marble 5 2.44 +0.07 0.31 £0.02
Flechtinger sandstone 5 1.15 £ 0.05 0.47 = 0.02
Rudersdorf limestone 4 1.12 £ 0.06 0.10 = 0.02

Tab. 4-2. Model fracture toughness data. Kic and
plasticity correction factor, p, for different rock types.
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Fig. 4-5. Compilation of mechanical data of Flechtingen
sandstone. (A) Peak load, Fiay, (B) maximum load point
displacement, 8r (hollow squares), and critical time, tc
(grey squares), (C) corrected and uncorrected Mode I
fracture toughness, K¢c and Kic, (D) plasticity factor, p,
(E) energy release rate, Gic, and (F) force drop, AF,
during reloading near peak load vs. COD-rate and
fracture velocity, a’. a’ is calculated according to
Ouchterlony (1989), equation (34). Vertical dashed line

indicates limit for stress corrosion (Atkinson, 1984).
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EAD o

a'= 4-5
64-K,. " *

where E is the Young’s modulus, D is specimen
diameter, and 8’y = 8p/tc.

The influence of the loading rate on both
the uncorrected and the corrected stress intensity
as calculated from equation 1 of the sandstone is
negligible (Fig. 4-5.C). The average value is
Kic = 0.66 £ 0.03 MPa m'/2 and K¢c=1.15%
0.05 MPa m!/2,
increases slightly with lower loading rate. Zhang

respectively. However, K¢
et al. (1999) report slight increase of the fracture
toughness of marble for slower loading rates, and
a moderate decrease of K¢ of gabbro for slower
loading rates. Winter (1983) reports moderate
increase of fracture toughness with loading rate
for Ruhr sandstone.

The correction factor, p, increases towards
lower loading rates (Fig. 4-5.D). At ‘high’ fracture
velocities (2’ =102 — 103 m/s) the correction
factor is about 0.44. For ‘lower’ velocities p
increases up to 0.59. The limit for stress corrosion
was estimated by Atkinson (1984) to be about
2 =102m/s. For Flechtingen sandstone p
indicates a threshold at a fracture velocity of
about 3102 m/s, which is in agreement with
Atkinson’s estimation. The above-mentioned
slight increase of the corrected fracture
toughness, K¢, is governed by the increase in p-
value. The scatter of the results from several
experiments with Flechtingen sandstone is
obtained from reprocessing data available in
Donath (2002). The errors for p, Kic and K€ are

+ 0.01, * 0.04 and * 0.07, respectively.

The energy release rate, Gic, was estimated
by integrating the force-displacement data. Gic
temains  almost  constant at  ~100 J/m?
(Fig. 4-5.E). Using K = (G E)/? (Irwin, 1958; cf.
equation 2-7), Kic was calculated from Gic to
about 1.45 MPa m!/2. This Kic value is higher but
still in good agreement with Kic estimated using
the CB- test.

On reloading within the cycles the load
does not reach the load level evident at initiation
of unloading. Figure 4-5.F shows the influence of
loading rate on the normalised force drop
between unloading and reloading near peak load.
The normalised force drop, AF, is larger for faster
COD-rates and increases log-linear. During the
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Sample COD-rate a’ k’ Foax Or tc Kic Kere p G cal. Ki¢  AF / Finax
[m s 1] [ms!]  [MPam!2s'] [kN] [pm] [s] [MPa m!/2] [MPa m'/?] [Jm?| [MPa m!/?]

FB4 510¢ 1.2103 89102 0.72 176 12 0.67 1.07 044 109.7 152£0.13 0.051

FB1 5107 19103 11102 0.79 174 95 0.71 112 043 1101 1.52%+0.12 0.054

FB2 5108 1.010% 6.110* 0.73 130 1838 0.67 1.13 048 921 142%0.12 0.044

FB5 510° 1.110°> 7.110> 0.65 154 16585 0.61 1.18 058 90.8 1.38=*0.11 0.045

FB6 5101 1.510¢ 9.8-10¢ 0.69 173 128101 0.64 126 059 957 142%0.12 0.039

Tab. 4-3. Mechanical and fracture toughness data. COD-rate: Clip-gage opening displacement rate; k: loading rate
(Zhang et al.,, 1999); 2’ crack velocity (Ouchtetlony, 1989); Fra: peak load, 8g: vertical displacement of the loading roller
necessaty to reach the peak load; tc: time necessary to reach the peak load; Kic: uncorrected fracture toughness in Mode
I; K¢¢: corrected fracture toughness; p: correction factor; G: Energy release rate; cal. Kic: fracture toughness calculated
from G; AF/Fuu: force drop in un-/reloding cycles near peak load normalised by peak load.

initial phase of the force drop close to peak load,
COD stays almost constant. Above presented
data is summarised in Table 4-3.

Fracture Roughness

The ‘isometric view’” of the digital replicas,
which were taken at a resolution of 0.1 mm
(distance between points in two parallel scanned
lines), is shown in Figure 4-6. From the calculated
standard deviation of reduced asperity heights,
S(w) (Tab. 4-4), a linear relationship between S(w)
and window size, w, can be established, yielding
fractal dimension, D, and amplitude parameter, A
(Tab. 4-5).

The calculated D and A of all sampling
windows and samples are plotted as function of
the applied loading rate (Fig. 4-7). Although both
D and A show some scatter with respect to
applied loading rate, there is no clear trend to
support a variation of surface roughness as a
function of loading rate. The fractal parameters
for characterising the surface roughness of all
samples are obtained as D = 2.247 £0.016 and
A =0.0241 £ 0.0012.

Microstructure

The fracture resulting from three-point
bending in the CB- test appears on sample-
/macroscale as a single fracture that starts at the
chevron shaped notch and propagates upwards in
loading direction. It follows a rough path,
deviating in a ‘zig-zag’ manner (Figs. 4-8.A and
4-9). Microscopically, the fracture also shows a
zig-zag’ path. From optical microscopy and SEM
images of marble it can be seen that the fracture
tends to follow planes of weakness, like e.g. grain
(Fig. 4-8.B).
Frequently branching of the main fracture is

boundaries or cleavage planes
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observed (Fig. 4-8.C). No fracture process zone
(FPZ) could be isolated from the background
microcracking for marble at magnifications of up
to 1 000 in SEM.

The density of the intragranular cracks
shows an exponential decay of sub-parallel cracks
from the main fracture front in Flechtingen
sandstone (Fig 4-9). In all samples investigated
[FB1; FB4; FBOG] crack density dropped from
about 25 mm™ to background (4 mm) within
350-400 um distance from the fracture (Fig. 4-10).
From these observations the width of the fracture
process zone (FPZ) was estimated to about
700-800 um. It is symmetric with respect to the
loading direction. Among samples subjected to
different loading rates, no change in crack density
is evident. The density of open grain boundaries
and pores remained constant.

Acoustic Emission

AE
progtessive fracture propagation and an elongated

hypocenter  locations  indicate
process zone surrounding the fracture trace
(Fig. 4-11). Prior to peak load very few AE signals
were detected close to the notch tip for the
Flechtingen sandstone. In map view of the
fracture, AE signals were evenly distributed
(Fig. 4-11.A, xy-plane) forming a narrow band in
cross section. AE activity started at about 85 % of
the maximum load but was low during the first
cycle (Fig. 4-11.B+C). For subsequent cycles
activity increased and remained approximately
constant. A cloud of AE hypocenters initiated at
the notch tip and progressively extended into the
sample with increasing COD. During unloading
no AE was detected. In consecutive loading
after

cycles continuous AE activity started

maximum COD of the previous cycle was
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FB 4

FB 5

FB 6

Fig. 4-6. Isometric view of the digital sampling window
of the samples.
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S(w)

w FB1 FB2 FB4 FB5 FBo6

[mm] [102 mm] [102mm] [102 mm] [10?mm] [10? mm)]
1.0 2.2481 23234 23912 25443 2.2346
1.5 3.1491 3.2079 3.3050 3.5331 3.1553
2.0 39154 4.0132 4.1404 4.3341 3.9843
3.0 53754 5.5031 5.5993 5.8537 5.4518
6.0 8.8154 89834 9.0653 9.4018 8.9428

Tab. 4-4. Data from profilometry for all samples. S(w) is
the standard deviation of the reduced asperity heights
and w is the sampling window size.
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Clip gage opening displacement rate, COD-rate [m/s]

Fig. 4-7. The fractal dimension, D, and amplitude
parameter, A, as function of loading rate for Flechtingen
sandstone samples.

notch

Fig. 4-8. SEM backscatter images of CB-sample of
Carrara marble showing fractures from Mode I loading,
(A) Main fracture trace starting at notch tip and
propagating into sample. The fracture describes a rough
path. (B) Fracture within one marble grain follows
cleavage planes oblique to loading direction. It frequently
jumps to next cleavage plane to maintain the loading
direction. (C) Branching fracture. Fracture is split at a
grain and propagates along two paths around grains.
Later a single track is maintained.
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Sample A D Total number  Ratio of AE
of AE sample/FB4

FB4 0.0244 2.2573 317 1.00

FB1 0.0229 22392 181 -

FB2  0.0236 2.2447 160 0.50

FB5 0.0260 2.2737 143 -

FB6 0.0229 2.2282 77 0.24

Tab. 4-5. Fracture roughness and Acoustic Emission
(AE) data. D: fractal dimension; A: amplitude;
normalised number of located AE is used to scale axes in
Fig. 4-13.

counting trace

main fracture face

spalling

crack

pore

100pm

e
T

open grain
boundary

Fig. 49. SEM  backscattered microstructures.
Photomosaic of SEM images across main fracture face
(top) into intact sample (bottom) [FB 2]. Intragranular
cracks, pores and open grain boundaries are indicated.
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Fig. 4-10. Bar charts showing the crack density of
deformed samples; FB 6 (slow) to FB 4 (fast loading
rate). Intragranular cracks are in black. Open grain
boundaries and potes are in grey. Dashed lines show the
average background distribution of cracks, pores and
grain boundaries. The density of intragranular cracks
shows an exponential decay from the fracture trace into
the undeformed sample. No difference in crack density
of samples deformed at the range of applied loading
rates.

attained (Kaiser effect; see horizontal dashed line
in Fig. 4-11.C). The total number of AE events
slower COD

decreased markedly for rates

(Fig. 4-12 and Tab. 4-5).

The width of the FPZ as indicated by AE
activity is approximately 5-6 mm (Fig. 4-13) and
the length is about 20 mm, irrespective of loading
rate (Fig. 4-11) showing an elliptical shape. This is
about 6-9 times wider than the FPZ width
estimated from crack density. The shape of AE-
and crack density distributions perpendicular to
the fracture trace closely correspond (Fig. 4-13
and 4-10).

Same observations are made in principle
for Mizunami granite. Hypocentre location and
axial force vs. time recording of Mizunami granite
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Fig. 4-11. Time dependent visualisation of axial force and AE location of CB- experiment on Flechtingen sandstone
[FB4]. (A) Cross sections normal (top) and parallel to specimen long axis. Three time steps of the propagation of tensile
fracture as indicated by located AE. (B) AE location with reference to the initial notch tip versus time of the experiment.
Shading indicates crack propagation and arrest stages as indicated by AE activity. Load cycles are indicated by continuous
line. (C) Cumulative number of AE events and COD. No AE are detected during unloading. Dashed horizontal line on
COD data indicates onset of AE activity on reloading at a level at which unloading was initiated in previous cycle (Kaiser

effect).

are shown in Figure 4-14. AE hypocentre
locations indicate progressive fracture
propagation. An eclongated process zone

surrounding the fracture can be interpreted from
the location data (Fig. 4-14.A). The fracture
propagates in a narrow band (~7-9 mm) through
the sample (Fig. 4-14.B). A considerable number
of events were detected prior to peak load
indicating early development of the process zone
at the notch tip. Continuous AE activity starts at
about 80 % of the maximum load. The length of
the zone of AE events ahead of the fracture tip

increases with increasing clip gage opening
displacement (COD) to reach a constant length of
~ 30 to 35 mm.

The AE process zone of Mizunami granite
is larger than the one of Flechtingen sandstone.
The total number of AE is very much less for the
sandstone compared to the granite (~200 vs.
~4800) the Whilst
continuous AE activity started for Flechtingen

at same loading rate.
sandstone at about 85%, Mizunami granite

showed onset of activity at already 80%.
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Fig. 4-12. Influence of loading rate on the cumulative
number of AE events. The amount of located AEs
increases about four times from the slowest to fastest
experiment.
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Fig. 4-13. Normalised AE density across fracture trace
(see text). The width of the process zone as determined
from AE remains constant irrespective of loading rate
for slow [FB 6], intermediate [FB 2] and fast [FB 4]
loading rates.
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Fig. 4-14. Time dependent visualisation of axial force and AE location of CB- experiment on Mizunami granite [LT1].
(A) Time sequence of AE distribution. The AE fracture signature propagates with time through the sample, starting at
the notch tip. In map view of the fracture it can be seen that the signals are evenly distributed. The time intervals of
sequences 1 to 3 are indicated in (B). (B) AE events projected into fracture propagation direction, and axial force vs.
time. Very few events are detected during unloading and reloading of the sample. AE activity starts again on reaching the
COD level evident at unloading (Kaiser effect). Grey columns indicate the COD at which the fracture is extended.

Events at top of sample are due to top loading roller.
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4.3 Discussion

4.3.1  Determined fracture tonghnesses

The cotrected Kic values obtained in this
study are in good agreement with data presented
in literature (c.f. Section 2.6.4). The obtained p-
factors show a broad range of wvalues. For
Ridersdorf limestone p indicates high portion of
elastic deformation during fracture propagation.
sandstone a

In contrast, for Flechtingen

comparably  high percentage of ‘plastic’
deformation is reflected by the high p. This is
further discussed below. The other rock types
tested show moderate p values. All determined p
values are in the reported range for rock (c.f.

Whittaker et al., 1992).

4.3.2  The influence of loading rate on Mode I testing of
Flechtingen sandstone

Mechanical data and Fracture Toughness

The experimental results clearly show that
loading rates 106-101°m/s do not significantly
change the maximum load, Fma, required to
propagate the fracture.

At some specific point during testing, the
critical stress intensity factor is reached at the
fracture tip and the fracture propagates. Using a
constant COD- rate and the geometry of the CB-
test keeps stored elastic energy at a minimum in
the combined sample and loading system, since
the applied load is reduced instantly as the
fracture propagates. This immediately stabilises
crack propagation and the fracture stops upon
unloading, once K < K¢ (c.f. Section 2.4.2).

For the range of loading rates investigated
in this study, stress intensity factors (and Energy
Release Rate) remained constant within the scatter

(Fig. 4-5.C).  This indicates that fracture
propagation occurred at constant energy
consumption.

Figure 4-15 shows the fracture toughness
as a function of the loading rate in the context of
Zhang et al’s (1999) data. The loading rates
applied in this study are five orders of magnitude
slower than the onset of dynamic fracture as
proposed by Zhang et al. (op. cit) and extends
their data by three orders of magnitude towards
slower crack velocities. The ISRM suggested
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Fig. 4-15. Compilation of data on the influence of
loading rate on Mode I fracture toughness. Data by
Zhang et al. (1999) (dashed lines) is shown together with
results of this study for low loading rates. Kic: static
ModeI fracture toughness; Kip: dynamic Mode I
fracture toughness.

method for the Model fracture toughness
determination states that “changing [COD-rate]
by a factor of ten will cause a change of only
2-10% in
(Ouchterlony, 1988) which is in agreement with
this study.

measured  fracture toughness”

Stress corrosion effects in rock are
reported to be small when cracks propagate at
speeds faster than 103 m/s (Ouchterlony, 1988),
even at air humidity (Atkinson, 1984; Nara et al,,
2002). The limit is indicated in Figure 4-5. Three
loading rates examined in this study are below this
limit. If stress corrosion cracking had been the
effective mechanism at lower rates, the maximum
force would have decreased with decreasing
loading rate, as the fracture would propagate
subcritical and thereby reducing the rock ligament
between load point and fracture tip. This was not
(Fig. 4-5.A).
displacement required to reach peak load remains
constant (Fig. 4-5.B).

observed Instead, even the

The peak load on reloading in force-
displacement cycles at/post peak load defines the
(re-) onset of crack propagation. It is lower than
the load at initiation of unloading of the previous
cycle. If subcritical crack growth was effective
during unloading/loading one would expect to
see a stronger decrease of peak load, AF, in low
velocity cycles. Instead, the decrease of peak load
between cycles is more pronounced for fast
loading rates (Fig. 4-5.F).

Based on R-curve analysis from three-point
bending, Ferreira et al. (2002) report evidence for
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some crack extension in the rock upon unloading,.
After initiation of unloading, the COD stays
almost constant and as the calculated crack
resistance  remains unchanged during  this
relaxation process the observed force drop might
be caused by crack extension. This is in
agreement with the observations presented in this
work and suggests that the fracture continues to
propagate a longer distance at unloading within
the cycles for fast loading rates. AE sensitivity and
time resolution appears not to be able to picture
the remnant crack propagation. Therefore, these
considerations give no evidence for subcritical

crack growth.

However, it cannot be ruled out that the
small force drop, AF, between loading cycles is
possibly due to the response time of the COD-
controlled loading system and crack atrrest or
shielding in the fracture process zone (Lawn,
1993, p.210). For COD rates, AF
increased. Again, this may be related to the finite

faster

response time of the servo-controlled loading
frame and increase in the amount of stored elastic
energy in the combined sample and loading
system leading to small scale instability.

The correction factor p  decreased
significantly ~ with  increasing loading rate
(Fig. 4-5.D). This indicates that the amount of

non-elastic deformation is rate-dependent.

Interpreting the irreversible displacement
of COD as volume increase acquires the p-factor
as a tool for relative measurement of the process
zone formation. p = 0 means that on unloading
the fracture faces match perfectly and the
formation of the process zone did not cause any
volume increase (c.f. Fig. 4-4). Assuming that on
unloading frictional effects are completely
decomposed within the hysteresis, any p >0
indicates formation of process zone (Fig. 4-16).
The higher p the larger the volume created by the
process zone development. In this testing series
the p-factor, indicating ‘plasticity’, decreases by
almost 40 % with increasing loading rate. The
mechanism  producing  this increase  in
irrecoverable deformation is not known. It is not
attributed to additional detectable crack formation
in the FPZ, as the crack density was shown to
stay constant (Fig. 4-10). However, the change in
p may be related to a contribution of subcritical
crack growth or viscous sliding along clay-coated

grain boundaries at the low loading rates.
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Fracture Roughness and Microstructure

(2003)
relationship  between  fractal

Issa et al suggest a linear
dimension and
fracture toughness. This implies that with
constant toughness the roughness should stay the

same. This is confirmed in this study.

The size of the fracture process zone and
total fracture surface area are proportional to
fracture toughness and energy release rate,
1991).
toughness and energy release rate are constant for

respectively (e.g. Atkinsson, Fracture
a broad range of loading rates and also fracture
process zone width and crack density remain
unaffected as was observed in the study. This is
also to some extend reflected by the constant

roughness.

Acoustic Emission

Bursts of acoustic emission associated with

fracture propagation indicate that fracture
propagation on the grain scale is dynamic. A
fraction of the total energy dissipated during
fracture growth is radiated as high-frequency
elastic waves, although the tip of the macroscopic
fracture may propagate quasi-statically (Zang et
al., 1998). AE hypocenter locations show that the
fracture initiates at the notch tip and then
propagates  upwards  through the
(Fig. 4-11).  Macroscopic

velocity estimated post peak from AE hypocentre

sample
fracture propagation

locations ranges from 2-104-310% m/s. Growth
rates estimated from macroscopic observations
during the experiment give similar values
(Tab. 4-6). However, these velocity estimates are
generally lower by 1-2 orders of magnitude than

those derived from equation (4-5).

Only few AE events were recorded before
the first load peak. For sandstone and granite,
Zietlow & Labuz (1998) and Labuz & Biolzi
(1998) also found onset of AE activity between
50-95 % of maximum load. In subsequent loading
cycles the process zone, as indicated by AE
hypocenters, attained a constant elliptical shape of
about 5 times 20 mm in cross section for the
Flechtingen sandstone. Zietlow & Labuz (1998)
report a process zone size of 5 times 25 mm from
three-point bending tests performed on Berea
sandstone, which has a grain size similar to
Flechtingen sandstone.
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Fig. 4-16. p-factor and process zone evolution. p is
defined in Fig. 4-4. Evolution of the process zone within
one loading cycle (not to scale). (0) Initial state. The
dashed line indicates the future fracture path. Clip gage
opening displacement, COD = x,. (1) The fracture has
propagated some distance and a process zone is
established. The dashed line indicates the hypothetical
position of the fracture face, if no volume increase due to
the formation of the process zone were evident.
COD = x, + xu. (2) Fracture is closed after unloading.
The original displacement could not be reached due to
the volume increase. COD = x, + x.

Total number of AE increased with
increasing COD- rates (Figs. 4-12). Maximum
amplitude increases with increasing COD- rates
while the shape of the amplitude-frequency
distribution remains similar for all loading rates
(Backers et al., subm; Backers et al, 2003b).
Amplitude of AE signals can be correlated with
the relative length of initiated cracks. This
indicates that the relative length distributions
remain similar, although the increase in maximum
amplitude promotes a shift towards longer cracks.
The recorded smaller AE number at low loading
rates is probably due to the fixed amplitude
trigger level and the resulting low amplitude cut-
off. But, the possibility that the total AE number
is smaller at low loading rates because other
mechanisms are more important, for example
stress corrosion, cannot be excluded. The
reported shift towards larger amplitude AE with
increasing loading rate is consistent with the
increase in force drop, AF, between load cycles.
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Sample COD-rate aL AAE
[msT] [m s [m s
FB4 5-10°¢ 210+ 210+
FB1 5107 4105 2105
FB2 5108 5-10¢ 310
FB5 510 5107 3107
FB6 5-1010 5108 3108

Tab. 4-6. Estimated fracture growth rates. ar: average
fracture speed, estimated from the time necessary to
propagate the fracture through the sample, and aag:
fracture speed as detived from propagation speed of the
AE front in x-direction (c.f. Fig. 4-11).

It was reported by Backers et al. (subm)
and Stanchits et al. (2003) that AE analysis of
Flechtingen sandstone and Mizunami granite
indicates that tensile fracture propagation is
associated with different source types, which
likely represent different types of microcracks.
They observed that shear and tensile cracks are
evenly distributed in space and time during
fracture propagation. This shows that growth of a
macroscopic tensile fracture under pure Mode I
loading conditions involves the formation of both
shear and tensile microcracks and occurs in
mixed-mode on the microscopic scale. In
polycrystalline rocks intergranular and
intragranular cracks are commonly deflected from
a straight path. Cracks and grain boundaries that
are sufficiently inclined with respect to the
maximum compressive stress are likely activated
in shear. However, typically the displacement
across shear cracks is too small to be resolved
even in SEM. Consequently, contribution of shear
damage may be

cracks to process zone

underestimated in micromechanical models

(Reches & Lockner, 1994).
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5 MODE II LOADING — METHOD, RESULTS AND DISCUSSION

The intention of this part of the study was
to develop an experimental method which
provides Mode II fracture propagation. This
should supply the development of a testing
method for determination of Mode II fracture
toughness and analysis of structural aspects to
give insight to the mechanisms of Mode II
loading induced fracture propagation.

It was stated by several researchers that
under conditions of overall compression Mode 11
fracture propagation is most likely (e.g. Melin,
1986, Lawn, 1993). This was experimentally
confirmed by Bobet & Einstein (1998) who
demonstrated that macroscopic wing fractures
(Mode I) can be omitted by applying confining
pressure, ie. normal stress. Consequently,
confining pressure had to be applicable to the test
geometry. Design of the geometry of the new
testing method was governed by three guidelines:
(1) Samples should be fabricated from ordinary
drill core. Hence, the diameter, D, was dictated to
be about 50 mm (corresponding closely to NX
drill size). Moreover, with a cylindrical geometry it
is convenient to apply a confining pressure either
by a pressure vessel or a conventional Hoek-Cell.

(2) Mode 11 should be

determined on samples previously tested for

fracture  toughness
Mode I fracture toughness. Using the two
remaining parts from Chevron Bend Kic
determination has the advantage of obtaining
fracture toughness for both Mode I and II on one
and the same sample. (3) Geometry is based on
experience from a testing method for Mode II
fracture toughness proposed by Davies and
Watkins (e.g. Davies, 1988; Davies, 1991; Davies,
1995; Watkins, 1983; Watkins & Liu, 1985). Refer

to Section 2.5.2 for details on the geometry.

The most preferable geometry for shear
(Mode 1I) fractures to develop in a set-up with
two initial fractures is to organise them co-planar,
with (Bobet & FEinstein, 1998) or without
confining pressure (e.g. Bobet & Einstein, op. cit.;
Park et el., 2001; Shen et al., 1995). It was shown
that at zero to low confining pressures (i.e. lateral
stress) co-planar pre-fabricated fractures first
initiate wing fractures at their tips and later
coalesce by secondary cracks in shear rather than
tension. Increase of confining pressure suppresses
wing fracture initiation (c.f. Section 2.4.1).

Above considerations resulted in the basic
design of the sample geometry.

5.1 Method — Punch-Through Shear (PTS-) test

The new method for Mode Il fracture
toughness determination proposed here is called
the Punch-Through Shear (PTS-) test. The PTS-
test uses cylindrical samples with circular notches
drilled centred into the end surfaces where the
notches serve as friction free initiation locus for
fractures. The suggested sample geometry, its
dimension and principle loading are given in
Figure 5-1 and Table 5-1.

Devices

Special devices were developed for the
PTS- test (Figure 5-2.A and Appendix C). They
are designed to work with a conventional Hoek-
Cell and in a high pressure vessel. All parts are
made from cold working steel 1.2343 (X 38
CtMoV 5.1; HRC 42; RM 1320 N/mm?), or hot
working steel 1.2363 (X 100 CtrMoV 5.1; HRC 55;
RM 1990 N/mm?) when exposed to high loads
(i.e. stamp and devices for changing diameter).
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A) D/50
‘ ID/25
a5
IP/15
I W/50
b/30

t/1.5
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initial state shearing state

Fig. 5-1. Sample geometry, principle loading, and
dimension for the PTS-Test. (A) Suggested sample
geometry and dimension in [mm]. W: sample height, D:
sample diameter, ID: inner notch diameter, a: upper
notch depth, b: lower notch depth, IP: intact rock
portion and t: notch width. (B) Loading. o: axial stress,
and P: confining pressure. Left hand side indicates initial
stress state due to confining pressure (initial state in the
pressure vessel, in the Hoek-Cell the upper outer ‘ring’
surface is traction-free) and right hand side indicates
loading during application of shear stress (shearing state).
The applied confining pressure acts perpendicular to the
notch plane and the inner part is punched through the
sample by an axial load.

Geometry Identifier Tested  Suggested
dimension

[mm] [mm]
Specimen height W 25 & 50 50
Specimen diameter D 50 & 113 50
Notch diameter 1D 22 - 064 25
Upper notch depth  a 2.8-31.1 5
Lower notch depth b 0.0-41.4 30
Notch tip width t 0.8,1.5,3.0 1.5
Intact portion 1P 2.2-35 15

Tab. 5-1. Suggested and tested dimension of the Punch-
Through Shear (PTS-) samples for determination of K.
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Fig. 5-2. Punch Through Shear test set-up. The sample
and assembly are placed (A) in the pressure vessel or (B)

in a Hoek-Cell (schematic, crosscut view).



The bottom support is a solid cylinder with
a centred 5mm deep circular gap at its top
surface. This device supports the outer bottom
‘ring’ of the sample during testing, while the
central bottom part is unconstrained. Rings to
change the diameter of the gap are available for
testing with different notch diameters, ID (&: 22,
25, 30 mm).

The hardened stamp is guided by a hollow-
cylinder. A combination of Teflon ring and high
pressure sealing supports the stamp and prevents
migration of oil into the sample during testing.
Bits for changing the stamp tip diameter are
available (J: 22, 25, 30 mm).

For a test series with larger sample
diameter, D, special devices were manufactured
(Appendix C), designed for use with a Hoek-Cell
only. These are designed for D = 113 mm and
inner diameters, ID, of 25, 50 and 64 mm. The
tests were run at Ruhr-University Bochum,
Department of Engineering Geology. The Hoek-
Cell is designed for a maximum sample diameter
of 116 mm.

Sample preparation and testing set-up

From the remaining core bits from Mode I
fracture toughness determination (diameter D =
50 mm) and from drill core samples specimens
are prepared. For the range of tested dimensions,
refer to Table 5-1. Samples of length W are cut.
The end surfaces are ground with a lathe to
provide flat end surfaces perpendicular to the
core mantle. Surface roughness is approximately
100 pm. The sample is fixed and centred using a
large diameter chuck for manufacturing the
notches of inner diameter ID. The -circular
notches of width t= 1.5mm are drilled using
standard drill bits. Other notch widths are
inserted by a CNC (Computerised Numerical
Control) (0.8 mm) or by
combination of drill bits of different diameter
(3.0 mm). The depths of the notches are indicated
as a (top) and b (bottom).

milling machine

The ready prepared sample is placed
between bottom support and loading stamp
assembly. For confining pressures of P < 20 MPa
the assembly with sample is placed into a
conventional Hoek-Cell (Hoek & Franklin, 1968)
(Fig. 5-2.B). For higher confining pressures the
set-up is covered by a rubber sleeve to prevent
intrusion of confining pressure medium into the
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sample. Alternatively, an oil resistant shrinking
tube might be used. The ends of the sleeve/tube
are clamped. The assembly is placed into the
pressure vessel (Fig. 5-2.A).

Testing procedure

Prior to the actual testing procedure, a
small pre-load (typically ~2 kN) is added to the
stamp to provide good adjustment and secure
fixture of the assembly. Subsequently, the
confining pressute is applied. The inner cylinder
of the sample is then punched down at a constant
displacement rate of 0.2 mm/min (3.3-10-> m/s),
unless otherwise stated. The applied axial stress,
o, generates an increasing shear stress in the intact
rock portion between the notches until failure.
Axial force, confining pressure and axial
displacement are recorded during an experiment.

Figure 5-3 shows typical recordings.

180 A

120 +

Force, F [kN]
(2

LS ]
[SN)
o
=)
=)
[ON)
=)
=N

180 A

start of
— Mode II loading

120 +

Force, F [kN]
application of

60 -

Axial displacement [mm]

Fig. 5-3. Typical recordings of force vs. displacement for
Mode II loading using the PTS-test. The data shown is
from Mizunami granite. Top graph shows deformation
of a sample at P=15MPa in the Hoek-Cell [T1-1c].
Bottom graph shows deformation of a sample at 50 MPa
in pressure vessel [T3-1a]. (This data is not corrected for
confining pressure. The increase in axial load without increase in
displacement is caused by the confining pressure medium acting
on the stamp of the pressure vessel. The stamp is larger in
diameter than that of the PTS assembly (c.f. Fig. 5-2.A). Hence
the measured load has to be reduced by the force increase
caused by the oil) The deflection prior to the peak is
caused by flaking off of rock from the inner cylinder.

37



Chapter 5 — Mode II

Evaluation (Displacement Exctrapolation Technique)

Several methods for determination of the
Mode II fracture toughness, Knc were developed
or employed; these are abstracted in the BOX:
EVALUATION (pp. 57-60) and briefly discussed
therein.

At this stage in the development of the
PTS- test it is suggested to estimate Kyc as
outlined in the following. The technique is based
on a displacement extrapolation technique (DET)
for finite element modelling (FEM) as frequently
used in literature, e.g. Lim et al. (1993) or Rao
(1999).

The formulations are based on Irwin’s
crack tip displacement equations (c.f. Whittaker et
al, 1992). In
displacements are given as

Cartesian  coordinates the

K i 6 30
u=—L | 1. (2k—l)cos——cos—}+
4G \Vo2rx | 2
- (5-12)
<
Ky o (2k+3)sin9+sin£}
4G V2x | 2
K I
v=—L | 1. (2k+1)sin9—sinﬁ}+
4G \2r | 2
- , (5-1b)
K 0 30
gy I —(2k — 3)cos— — cos—
4G \V2n | 2 2

where u is the displacement in shear direction, v is
the displacement perpendicular to u, G is the
shear modulus, k = 3-4v, and 0 is the angle from
the shear direction (c.f. Fig. 5-4).

In case of 0 = * 180° i.e. on the notch
faces, equations (5-1a) and (5-1b) become

u= K—H‘/i | @2k + :’S)Sin9 + sir13—6 and (5-2a)
4G \ 2n 2 2

node i

//
%
%

Fig. 5-4. Notations at the notch for derivations of the
displacement extrapolation technique (DET).
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K
v=—1L i-{@kﬂ)fsmg—sm@] (5-2b)
4G \ 2= 2 2
Thus K; and Ky can be determined

separately by the x- and y- direction
displacements. In case of Ky, u is measured at the
nodal points of the notch faces, i.e. 0 = + 180°,

thus

K |r

uf ==t 5k +1],at0 = +180°  (5-3a)
2G \ 2z
K |r

u=——t 5 o+1], a6 = - 180°.  (5-3b)
2G V2n

The relative y-direction displacement of the
corresponding nodes is

Kl [t
Au, =u’ —u] =?ﬂ,/2r—'n.[k+1] (5-4)

and consequently Kiyy is defined by

. __G [

n=

= Au. . 5-5
k+1Y 1 ©-3)

1

The Kig at given boundary stresses for
different 1; are determined and plotted as function
of the distance from the notch tip. To the linear
part of that
extrapolates Kiy to the notch tip, i.e. + = 0 and
Ki*u.

For the suggested geometry (c.f. Table 5-1)

function a linear regression

and rock types used the corresponding relations
are determined on the bottom notch. In the
following the derivation is demonstrated for the
case of Mizunami granite. Influence of axial
loading, o©a, and confining pressure, P, is
evaluated.

For determination of the displacements,
the FEM package Phase? was used (Rocscience,
1999). The set-up is schematically shown in
Figure B-2, p.58. In contrast to Figure B-2 the full
model used here has 550 external nodes that yield
3558 internal nodes on 3294 elements. The
uniform quadrilateral mesh has eight midside
nodes. The matrix is solved by Gaussian
elimination.

Figure 5-5.A depicts the data as obtained
for different oa at constant confining pressure.
K"y increases linearly with increase in oa
(Fig. 5-5.B). Confining pressure changes the slope
of Kiy vs. 1; (Fig. 5-6.A). The slope increases with



increasing P. Extrapolation to the notch tip, i.e.
r =0, gives decreasing K"y with increase of P
(Fig. 5-6.B).

The formulation for determination of the

fracture toughness is given in the form

Kyc =w-o +8-P, (5-6)

Amax

whete Gamax 1S the axial load at failure, P is the
applied confining pressure and w and [ are
parameters obtained from the regressions.

The parameters o and § for the different
rock types ate given in Table 5-2. The FEM
calculations carried out in the context of this
thesis are not accurate due to several reasons, e.g.
the code is not capable to create homogeneous
meshes, and therefore it is legitimate to give a
single formulation for all rock types based on the
averages to Table 5-2. Hence,
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Fig. 5-5. Displacement Extrapolation Technique. (A) K
as determined from the displacements calculated by
FEM as function of the distance from the notch tip, ;.
Extrapolation to r = 0 for determination of axis intercept
K"y is indicated by dashed lines for increasing axial loads,
oA, at constant confining pressure, P, of 5 MPa. (B) Ky
as determined from (A) as function of oa. The obtained
stress intensity factor increases linearly with increase in
axial load. Elastic properties of Mizunami granite.
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K,.=00378 -0, —1795-107-P; (-7)

Amax

oamx and P are in [MPa] to yield Kpc in
[MPa m!/2]. Despite the
formulation (5-7)  the
Appendix B are calculated using the parameters
from Table 5-2. The formulations are valid strictly
speaking for the suggested geometry only, but are

generalised

individual wvalues in

used at this stage also for a broader range of IP
(.e. 12 < IP < 18 mm), taking into account some

inaccuracy.
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Fig. 5-6. Displacement Extrapolation Technique. (A) Kiy
as determined from the displacements calculated by
FEM as function of the distance from the notch tip, i
Extrapolation to r = 0 for determination of axis intercept
K is indicated by dashed lines for increasing confining
pressure, P, at constant axial load, oa, of 400 MPa. (B)
Influence of confining pressure on Kiy at 4 = 400 MPa.
Elastic properties of Mizunami granite; corresponding
plots for other rock types are given in Appendix E.
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Rock type ® 8
[107]

Asps diorite 0.03755 -1.952
Aue granite 0.03748 -1.321
Mizunami granite 0.03924 -3.640
Carrara marble 0.03762 -1.857
Flechtinger sandstone ~ 0.03753 -0.405
Rudersdorf limestone  0.03745 -1.595
Average 0.0378 £ 0.0005 -1.795 % 0.688

Tab. 5-2. Parameters w and 3 from DET analysis for the
different rock types.

Fig. 5-7. Stresses and displacements within PTS sample
in the area between upper and lower notch at 6 = 0 MPa
and P = 10 MPa. [E=25000, v=0.25, plane strain, eight noded
quadrilaterals]. Top left: o1 (colour code refers to stress in
MPa); top right: o3 (colour code refers to stress in MPa);
bottom left: stress trajectories, displacement vectors, and
displacements (colour code refers to displacement in
mm); bottom right: maximum shear stress, Tmax (colour
code refers to stress in MPa). White area of inlay
indicates area depicted.
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FEM analysis of suggested geometry

The stress and displacement situation at
initial loading and at the shearing state of the
suggested geometry is analysed, yielding results
shown in Figures 5-7 and 5-8.

When loaded with a confining pressure on
only (Fig. 5-7),
concentrations are evident at the notches. At the

the mantle surface stress
bottom notch tip the highest compressive
stresses, both minor and major principle stress,
are concentrated. At the top notch the stresses are

slightly increased.

Consider a sample loaded with a confining
pressure and axial load of ratio o/P = 10. Stress
concentrations are evident at the notch tips
(Fig. 5-8). At the outer bottom notch the highest
compressive stresses are concentrated. At the
inner tip of the bottom notches both the least and
major principal stresses are negative (tensile). At
the inner top notch both o1 and o3 are positive
(compressive).

From this stress distribution results that
the highest shear stresses are concentrated at the
outer bottom notch tip.

5.2 Results from experimental testing and analysis

This chapter portrays expetrimental results
on the influence of geometrical parameters,
loading rate, confining pressure and cyclic loading
in PTS- testing. The evolution of microstructure
is studied and results are presented. A total of 219
experiments are evaluated. The sample dimension
and results of the individual experiments are given

in Appendix B.2.

5.2.1  Results from geometry variation

Influence of notch depths

To study the influence of the intact rock portion,
IP, on failure stresses in the PTS- test, the upper
notch depth, a, is fixed to 5 mm and the lower
notch depth, b, is varied. Figure 5-9 shows the
determined loading (oma-P) and average shear
stress between the notches, tay, vs. IP at constant
confining pressure (P = 5 MPa) for Aue granite,
Ridersdorf limestone and Carrara
(mesP)
increasing IP (Fig. 5-9.A), a power law regression

marble.

Maximum loading increases  with

may be discussed. T, is steady for the tested range



of IP/W for marble (IP/W = 0.08 — 0.45; IP = 4
- 23 mm) and limestone (IP/W = 0.05 — 0.5; IP =
2 - 25 mm) (Fig. 5-9.B+C), and remains constant
for IP/W = 0.2 — 0.4 (IP = 9 - 20 mm) for Aue
granite. For the granite, at smaller IP the shear
stress necessaty for failure increases (IP/W > 0.2;
IP > 9 mm) (Fig. 5-9.D). Hence, the suggested
value for standard testing of IP =15mm (a=
5 mm; b = 30 mm) is in the constant shear stress
region for the three rock types.

The proposed depth of the notches is non-
symmetrical as the upper notch depth is fixed to
5 mm. This is to avoid compressive failure of the

Fig. 5-8. Stresses and displacements within PTS sample
in the area between upper and lower notch at o=
100 MPa and P = 10 MPa. [E=25000, v=0.25, plane strain,
eight noded quadrilaterals]. Top left: o1 (colour code refers
to stress in MPa); top right: o3 (colour code refers to
stress in  MPa); bottom left: stress trajectorties,
displacement vectors, and displacements (colour code
refers to displacement in mm); bottom right: maximum
shear stress, Tma (colour code refers to stress in MPa).
White area of inlay indicates area depicted.
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upper part of the inner cylinder during axial
loading. Tests on samples of W = 25 mm with
a=b = 5 mm, that is, with a similar length of IP
as for the suggested geometry, are performed. Tav
is the same within sample-to-sample scatter for
both geometries (Fig. 5-10.A). To investigate the
influence of notch length, tests were performed
with 2 = 20/30 mm and b = 5 mm, i.e. with the
(suggested) specimen turned upside down, and
compared to testing of samples with suggested

set-up.
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Fig. 5-9. Influence of the intact portion, IP, on the acting
stresses. (A) With increasing IP the (0ma-P) necessary for
failure increases. The data may be fit by a power law.
However, in the range of IP = 6-22 mm the data may be
approximated by a linear regression. (B-D) 1,y vs. IP. The
average shear stress on the cylindrical plane between the
notches [ta = [Omax 0.25 (ID)?]/[(ID+t) 1P]] remains almost
constant for Rudersdotf limestone and Carrara marble,
but increases for small IP for Aue granite. It is constant
between IPs of approximately 9 and 20 mm for the three
rock types. RL: Rudersdorf limestone, CM: Carrara
marble and AG: Aue granite. [W=50mm, D=50mm,
a~5mm, P=5MPa].
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Fig. 5-10. (A)Influence of symmetrical and
unsymmetrical sample geometty. T, is similar for
symmetrical [W =25 mm] and unsymmetrical
[W =50 mm] limestone samples. [IP =~ 15mm, D = 50mm,
P = 5 MPa.

(B+C) Influence of the upper notch length, a, on 1,y of
Carrara marble and Rudersdotf limestone. Results for
uppet notch depth a= 5mm and a = 20/30 mm with
similar IP are given. There is no evidence for a significant
influence of the notch depth on 1. [W=50mm, D=50mm,
P=5MPa].

Figures 5-10.B+C give no evidences for a
noteworthy influence of the notch depth on ta.
During this series of testing frequently
compressive failure of the top of the inner
cylinder was observed for

a = 20/30 mm.

specimen  with

Influence of notch curvature and sample diameter

The average shear stress between the
notches, T, for Carrara marble and in particular
Aue granite changes with variation of inner
diameter, ID, while Ridersdorf limestone shows
no variation of 1, with ID. Figure 5-11.A
illustrates the results of experiments with
D = 50 mm and IDs of 22, 25 and 30 mm at P =
5 MPa. For Carrara marble and Aue granite, Tay
decreases with increasing inner diameter. As the
effect is greatest for the granite, additional
experiments ~ with  samples of  diameter
D = 113 mm were carried out for IDs of 25, 50
and 62 mm, respectively. Still, 7., decreases with
increasing 1D, but at a smaller rate. The average
shear stress values for D = 113 mm are higher
than for the small diameter, i.e. D = 50 mm.

Increasing the ratio of ID/D, which is a measure
of the thickness of the outer cylinder of the
specimen, from 0.2 to 0.6 results in a decrease of
Tav from 102 to 57 MPa (Fig. 5-11.B).
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Fig. 5-11. Influence of ID and D on 1, for Aue granite
(AG, circles), Ridersdorf limestone (RL, diamonds) and
Carrara marble (CM, triangles). (A) Influence of inner
notch diameter, ID. (B) 1., increases with decreasing ratio
of ID/D, which is a measure for the wall thickness
between sample boundary and notch. Open symbols:
D= 50mm, grey circless D= 113mm. [W=50mm,
D=50/113mm, a=5mm, IP~15mm, P=5MP4a].

Influence of notch width

Experiments with notch widths, t, of 0.8,
1.5 and 3.0 mm are carried out on Carrara marble.
The 0.8 mm notch is manufactured using a CNC
Control)
machine, the 1.5 mm notch is prepared using a
standard drill bit, the 3.0 mm notch is introduced
by two drill bits with overlapping diameters.

(Computerised ~ Numerical milling

Results from this series of experiments ate given
in Figures 5-12 and 5-13.

The force vs. displacement plots for the
different t show almost same stiffness (Fig. 5-12).
Minor differences apply, presumably due to
differences in IP (c.f. Appendix B and Fig. B-4).
The samples with t = 0.8 mm show a wider peak
plateau compared to the other geometries; it was
observed that at the bottom surface of the
samples crushing was taking place at the outer
edge of the notch. The differences in peak load
yield 1.y that show no clear trend for the tested t,
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Fig. 5-12. Force vs. displacement data for different notch
width in Carrara marble. (MT-6 and MT-7 [grey solid
lines]; ZM-10 and ZM-11 [grey dashed lines], ZM-12 and
ZM-13 [black solid lines]). [W=25/50mm, D=50mm,
a=5mm, ID~25mm, IP=15 mm, t=0.8-3.0mm].

but remains almost constant (Fig. 5-13). The
displacements achieved at failure are slightly
increasing with decrease of notch width and so
are the loads.

5.2.2  Influence of displacement rate

The displacement rate is varied between
33107 and 3.3104m/s for Aue
Ridersdorf limestone and Flechtingen sandstone
and for Carrara marble between 3.3:108 and
1.7 103 m/s at a constant confining pressure (P =

granite,

5MPa) (Fig. 5-14). 1,y remains almost constant
irrespective of loading rate for marble, limestone
and sandstone. For the granite, 1., increases non-
linearly with increasing loading rate. At peak load
instantaneous, i.e. unstable, fracture propagation
took place for all applied loading rates; however,
Carrara marble shows some stable softening.
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Notch width, t [mm]

Fig. 5-13. Influence of the notch width, t, on 1, for
Carrara marble. The shear stress at failure — calculated for
the outer notch diameter — remains similar for the tested
t. [White circles: W=50mm, D=50mm, a=5mm, ID=25mm,
IP=15 mm, t=3mm; Grey circles: W=50mm, D=50mm,
a=bmm, ID=22mm, IP=15mm, t=3mm; grey triangles:
W=50mm, D=50mm, a=5mm, ID=25mm, IP=15mm,
t=1.5mm; grey squares: W=25mm, D=50mm, a=5mm,
ID=25mm, IP=15 mm, t=0.8mm].
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Fig. 5-14. Influence of displacement rate on t,.. AG: Aue
granite, grey cycles; RL: Ridersdorf limestone, grey
diamonds; CM: Carrara marble, open triangles; FB:
Flechtingen sandstone, open squares. An exemplaty error
bar for the individual shear stress measurement is given
for marble. Other errors ate in the same range.

5.2.3  Influence of confining pressure

The PTS- test is currently performed at
confining pressures, P, up to 70 MPa.

Analysing the stress data with respect to
confining pressure, it becomes clear that two
regimes can be recognised (Fig. 5-15). At low
confining pressures the maximum axial stress,
Omax, and average shear stress between the
notches, Tay, steeply increase with P, while at high
P the Oms and 1., necessary for fracture
propagation increase moderately with increase in
confining pressure. Transition from steep to

shallow slope is at about 25-35 MPa.

Kuc shows a behaviour analogue to ta
(Fig. 5-10).

parameters and average magnitudes of Kic are

with  increasing P Regtression

presented in Table 5-3.

Rock type I(OH(j a I(IHC b K*ne
[MPam'/?] [MPam!/?| [MPam'/?]

Aspc") diorite 509 023 1059 0.04 124

Aue granite 411 028 10.03 0.07 13.2

Mizunami granite 4.90 0.29 13.25 0.02 142
Carrara marble 3.06 015 632 004 79
Flechtinger sst 1.86 0.12 5.09 <0.01 54
Rudersdorf lim 230 0.14 555 0.02 6.7

Tab. 5-3. Mode II fracture toughness data. K%;c: fracture
toughness at zero confining pressure; a: slope of linear
regression to Kyc at low P; Klpe: fracture toughness as
extrapolated to ordinate from linear regression to Ky at
high confining pressure, ie. axis intercept of linear
regression; b: slope of linear regression to Kic at high P;
K*nc: average fracture toughness for a confining
pressure range of 30 < P <70 MPa.
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Fig. 5-15. Influence of confining pressure, P, on 6ma and
Ty for the six different rock types. The rock types are
organised from top to bottom by dectreasing grain size.
Two regimes of different slopes are separated. m and
indicate slopes of regression; in brackets @ = arctan p. is
given. Black symbols: 6ma, grey symbols: . Grey
vertical mark indicates transitional regime. [W=50mm,
D=50mm, a=5mm, IP=15 mm].

5.24  Cydlic loading

Repeated (cyclic) loading was performed
on Aue granite, Mizunami granite and Carrara
marble samples with the intention of studying
controlled fracture propagation in the post peak
region. If no cyclic loading is petformed, as is in
the suggested testing procedure, the sample is
loaded until peak load and then fails by almost
instant loss of its load carrying ability (unstable).
Instead the load is repeatedly released in the pre-
peak region, at peak, and in the post-peak region.
mostly  the

However, fracture

propagated
unstable.

The data presented in this section is the
outcome of a series of altogether 19 experiments
of which most samples suffered catastrophic
failure (14 samples; mostly not included in
Appendix B.2) instead of controlled fracture
propagation (five samples). Peak loads obtained
from cyclic and monotonic procedures are
comparable.

Figure 5-17  shows  the stress  vs.
displacement data from a test on Carrara marble
at P =40 MPa, ie. in the region of constant
fracture toughness. The top right plot shows the
complete axial stress vs. displacement plot.
Individual unloading/reloading loops are depicted
in the eleven smaller plots. For each
un-/reloading loop the slope was determined by

linear regression.

—

Fig. 5-16. Influence of confining pressure, P, on Kic. for
the six different rock types. [W=50mm, D=50mm, a=5mm,
IP=15 mm)]. Inlay graphs show scatter at P = 5MPa; open
diamonds in limestone plots show samples of height
W =25 mm.
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Fig. 5-18. Cyclic loading. Slope of unloading/reloading
loops of Carrara marble (M12-1 [open triangles]; M12-2
[filled triangles]), Aue granite (G12-1 [open cycles];
G12-2 [filled cycles]) and Mizunami granite samples (T3-
1d [open squares]) at P = 40 MPa.

the of the
regressions to the individual loops of experiments

Figure 5-18 shows slopes
on Mizunami granite, Aue granite and Carrara
marble. The slopes remain constant below 80% of
peak load (regime 7 in Fig. 5-18). At about 85%
the slopes start to decrease (regime 2). In the post
peak regime the slopes remain constant between
~80% and 60% of the load
(regime 3). With further cycling the slopes start to
(regime 4). The

normalised peak data is about the same for the

maximum

increase  again slope  vs.
three rock types; the three rock types have a

similar Young’s modulus of roughly 50 GPa.

5.2.5  Fracture evolution

Fracture evolution with progressive displacement
at predominately low confining pressure of P =
5MPa was examined. Samples were loaded to
increasing fractions of maximum load and then
terminated. The deformed samples were soaked
and coated with coloured epoxy-resin and cut
parallel to the displacement direction, i.e. parallel
to the fracture plane. Thin-sections of the failure
planes have been made to illustrate and analyse
the fracture characteristics.

For Aue granite, Carrara marble and
Ridersdorf limestone the evolution appears in
principle the same, although showing minor
differences; the principle fracture content is also
the same for Mizunami granite, Asp6 diorite and
No
macroscopic fracture pattern appear for tests run
in the Hoek-Cell or The
observations are summarised in Figure 5-19.

Flechtingen  sandstone. differences in

pressure vessel.
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Fig. 5-17. Cyclic loading of Carrara marble sample (M12-2) at P = 40 MPa. Refer to text for details.

In Ridersdorf limestone the first fracture aligned parallel to the displacement direction. The
that appears is a wing shaped crack initiated at the length of the wing crack decreases with increasing
inner tip of the bottom notch at about 30 % of confining pressure; at confining pressures
the maximum load. The crack is inclined 60-80° > 30 MPa it frequently is suppressed. At about
to the notch plane at the notch tip. During 60 % of the peak load small wing cracks initiate at
propagation it turns towards the centre of the the top notch and sometimes propagate outwards.
sample until it is oriented almost vertically and These are referred to as ‘doughnut fractures’.
then stops. Frequently, it stops even before being They are frequently suppressed at confining
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pressures > 30 MPa. At about 95 % of the peak
load macroscopic en échelon fractures are
initiated between the notches. They are inclined
30-50 ° to the notch plane. At peak load, or
immediately after, the en échelon fractures are
connected by an almost straight fracture between
the outer lower notch tip and the inner upper
notch tip. Shear failure happens by connection of
the notches, mostly from bottom to top notch.
The main fracture is slightly inclined to the
straight plane between the notches. In crosscut
view the fracture frequently does not show a

circular but polygonal shape in limestone.

In contrast to limestone, in marble a very
distinct fracture evolves at the bottom notch and
propagates to the upper notch. En échelon
fractures are only visible on the scale of grain size
(Fig. 5-20). Figure 5-21.A shows a micrograph of
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Fig. 5-19. Sketch of macroscopic fracture initiation and
propagation for Ridersdorf limestone (RL), Carrara
marble (CM), Aue granite (AG), Mizunami granite (T'G),
Aspé diorite (AD) and Flechtingen sandstone (FB).
(A) at 30 % of maximum load, (B) at 60 % of maximum
load and (C) at peak load. [P = 5 MPa).
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Fig. 5-20. Micrograph of the bottom notch at ~ 99 % of
the maximum axial stress in Carrara marble. Only en
échelon cracks are visible.

100pm e - 1 S0um

Fig. 5-21. Micrograph of bottom notch fractures within
PTS- test. (A) Ovetview of bottom notch in Carrara
marble sample. (B) Fracture (shear) connecting the
notches. (C) Close-up of wing fracture. Fracture shows a
rough path following cleavage planes. (D) Close-up of
fracture following grain boundary. (C+D from SEM).
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Carrara marble loaded to peak stress taken in the
plane between the notches. The surface of the
wing fracture is comparably smooth and a distinct
opening is visible (Fig. 5-21.C). In contrast, the
shear fracture consists of a main fracture
including an array of en échelon microcracks
(Fig. 5-21.B) and shows no opening. In marble,
‘doughnut’ fractures are seldom found.

The granite and diorite samples develop a
wide process zone that is initiated at about 30 %
of the

microcracked zone the main fracture develops

maximum load. In this intensely
and connects the notches at the peak load.
Thereafter, a circumferential zone of microcracks
sometimes develops at the lower notch. The
magmatic rock types develop a network of
predominantly grain boundary cracks, but also
intragranular cracks. Typically features show the
direction of en échelon fracturing. The width of
the shear zone qualitatively increases with grain
size.

The sandstone shows on the macroscale a
straight vertical fracture at the bottom notch,
which then deviates from its trace. It follows a
curved path to the upper notch. Microscopically,
the sandstone develops in a narrow zone a
network of micro-/mesocracks in random

orientation with a trough-going main fracture

Fig. 5-22. Photography of Carrara marble sample
showing doughnut fracture and radial splitting fractures.
The doughnut fracture is formed ptior to the vertical
fractures. Grey bar indicates approximate position of IP
[M10-7; a=31.1, b=5.2].
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showing indication of grain rotation. Individual
en échelon cracks are not observable.

The reported formation of the bottom
wing fracture (~30 % peak load) and upper
horizontal ‘doughnut’ fracture (~60 % peak load)
(Fig. 5-19) are not detectable in the stress vs.
displacement data (Fig. 5-3) for the rock types
tested.

A horizontal fracture sometimes develops
in the samples at low P that connects the shear
zone and the mantle surface.

In the post-peak region the inner rock

cylinder is  further —moved downwards.
Displacement of the inner cylinder initiates radial
fractures (Fig. 5-22) at zero or low confining
pressure (typically below 30 MPa). For fine
rock types the

necessary to prevent the radial fractures is lower.

grained confining pressure
Granite shows this kind of fractures up to
confining pressures of 30 MPa, marble up to
almost 10 MPa. Limestone rarely shows radial
fracturing, and if so at zero confining pressure
only.

5.2.6  Influence of confining pressure on the fracture
pattern of Carrara marble

This section describes the evolution of
microstructures in Carrara marble at different
and different
observation scales in the PTS- test in order to

levels of confining pressure
investigate the developing fractures. The fracture
pattern and microstructures of samples subjected
to confining pressures of 5MPa, 30 MPa and
50 MPa [M5-2; M10-5; M10-2] are studied,
representing samples that were loaded in the high-
slope, transitional and low-slope Kic-regime,
respectively. In each test the sample was loaded
up to the peak plateau and then terminated. Thin-
sections in the notch plane parallel to the sample
axis illustrate the microcrack characteristics and
fracture pattern. The observations are divided
into two classes, i.e. macro scale and micro scale.

Macro Scale observations

Figure 5-23 shows the fracture traces at
different all P
macroscopic fractures develop in the zone of

confining  pressures. At

highest shear deformation, ie. in the region
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Fig. 5-23. Fracture traces in deformed marble at different
level of confining pressure and at onset of axial peak
load. (A) P = 5 MPa, a fracture connects the notches and
a wing crack develops at the lower notch; sequence of
fracturing is indicated by numbers. (B) P = 30 MPa, non-
coalescing fractures develop at bottom and top notch.
(C) P =50 MPa, fracture develops at lower notch only.
(D) Drawing of notations concerning the fractures.
(Note: the edges of the upper notch split off due to high

uni-axial compression).

between the notches. The sample subjected to
P =5 MPa (Fig. 5-23.A) shows a fracture starting
at the outer tip of the bottom notch that is
inclined towards the centre of the specimen.
From the upper inner notch tip a fracture
propagates vertically down and coalesces with the
inclined bottom fracture. The vertical fracture
shows some shear displacement (Fig. 5-24). The
bottom fracture shows some opening from this
junction to the notch, but it is not opened in the
prolongated part from the junction towards the
centre of the sample. The sequence of fracturing
is indicated in the inlet of Figure 5-23.A. At P =
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Fig. 5-24. Micrographs of the upper fracture at different
confining pressures showing fractured calcite grains. The
shear displacement is indicated. (A) P =5MPa and (B)
P =30 MPa.

30 MPa the sample also shows a fracture evolving
at the bottom notch (Fig. 5-23.B). It is slightly
opened and spreads out at the end of the trace. At
the top notch a small vertical fracture is visible
that stops after a few millimetres. The sample
subjected to 50 MPa
(Fig. 5-23.C) contains an inclined fracture at the
bottom notch only. No fracture is visible at the

confining  pressure

top notch as well as no opening of the bottom
fracture.

The angle formed by the bottom fracture
and the vertical direction, 0, changes with
increasing P. 0 increases from about 20 ° at
5MPa to about 40° at 30 MPa and 42° at
50 MPa (Fig. 5-25.A).

Only the 5 MPa sample displays a wing fracture at
the bottom notch (Fig. 5-23). None of the
samples shows a ‘doughnut’ fracture.

Micro Scale observations

In general, the matrix in the region of high
shear displacement is more dispersed and grains
show more deformation lamellae than compared
to the remaining parts of the specimen.
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Fig. 5-25. Parameters of the fractures. (A) Influence of
confining pressure on the angle of main fracture and en
échelon fracture with each other and vertical direction.
(B) Influence of confining pressure on the width of the
process zone. (C) Distribution of the microcrack density
perpendicular to a main fracture.

Samples terminated at about onset of the
peak load only show en échelon fractures at the
bottom notch (Fig. 5-20). They are located where
later shear fracture growth takes place.

The shear fractures consist irrespective of
the magnitude of confining pressure of a narrow
zone of branching, predominantly intra- and
(Fig. 5-21), in the
following referred to as main fracture, and of an

transgranular microcracks

array of inclined (en échelon) and sub-parallel
microcracks (Fig. 5-26.A).

With increasing P the angle, a, between the

en échelon cracks and the main fracture

(Fig. 5-23.D), decreases from about 27°
(P = 5 MPa) to 9° (P = 50 MPa) (Fig. 5-25.A).
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Fig. 5-26. (A) Schematic re-drawing of the main fracture
and process zone at the bottom notch with inclined (en
échelon) and sub-parallel cracks. The main fracture
predominately propagates intragranularly. (B) Plot of the
calculated maximum compressive stress directions
surrounding the tips of a Mode II crack, showing
rotation to lower angles with the fracture in the
compressive quadrant, C, and higher angles in the
dilatational quadrant, D. Open arrow indicates fracture
propagation direction, solid arrows temote major
principal stress direction. The small lines indicate
otientation and magnitude (proportional to length) of
major principal stress (after Vermiliye & Scholz, 1999).

The influence of P on the width of the
measurable process zone of the main fracture is
shown in Figure 5-25.B. It decreases considerably
from ~130um at P=5MPa to ~30um at
30 MPa and remains almost constant up to
50 MPa. The variability of the process zone
width, shown as error bars, is very high for the
sample deformed at low confining pressure, but
small for 30 MPa and 50 MPa confining pressure.

Figure 5-25.C shows the average density
distribution of microcracks perpendicular to the
main fracture (see Fig. 5-26.A). The microcrack
distribution is similar for all three specimens
irrespective of confining pressures.

The microcrack density increases from
both sides towards the main fracture, which is
indicated as breccia in Figure 5-25.C. The main
fracture separates two microcrack regimes with
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Fig. 5-27. Acoustic Emission (AE) events in space and time for Mizunami granite sample [T'1-1d] at P = 30 MPa. (A) AE
events projected into z-direction vs. time and force vs. time is given. AE signals start at top and bottom notch and
successively propagate from bottom notch into sample. White areas indicate dead-time of AE acquisition system. (B) AE
distribution in map view of sample for time slices from (A). Events are localised in the narrow zone between the
notches. (C) Side view of sample, all events projected onto xz-plane.
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about 75% of the total amount of cracks,
oriented predominantly sub-parallel, on one side
(above) and about 25 %, mainly en échelon
cracks, on the other (lower) side. Hence, the
process zone is unsymmetrical with respect to the
main fracture, both in shape and crack angle.

5.2.7  Results from Acoustic Emission recording

The fracture evolution for a sample loaded
at P= 40 MPa as observed by AE analysis is
shown in  Figure 5-27.
Continuous AE activity starts at about 45 % of
the failure load. The located events form clusters

in time sequences

at top and bottom notch. With increase in axial
load the bottom cluster starts to propagate
upwards with approximately constant speed. The
length of the AE process zone increases
(~5-6 mm). The top cluster remains stationary
(length: ~2-3 mm). After failure load the events
are evenly distributed between the notches at
lower rate. Formation of the reported wing and
‘doughnut’ fracture cannot be identified, this in
consistency with the observation that the wing
and ‘doughnut’ fracture are not initiated at P =
30 MPa. Unfortunately the fracture propagation
at peak load itself was not recorded as the data
acquisition buffer was being stored at that
moment. Altogether ~7200 signals were recorded.
For further details about AE monitoring see
Stanchits et al. (2003).

5.3 Discussion

The results presented in this chapter
included variation of geometrical and procedural
parameters of the PTS- method, mechanical and
acoustic emission data, analysis of stress
distribution and microstructural analysis. These

matters are discussed below.

5.3.1  Geometry variation

Notch depths and Sanple height

Variation of rock ligament between the
notches, IP, illustrates a plateau of 1., (Fig. 5-9)
for a certain range of IP. Same relation is reported
by Yoon & Jeon (2003) for Daejeon granite. They
report constant Kyc 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
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Mode IT for IP/W ratios of 0.3-0.5 (IP= 15 -

25mm in case of PTS- geometry) for
experimental Mode II  fracture  toughness
determination of mortar without confining

pressure.

With small ligament length the notches are
expected to influence each other by presumably
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 to be
expected at small IP. The initial FPZ were shown
by means of AE to be few millimetres in length
(~2-3mm for Mizunami granite). However,
constant T,y is approved for almost the full range
of IP. Nevertheless, the applied axial stress for
failure shows some indication for a power law rise
(Fig. 5-9.A) which is not clearly reflected by Tay
due to the scatter in the data. If the process zones
of top and bottom notch interact at low IP, as is
suggested by AE,
confirmed by the stress data. Coalescence of the

cannot be conclusively
FPZs should result in a magnified loss of
strength. This is only vaguely supported by the
shape of the stress vs. IP plot at low IP in
Figure 5-9.A.

The elevated average shear stress necessary
for fracture growth in Aue granite (Fig. 5-9.B),
might be explained by the comparably large grains
(average is 1 mm, but up to 5 mm are included).
At low IP only a handful of grains are located
between the notches and hence coalescence might
be aggravated by inter- as well as intragranular
crack propagation accompanied by interlocking
and crack arrest.

Unsymmetrical shape of the sample, i.e.
notch depth a # b, and sample height, W, atre
shown to have minor influence on the obtained
T (Fig. 5-10). bending of the
unsupported outer ring does not (or only little)

Hence,

contribute to the Mode II fracture process.

Notch diameter

Variation of the diameter of the notches,
ID, and of the sample diameter, D, are shown to
influence 1,y (Fig. 5-11). The effect increases with
increase in grain size. The experimental results
show that 1,y increases with increasing thickness
of the outer ring between sample boundary and
notches. This is most pronounced for the coarse-
grained granite, evident for the medium-grained



marble, but not for the very fine-grained
limestone. Hence, the grain size may be the
influencing parameter. In principle, also bending
of the bottom ring might be considered to
influence the fracturing process. But as it was
discussed in the previous paragraph, the notch
depth, which should directly influence the amount
of bending, does not change .. Further, if
bending were the reason for the variation of T4
with 1D change, it is not clear why the grain size
should have a pronounced influence, as it
obviously does.

During formation of the shear fracture,
grains have to slide and, consequently, induce
dilatancy. The induction of dilatancy is larger for
coarse grained rocks, as the amount of sliding is
Another likely
contributing to dilatancy is tensile (Mode I)

greater. mechanism  most

microcracking in the fracture process zone.

Direct comparison of the average shear
stress at failure of samples with constant ID but
increased sample diameter, D, shows 1., to be
higher for the larger D (Fig. 5-11.B). The increase
of wall between
notch/fracture plane is considered to be the

sample boundary and
reason. If the process zone interacts with the
mantle surface of the sample, decreased shear
stress for failure is to be expected. Decreasing
ID/D results in restricted interaction of the FPZ
and mantle surface. This is supported by the fact
that the change of 1,y with variation of ID is
smaller for smaller grained rocks, which produce
smaller FPZ. The explanation has to be verified in
future experiments. Unfortunately, no metrology
(e.g. strain gauges) for determination of radial
extension was available which would have helped
to quantify the dilatancy and hence study the
influence of dilatancy in the fracturing behaviour.

The samples tested at the largest ID show
elevated 1., compared to the smaller ID. The
reason for this weak observation might be found
in the curvature of the notches. On the other
hand it was observed in limestone, that the
fracture sometimes reorganises itself forming
polygonal shape in crosscut view, hence
propagating planar rather than cylindrical. At this
stage it cannot be conclusively conversed what is
the influence of the curvature on 1., and hence

K.
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Notch width

The force vs. displacement data from
variation of notch width, t, showed minor
tested t.
compliance are consistent with the differences in
IP (c.f. Fig. B-4, p.60) and W, and should be also
ruled by the notch width. Wider t should result in
higher compliance. The variation of peak load and

differences for the Changes in

related shear stress can be dedicated to some
extend to the variation of IP, too (c.f. Fig. 5-9).

Slight vatiation of 1,y may apply due to the
different methods to introduce the notches, i.e.,
the CNC moulding technique and different drill
bits. The somewhat lower 1,y for the wider notch
may also be related to the fact that 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 shear strain as estimated from elastic
strain solution calculates as
du
’Y = — 5 5—8
o (5-8)
where u is the displacement in shear direction and
t the notch width. In case of the PTS- test at
given displacement a wide notch will generate less
notch (c.f.
assuming  that the full

shear strain than a
Fig. B-1.D, p.57)
deformation is taking place at the inner notch tip

narrow

and that the deformed front is straight, hence dy
is constant.

Figure 5-28.A shows the shear strain as
calculated from equation 5-8 for different t. The
approximated shear strain is lower for wider
notches, suggesting that the local shear stress is
higher for narrower notches.

However, as the displacement of the outer
notch tip is not known, the correct du cannot be
deduced, hence, the above argument is weak.
FEM
displacement profiles for different notch width
(Fig. 5-28.B). This is consistent with the fact that
the average shear stress at failure (c.f. Fig. 5-13) is

modelling  suggests  very  similar

almost constant. Improved metrology should
clarify this in future work.
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Fig. 5-28. Analysis of the displacement as function of the
notch width. (A) Shear strain, y, as calculated from the
displacement at peak load for different notch width, t.
Refer to text for discussion. (B) Axial displacement, u, as
derived from FEM modelling at constant loading. The
shape of the axial displacement along a trace (trace-
coordinates [x;y]— [11,33.3/16,33.3]) vertical to the
shear direction at a distance s = 0.3 mm in front of the
notch is very similar for different notch width, t. (solid
line: t = 1.5 mm; dash-dotted line: t = 0.5 mm; dashed
line: t= 0.05mm). Hence it is to expected that the
accurate du for solving equation 5-8 is very similar for
the different notch widths. Grey bars indicate the
location of the notch. [E=50GPa, v=0.37, P=0MPa,
W=50mm, D=50mm, 2=5mm, IP=15 mm|.

Above discussion in combination with the
observation of constant average shear stress at
failure, leads to the conclusion that the notch
width is not the ruling parameter for fracture
initiation, too.

5.3.2  Sample geometry and testing procedure

Geometry

The circular geometry of the PTS- test is in
terms of structural stability superior to a straight
geometry as is favoured in several Mode 1I testing
methods (c.f. Section 2.5.2). The tubular (hollow-
cylindrical) layout of the PTS- test in the notch
regions is able to withstand high confining
stresses

pressures due to the tangential

(comparable to principle of an arch). The tubular
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geometry of the top and bottom part of the
limestone sample showed no sign of specimen
failure up to 120 MPa'. A geometry with straight
notches can be studied at low confining pressures
only, as bending stresses introduced by the
confining pressure would cause failure. However,
for reasons of comparison and validation, it is
recommended, that a geometry with straight
notches, i.e. without curvature, is tested and the
results are compared to those of the PTS- test.
Although it was observed in limestone that the
fracture reorganises in sections with planar
surfaces, it cannot be excluded that a curved
geometry results in altered peak stresses and
hence measured fracture toughness.

Application of loading and confining pressure

The PTS- test has the unique ability to
independently from each other apply an external
shear load and a normal stress perpendicular to
the plane of shear loading. Some other methods
do have in principle the possibility to vary the
confining pressure, but not independently from
an external shear loading (ie. Triaxial
Compression test (Hakami & Stephansson, 1990)
and Compression Shear Cube test (Jumikis,
1979)). The very important influence of overall
compression (confinement) on Mode Il loading
induced fracturing (e.g. Lawn, 1993; Melin, 1980)
can be adequately studied by the Punch-Through

Shear test only.

The sample is loaded hydrostatically before
shear load is applied. After application of
confining pressure, the inner cylinder is punched
down in displacement control. The ratio of
confining pressure and shear stress, » = P/, will
therefore decrease on punching down the inner
cylinder. It was shown numerically by Melin
(1986) that at high ratios of » Modell is
preferred. Lower ratio will cause preferred
initiation of Mode I fracture. When P is high
enough Ky will reach Kiuc before t has reached
the level at which Model is preferred. » is
decreased from high values in the PTS- testing
procedure, hence Mode Il is preferred if P is
sufficiently high. In the previously mentioned
method (Jumikis, 1979), Mode Il loading is

1 Limestone sample [L15-0] was subjected to
increasing P for specification of structural integrity.



applied by adjusting the loading angle (c.f.
Fig. 2-11.D) and confining pressure also depends
on the loading angle. Hence, x is governed by the
limited angle to achieve Mode II loading and then
is kept constant with simultaneous increase of
shear stress and confining pressure.

At high confining pressure (> 30 MPa) the
macroscopic wing fractures are suppressed, this as
indicative that x is sufficiently high for preferred
macroscopic Mode 1I fracture growth.

Displacement rate

Variation of displacement rate showed that
for a broad range ta, and therefore Kiic, does not
significantly change for the majority of rock types
tested (Fig. 5-14).
introduced for Model fracturing regarding

Applying the terminology

fracture velocity as a function of stress intensity
factor level (e.g. Atkinson, 1984), it can be
concluded that the PTS- tests determines the
critical ~ stress intensity factor, ie. fracture
toughness. However, 1., of the coarse-grained
Aue granite increases with increasing loading rate.
It remains unclear if this is due to a different
mechanism of fracture propagation at low P.
Possibly, the kaolinitisation of large feldspars may
induce time-dependent deformation mechanisms.
Nevertheless, from changing loading rates in
Mode I fracture toughness testing slight decrease
or increase of Kic with loading rate in the critical
regime is reported (Zhang et al, 1999). The
increase of 1, and, hence, Kjc, is not as
conspicuous as would be necessary to indicate

dynamic fracture toughness (c.f. Backers et al.,
2003a; Atkinson, 1984).

Cyclic loading/ Displacement control

Displacement ~ control ~ was  chosen
anticipating to control fracture propagation, i.e. to
achieve stable fracture propagation at the onset of
critical stress intensity. As machine stiffness is too
low this was not possible. However, in some
experiments it was possible to propagate the
fracture at increments by cyclic loading at elevated
confining pressure, P = 40 MPa (Figs. 5-17 and
5-18).

The change in rock stiffness during
loading/ unloading cycles can be separated into
four distinct regimes (c.f. Fig. 5-18). (7)Up to
80 % of the maximum load the stiffness is
constant and is consistent with the linear elastic
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part of the stress vs. displacement curve,
suggesting that no significant cracking occurs
(Fig. 5-29). (2) Above the yield point the stiffness
decreases as considerable microcracking forms
the process zone (Stanchits et al, 2003). The
fracture propagates and the stiffness decreases as
the intact rock portion becomes shorter. (4) The
observed increase of stiffness below 60" % of
peak stress in the post peak region may be due to
interlocking of the formed Mode II fracture faces,
grain rotation and compaction. The interlocked
grains of the rough fracture faces are pressed
against each other by the shear displacement
(Fig. 5-29).  Elevated
suppresses dilatancy resulting from sliding. (3) In

confining  pressure
the regime between decreasing (regime 2) and

increasing  (regime 4) stiffness the two

mechanisms of fracture propagation and
interlocking might superimpose, leading to an

apparent constant stiffness.

The stiffness evolution is almost the same
for the examined rock types, i.e. Carrara marble,
Mizunami granite and Aue granite. The geometry,
loading procedure, and confining pressure was
alike for all samples. The Young’s modulus is also
very similar. Hence, comparable stiffness in the
initial phase is plausible. Interestingly, the
decrease of stiffness is similar for the tested
samples. Let us assume that only the region
between the notches is altered due to the
formation of the process zone and main fracture.
As the rock types show very different average

grain sizes (0.3, 0.7 and 1.0 mm) the size of the
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Fig. 5-29. Development of fracturing. The numbering
refers to the regimes indicated in Figure 5-18. (Top left)
Elastic deformation, wing crack is initiated at low
confining pressures only. (Top right) FPZ and fracture
formation decrease the stiffness. (Bottom) Grain
interlocking after connection of the notches leads to
increase of stiffness.
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fracture process zone should be different (c.f.
Section 2.1). Hence, one could expect differences
in the deformation behaviour as reflected by the
stiffness after formation of FPZ. This is not
observed.

The formation of the process zone and
reduction of ligament length could be detected.
However, it was not possible to determine when
the fracture connected the notches. Knowledge of
the moment of coalescence would provide the
possibility to develop an evaluation technique by
applying the concept of the J-integral (Rice, 1968).
Knowing the displacement and force drop
necessary to connect the notches by the Mode 11
fracture, one could calculate the J-integral
Assuming small scale yielding in testing, the
J-integral is equal to the Energy Release Rate.
From this the

fracture toughness can be

calculated.

5.3.3  Evaluation method

The basic equation for calculating the
stress intensity factor is

Ky=1tn-a, (5-9)

where a indicates the effective fracture length.

Analysing the geometry of the PTS- test,
the notch depth is the favourable macroscopic
feature introducing the stress concentration. It
was found experimentally that the fracture stress
is independent of the notch depth for changing
notch depth (Fig. 5-9) and constant IP (Fig. 5-10).
Minor variations of peak stress may be dedicated
to the sequential longer rock cylinder deforming
clastically, inaccuracies in providing an exact IP
and the usual geological scatter. The notch depth
consequently is not the correct initial crack length
for determining Kic.

In case of an inclined fracture in a solid

subjected to compression, the deformation
necessaty for fracture propagation is accumulated
over the fracture length. In case of the PTS- test
the shear deformation is generated over the notch
width (c.f. Section 5.3.1). It could be shown that
the notch width is not the correct initial fracture

length for Kjic estimation, also.

Considering the Kic values reported in
Appendix B for the samples with suggested
geometry using DET, estimation of the effective
crack length as described in equation 5-9 yields
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2
a= (K&J ! (5-10)
Tav

of about 3 mm for all rock types. It may be
speculated that this dimension is related to
microstructural features. These might be the
damage introduced by sample preparation and
subsequent formation of the process zone.
Damage due to the sample preparation could not
be specified in microscopy at this stage.

A variety of different evaluation methods
PTS-test.
summarised and briefly discussed in the BOX:
EVALUATION. All  methods
fracture

were applied to the These ate
applied deliver

toughness values of comparable

magnitudes.

Displacement Evaluation Technigue (DET)

At this stage in developing the testing
method for determination of the critical stress
intensity factor of rock in Mode II it is suggested
to estimate Kpyc by the Displacement
Extrapolation Technique (DET, c.f. Section 5.1).

The methodology is not exact at this stage
of development due to several reasons. The
discussion of the DET methodology as itself is
beyond the scope of this thesis; the reader is
referred to literature (e.g. Lim et al., 1993).

The computer code used shows
inaccuracies in the evaluation of a homogeneous
stress field. Local stress variations appeat that do
not correctly reflect the stress fields (compare
contour plots in Figs. 5-7 and 5-8). This may be —
to some extend — related to the generation of the
mesh. It is not possible to create a symmetric
mesh in a symmetric set-up. Hence, if the DET
approach will be used in future, a more

appropriate code should be used.

Besides the problems with the code, other
assumptions give inaccuracies in the obtained Kiic
values as listed below:

(a) The displacement gradient used for calculation
of the stress intensity factor is calculated assuming
linear elastic behaviour. As an inelastic process
zone is formed prior to macroscopic fracture
growth, this assumption is not valid.

(b) During application of axial load, wing
fractures are introduced in the sample. The stress
field presumably is altered and the maximum
shear stress can be expected to be somewhat



Chapter 5 — Mode 11

EVALUATION

For determination of the Mode II
fracture toughness several methods
were employed and developed. For
comparison the Mizunami granite
sample T4-1a is evaluated for each
individual method where possible.
The FEM package Phase? was used
(Rocscience, 1999) for all computer

modelling.

Displacement Gradient Method

Backers et al. (2002b) published a
method to calculate Ky from the
PTS- test that used FEM for back
calculation, which is presented in
corrected form here. According to
the theory of linear elastic fracture
mechanics, the stresses around a
fracture tip can be calculated by
(e.g. Lawn, 1993; cf. Section 2.2,
equation 2-2 and Fig. B-1.A for

notations)
o
rr K,
o t=——f(0) .......... (B-1)
6o (27: . r)
o
0

The shear stress has a maximum in
the direction of the notch (0 = 0) —
at least for perfectly sharp slots —,
hence, the stress intensity factor can

be calculated by
K, =04
Transformation from the Polar

coordinate system into a local

Cartesian  coordinate system  is

operated by

Polar co-ordinates: {0;r;0};

r20; -n<0<=n

Cartesian co-ordinates: {0;x;y};
-00<x <00; -00<y <00
{0;1;0} = {0;x;y}:

x=t1 cosb ; y=r sinf

The principle adopted to calculate
the Mode II fracture toughness,
shear

Kne, is to exploit the

displace-

ivE _§L<E<P
A
\ N
dx dx
du
dy dy
J dv

Fig. B-1. The notch region: notations,
stresses and  displacements.  (A)
Notations at notch in polar and
rectangular coordinate system. (B)
Elastic displacements at the notch
(schematic). The change in slope at
the notch tip due to stress
concentration is obvious. (C+D)
Close-up of the notch tip region; (C)
undeformed and (D) deformed. The
axial load, o, introduces shear
displacement at the notch tip.

ment in the shear plane between

the notches at stress

peak

conditions. Intense shear

deformation evolves across the

notch tip (Fig. B-1.B). FEM
calculation shows that the lateral
component, v, is very small
compared  to the  vertical

displacement, u.

Neglecting the third dimension the

infinitesimal shear strain ey is
(Means, 1976)
1
SV s -3
S=3 Y (B-3)

where 7Yy is the shear strain
(Fig. B-1.C+D). 74 can  be
expressed in terms of gradients of
the displacements v and u in x and

y direction as

y,zd—v+£and ................. (B-4)
Yoody  dx

e. = l[d_v + d_uj ................ (B-5)
Uo2ldy  dx

The shear stress is defined as

T, =€, L ................... (B-6)
? T 2(1+v)

where E is the Young’s modulus

and Vv is the Poisson’s ratio.
Substituting equations (B-5) and

(B-0) into (B-2) yields

1A do
2\dy dx

_E

2(1+v)

The displacement gradient at the

2m-t

notch tip cannot be measured

directly in the course of an
experiment. A back analysis of the
applied stresses using FEM has to
be performed. The maximum total
gradient is utilised at the measured
peak stress conditions at a distance
y = 0.3 mm from the notch tip. As
was found the stress field is in
rough approximation almost square
root like in that

Fig. B-3).

region (c.f.

For determination of the maximum
displacement gradient, the FEM
Phase?  was
(Rocscience, 1999). The
(Fig. B-2) has 680 external nodes
that yield 11053 internal nodes on
21424 The

triangular mesh has three midside

package used

model

elements. uniform

nodes. The matrix is solved by

Gaussian elimination.

57




Chapter 5 — Mode 11

The maximum total gradient is
utilised at the measured peak stress
at a distance Ay = 0.3 mm from the
notch tip along a line perpendicular
to the shear direction assuming
ideally elastic behaviour. The length
of the line has

maximum displacement gradient.

to cover the

Displacement data is taken every
0.012 £ 0.002 mm along that line;
the gradient is calculated between
two data

points locating the

maximum displacement gradient.

[_'x,v 15
v, u

o+
& i)

<

O —
0

o 150 -—
o2 il_() =

i P
9 —
i 80

o LH H86|nodes
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Fig. B-2. Schematic set-up of FEM
simulation for Displacement
Gradient Approach. The model
consists of half a sample. The loading
and restraints for the model are
given. A cutaway of the mesh is
shown at the bottom of the
axisymmetric FEM  set-up. The
arrows indicate the number of
external nodes for the corresponding
model boundary.

While validating the displacements
with the FE-code it was found that
the results very much depend on
the mesh generated. Hence the
approach as described above is not

accurate. Furthermore it is far too

complicated for a  standard
procedure.
Whatsoever, several other

assumptions might influence the
fracture toughness values as listed

below:
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(a) The displacement gradient used
for determination of the stress

intensity  factor is  calculated
assuming linear elastic behaviour.
As an inelastic process zone is
formed prior to macroscopic
fracture growth, this assumption is

not valid.

(b) During application of axial load,
wing fractures are introduced in the
sample. The stress field presumably
is altered and the maximum shear
stress can be expected to be
somewhat lowered. This apparently
results in overestimation of Kjc at
low confining pressures, as the wing
fractures are not considered in the
back calculations. The influence of
the wing fracture on the stress
apply at
confining pressures above 30 MPa,

distribution does not

as those fractures are not initiated.

For the Mizunami granite sample
T4-1a the displacement gradient
analysis yielded a fracture toughness
of Kyc = 3.7 MPam!/2 at ambient

pressure.

Stress Approach
The

concentration is not in the direction

maximum  shear  stress
of the notch/shear loading, but at
one notch tip. Hence the maximum
drop in stress is oblique to the
shear load direction. Therefore,
within the field as
calculated by FEM at peak load

conditions  the

shear stress
direction  was
searched for which the shear stress,
7, drop showed a ‘square root’

shape. When plotting

Ky=tmV2T 1 e B-8)

as a function of the distance, t,
from the notch tip, the curve is
(Fig. B-3).
However, for small r (r<0.2 mm)
the FEM could not reflect the
stress singularity properly, and the

almost constant

Ky dropped. Extrapolation of the
almost horizontal part provides

Kiic at given peak load values.

In the case of Mizunami sample
T4-1a Kpc= 3.6 MPaml!/2 as
calculated by the stress approach.

This procedure is however very

time consuming  and  not
reproducible with the used code as
the direction of appropriate ‘square
root’ stress drop is very much

depending on the mesh generated.

0,0 05 1,0 15
distance, r [mm]

Fig. B-3. Ky and 1 vs. distance from
the notch tip. Ky is calculated from
the shear stress in the region of the
notch tip along a trace that shows an
almost ‘square root’ stress shape at
applied peak load conditions. Ki
remains almost constant until 0.2 mm
from the tip and then shows erratic
behaviour due to the incapability of
the code to handle stress singularities.
A regression to the almost constant
part ylelds Kiuc= 3.6 MPa ml/2,
[T4-1a]. Dashed black line: t© as
calculated from Kpc = 3.6 MPa m!'/2;
grey solid line: 1 as given by the FE
modelling,

Energy Approaches

Alternative approaches use energy
considerations for estimation of
Kic. Here the Energy Release Rate,
G (cf. Section2.3), and the J-
integral can be instanced. These are

converted to Ky by

K} =G B, Of onrrerrecrnenns (B-92)
K2 = J B e (B-9b)
where E’ is the effective Young’s

modulus in plane strain or plane

stress case as defined in Section 2.3.

J-Integral

The J-integral, introduced by Rice
(1968), estimates the energy release
rate. In case of the PTS- test it

becomes



where Au is the adjusted shear
displacement 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 vs. strain diagram

(for details see e.g. Hakami, 1988).

The Energy Release Rate obtained
from the J-integral from PTS-
testing of limestone sample L 2-2 at
P= 5 MPa is about 410*]/m?
which gives Kic = 3.0 MPam!/2
The Mode II fracture toughness for
limestone determined from back
calculation stress gradient
evaluation is about 3.3 MPa m!/2
DET gives Kiic = 3.3 MPa. For T4-
la the J-integral estimation is not
reliably possible due to radial
expansion that led to a lack of

residual strength.

Results for G of wvarious rocks
(mainly granites) calculated from
the J-integral reported by Hakami
(op. cit.) and references quoted
therein are in the same order of
magnitude as for the PTS- test
(~10*J/m?. However, at higher
confining pressures in PTS- testing
the stress drop after reaching the
peak load, where the Mode II
fracture is readily established, is
very moderate and not accurately
determinable; this is presumably
due to the tubular geometry of the
test sample. Using these low values
for Au and At consequently results
in very low Grc. This is unlikely, as
the shear stress necessary to
Mode 1I fracture

increases with increasing confining

introduce the

pressure. The J-integral cannot be
reliably solved for the PTS- test,
yet.

Energy Release Rate

Determination of the Energy
Release Rate, G, estimates the total
energy of the system and calculates
from this the energy required for

fracture formation and propagation.

The Energy Release Rate, G, can be
estimated by

G:d(W—Uc)i ............. (B-112)

where W is the work done by
external forces, i.e. axial force, F,
Uc is the elastic strain energy
released by the introduction of the
crack and A is the crack area. With

d(W)=F-d(d) and............ (B-11b)
d(U,) = d(EF8) oo (B-11¢)
where 6 is the measured axial
displacement,  equation  B-1la
becomes
_ 1 1

G= @[Fd(a) —d(LFs)]....B-
11d)

Partial derivation yields

1 {Fd(S)— }
d(A) |£[Fd(5)+ 8d(F)]

— 1 1 1

=1 {LFd(5)—18d(F)} .....B-
11e)

The change in crack area, d(A), can
be expressed as

d(A)=m-ID-d(a) oo (B-11f)
where ID is the diameter of the
notches and a is the crack length,

measured from the bottom notch

tip. Hence,
1 Fd(8)
" 27IDd(a) {— Sd(F)} - (B

Introduction of the compliance, A,
defined as  the

displacement per unit load, i.e.

which  is

= s -11h
. (B-11h)
into equation B-11g yields
1 {Fd(FL) — FAd(F)}
2nIDd(a)
! F[Fd(L) + Ad(F)]
~ 2nIDd(a) |- FAA(F)
1
=——Fd
2nIDd(a) { ( )}
L F’ OR— (B-11i)
2nID  d(a)
Inserting equation B-11i into

equation B-9a gives the formulation

for the stress intensity factor
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K=+G-E'
. dw)

= 1 .E'F
\/ 2nID d(a)

_p. |[-E_d®) A1
=F o q B-11j)

Except d(\)/d(a) all
equation B-11j is known.
Figure B-4.A

displacement data as generated by a

input for

shows force wvs.
finite element modelling of the PTS
geometry with different IP, i.e. with
upper notch depth a =5 mm and
varying b. This set-up is not correct
for solving d(A) as IP is varied,
which is not corresponding to a
propagating i
instructive  to

fracture, but s

understand  the
principle.  Increasing  ligament
length, IP, results in an increase of

stiffness, s (Fig. B-4.B). Hence, A

decreases with increase in IP,
consequently  the  compliance
increases with increasing total

bottom notch length, ¢ (Fig. B-4.C);
¢ corresponds for a fracture that
propagates through the full height
of the sample to a in equation B-

11j. d(\) from this example is
d(A)=9.593-10"" —4.692-107"¢

+3.080-10"¢”
and its derivation with respect to ¢
is

d) "

=22 =6.160-10"¢

di©) (B-12)
~4.692-107

The previously given example does
not take into account the change of
compliance due to the crack
propagation, but due to change in

prefabricated notch depth.

However, it is very complicated,
hardly

determine the compliance of the

perhaps possible  to
PTS test — unlike the case of a
Mode I loading where the fracture
faces are out of contact in first
approximation —, but from the data
of the

Mizunami granite (c.f. Section 5.2.4)

cyclic loading tests of
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the compliance was estimated after
taking several assumptions.

Assumption 1. The main fracture as
is relevant for compliance change is
initiated at 100% of the maximum

load.
The

connects the notches at a force

Assumption 2. fracture
drop to 70% of the maximum

force.

Assumption 3. TForce

drop and

fracture growth are linearly related.

Assumption 4. The stiffness of the

loading cycles is similar for

different confining pressures.

The postulations partly account for
the fact, that the position of the
fracture tip is not measurable yet.
In the light of above assumptions
the data from the cyclic Mizunami
testing prints in Figure B-4.B+C as
grey The

compliance is described as a linear

squares. change in

regression

d(h) =2.541-107" +3.223-10 ¢
and its derivation with respect to ¢
is

d(n

AN 3223107 o (B-13)
d(c)

For the sample T4-1a the fracture
toughness as calculated by the

above introduced procedure is
5.5 MPa m!/2,
35 25
A 60 IP= 40 \330\ 20 15 10 [mm] 5
o
g 40
™
w20
O Y ‘ ¥ ¥ ¥ T ¥ ¥ ¥ ¥ T ¥ ¥
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Fig. B-4. Derivation of  the

compliance calibration for the Energy
Release Rate Approach. (A) Force, I,
vs. displacement, 8, data as generated

by a finite element modelling of the
PTS geometry with different IP, i.e.
with upper notch depth a =5mm
and varying b. [E=50GPa, v=0.37]. (B)
Increasing ligament length, IP, results
in an increase of stiffness, s. (C) A, i.e.
1/s, decreases with increase in IP,
consequently the compliance
increases with increasing total bottom
notch length, c. Cycles show results
from FEM modelling of different IP,
squares give results from analysis of
data from cyclic loading of Mizunami
granite. Refer to text for discussion.

The procedure does not take into
account any lateral deformation
(due to e.g. confining pressure) and
related change in total energy.
Furthermore, if the fracture tip
position with respect to the force
has been estimated incorrectly, the
d(A\) may be lower, and hence is

Kue.

The geometry is very complex, and
consequently, the energy calculated
by equations B-11a to B-11j is only
a first approximation. Further
development is needed, if this track
shall  be
approptiate method to determine
Kic. The most difficult task will be

to calibrate  the

developed to an

compliance

correctly, if possible at all.

lowered. This apparently results in overestimation
of Kuc at low confining pressures, as the wing

back

calculations. The influence of the macroscopic

fractures are not considered in the
wing fracture on the stress distribution does not
apply at confining pressures above 30 MPa, as
those fractures are not initiated.

It was shown that the notch width has
minor influence on the shear stress at failure, and
Figure 5-28
gradients for the different notch widths.

indicated  similar  displacement
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Error

The input parameters for the determination
of Kiic are the geometrical dimensions, confining
pressure and peak load. Confining pressure and
peak stress can be directly measured with high
accuracy in the course of an expetiment;
estimated erroris less than 1 %. In general, the
dimensions can be measured to an accuracy of
better than 0.1 mm. The input parameters give

errors of about 2%.

The error (relative) from the code is about
2%. This was determined on a series of runs with
the same set-up and repeated generation of mesh
and later calculations.



The absolute error of the code due to the
above mentioned reasons cannot be determined
satisfyingly yet.

The error from the extension of
equation (5-7) to IP of 12 - 18 mm was estimated
from a modelling for elastic parameters of

Mizunami granite to be less than 10 %.

Conclusion

The different applied to

evaluation of Kiyc, which are based on very

methods

different principles, give very similar results.
Nevertheless, the DET is not conclusively
developed. It is suggested to develop the
calculation method along the lines of the energy
approaches as outlined in the BOX:
EVALUATION. 'This
consider the formation of the process zone and

might more accurately

related non linear elastic behaviour.

5.3.4  Fractography

The fracture pattern as observed on sample
scale at zero to low confining pressures usually
consists of a wing fracture at the bottom notch, a
doughnut fracture at the top notch, that might
also be suggested to be a wing fracture, and the
fracture developing at peak load that connects the
top and bottom notch. Sometimes a horizontal
fracture is initiated at low P at the mantle surface
approximately in the middle of the intact portion.
The principle development in space and time is
confirmed by AE recording. Bulk fracture content
from experiment was confirmed by Yoon & Jeon
(2003) for Daejeon granite.

The wing fractures at bottom and top
notch are introduced at low confining pressures
by the shear loading of the notches in the
dilatational quadrant of the stress field. In
agreement with the principles of the sliding crack
model (case with zero friction) they are Mode I
wing fractures. The barrelling of the sample (i.e.
bending of the
application of confining pressure, introduces

notches), introduced by
compression to the notch tips, where the wing
fractures develop. Both the major and minor
principal stress are compressive at the respective
notch tip if a confining pressure is applied
(Fig. 5-7). The axial loading introduces high
tensile stresses at the inner bottom notch tip

(Fig. 5-8).
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The wing fractures developing in the
sample propagate out of the zone of high shear
stress (or shear deformation) and stop. Hence,
very few strain energy is released and no stress
drop is seen in the stress-displacement plot
(Bazant & Pfeiffer, 19806;
al., 2001).

Application  of

Stephansson et

confining  pressure
superimposes a negative K; and this results in
shorter wing fractures that stop before being
aligned with the major principle stress. No wing
fractures are initiated at the notches in samples
> 30 MPa.

According to Melin (1986) pure macroscopic

subjected to confining pressutes

shear fracture growth occurs, if the level of
confining pressure is high enough that all tensile
stresses at the fracture tips vanish or even become
compressive. The stresses at the bottom notch in
PTS- testing at higher confining pressures are
consequently below a critical level to allow
macroscopic wing fracture initiation.

That Model fracturing is suppressed
above a certain level of confining pressure was
experimentally proven by Bobet & FEinstein
(1998) and is consistent with this study.

The hotizontal fracture in the middle of
the rock bridge is most likely initiated due to the
barrelling of the sample. The confining pressure is
applied to the mantle surface and because of the
notches bending stresses are induced. As the
confining pressure acts on the outer top surface
also, in case of running the experiment in the
pressure vessel that is, elevated confining pressure
increases friction of the sample on the bottom
surface and hence limits the bending. Above a
confining pressure of approximately 20 MPa the
initiation of this kind of fractures is omitted.

The fracture connecting the notches always
starts at the bottom notch where the highest local
shear stresses act. It generally shows a ‘S’-like
path. Yoon & Jeon (2003) could confirm this
from particle flow model simulations.

5.3.5  Influence of confining pressure on the fracture
pattern of Carrara marble

The crack
distributions were analysed for the Carrara marble

orientations

and  density
only, as the rock type is (almost) monomineralic,

relative homogeneous and has a convenient grain
size suitable for microscopy.
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Macro Scale

The inclination angle of the macroscopic
main fracture increases with increasing confining
pressure in Carrara marble (Fig. 5-25). Analogue
to the shear stress data, the rotation/increase is
large for increase of confining pressure from 5 to
30 MPa and then shows a slight increase only. At
low confining pressure, P, the difference of P and
axial peak load, o4, is ~ 112 MPa, while at high P
(30 MPa and 50 MPa), oa-P is ~ 178 MPa and
179 MPa, respectively.

The lack of a wvertical main fracture
connecting the notches at high confining pressure
is thought to be ruled by the confinement. The
stress applied perpendicular to the shear plane
increasingly suppresses sliding and the stored
energy at peak stress is not sufficient to propagate
the fractures all way long. Note that all tests were
immediately stopped on reaching the peak load.
The bottom fracture opening observed in the
sample deformed at P = 5 MPa is provided by the
displacement of the vertical fracture (Fig. 5-24)
and the displacement induced by the dispersion of
the matrix. Hence, the portion of the prolongated
fracture towards the centre of the specimen is not
opened. The dispersion is most likely providing
the opening of the bottom fracture in the sample
deformed at P = 30 MPa.

Micro Scale

On microscopic scale new features show
up: asymmetry of the process zone, change of
inclination angle of microcracks, and variation of
width of the process zone with confining
pressure.

Following Vermilye & Scholz (1999) the
asymmetric  distribution of microcracks with
respect to the main fracture (Fig. 5-25.C) can be
referred to as a Mode II signature. It closely
corresponds to the asymmetry in the stress field
(c.f. Section 2.2 and Section 7.3). Figure 5-26.B
shows the major principal stress distribution at
the tip of a shear fracture as proposed by Scholz
et al. (1993) compared to the PTS microcrack
signature in the process zone.

The development of the process zone is
governed by the stress concentration of the main
fracture, which is compressive in the region of
sub-parallel microcracks, and dilatational in the
part of the process zone, where en échelon cracks
are formed (Fig. 5-26.B).
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Initially, at the bottom notch tip cracks
inclined (~30°) to the notch plane direction
develop at peak load (Fig. 5-21). If the fracturing
process forming the main fracture and FPZ was
as proposed by e.g. Bazant & Pfeiffer (1980), the
readily developed shear fracture should consist of
these inclined cracks and a main fracture
connecting these cracks by crushing of the struts
(c.f. Section 2.4.1). Hence, the fracturing process
must be different.

The angle of inclined fractures in the
dilatational quadrant decreases for increasing P to
become almost constant for P = 30-50 MPa.
Increasing confining pressure increases the
stiffness of the main fracture, hence increases
friction. Increasing coefficient of friction was
shown to decrease the inclination angle of wing
fractures considerably along with a decrease of
curvature or the wing crack (e.g. Shen et al,, 1995;
Wong & Chau, 1998; Wong et al., 2001). Hence,
the inclined fractures are suggested to be wing

cracks, i.e. Mode I cracks.

The mode of sub-parallel cracks in the
process zone cannot be judged upon conclusively.
The stress field as presented in Figure 5-26 can
only give vague indication of the mode of
fracturing for the individual crack regimes. A first
field and crack
orientation in the vicinity of the main fracture

comparison of FE stress

suggests emphasis on mixed mode fracturing.

Away from the crack tip magnitude and
orientation of stresses decrease and change,
respectively. Unfortunately, it is not known at
what stage of main fracture propagation the
cracks are initiated. Depending on the distance
between the main fracture tip — assuming we are
able to define it — and the crack initiation locus,
the stresses are very different and hence is the
mode of cracking. Thus, the comparison of stress
field and fracture pattern cannot give a conclusive
answer to the question of mode of cracking on
the microscale. Nevertheless, the cracks in the
compressional quadrant are always sub-parallel to
the main fracture; hence any change in stress
distribution does not substantially change their
orientation. Hence, if a rotation of the stress field
is induced by the confining pressure, the sub-
cracks mode to maintain

parallel change

otientation.

Furthermore, a crack propagating in the
granular structure of the rock does not necessarily



follow the direction a crack would propagate in
homogeneous and isotropic media. As the cracks
in the FPZ predominately follow the direction of
grain boundaries and cleavage planes (c.f.
Fig. 5-21), locally mixed mode fracturing is

presumably introduced anyway.

Polarity analysis of AE recordings in PTS
experiments showed contribution of both tensile
and shear events to the fracturing process at P =
30 MPa (Stanchits et al., 2003). At small fractions
of maximum axial load, tensile events dominate,
corresponding to formation of the initial process
zones. At loads close to failure a shift to shear
observed.  The
observation from the polarity analysis suggests

dominated  fracturing  is
that mixed mode cracking is evident in the PTS-
fracturing process.

The  main  fracture  predominantly
propagates intragranularly. It seems not to be
formed by interaction of the local tensile stress
tields of single Mode I microcracks, since no ‘zig-
zag’-type coalescence occurs, which is typical for
connection of shear loaded pre-existing cracks by

wing cracks.

The width of the FPZ was shown to
decrease with increase of confining pressure
(Fig. 5-25.B) in the PTS- samples to become
almost constant about P = 30 MPa. Same result
was reported for thickness of shear bands on
triaxial compression tests on Fontainebleau
sandstone (El Bied et al., 2002). The thickness of
the shear bands decreased non-linearly from
about 1.2 mm at ambient conditions to 0.6 mm at
a confining pressure of 42 MPa, approaching
almost constant thickness above 28 MPa. To
some extend the decreasing width of the FPZ can
be explained by the rotation of the inclined
cracks. Additionally, the sub-parallel cracks are
suppressed by presumably the increased confining
pressure.

The fracture content of the examined
samples is not the same, i.e. the fractures have
propagated to different length. Especially in the
case where the fracture has connected top and
bottom notch, ie. P = 5 MPa, additional post-
connective cracking due to sliding of the fracture
faces might have induced additional damage to
the FPZ. From the microstructural observation
only small shear displacements could be detected
(Fig. 5-24). Furthermore, the fracture faces show
minor indication of grain crushing or grain
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rotation. Hence, no influence of the different
length on the FPZ
characteristics as measured here is considered.

fracture  propagation

5.3.6  Confining pressure

The test
relationship between the average shear stress at

results indicate a bi-linear
failure and, hence, Mode Il fracture toughness,
and the confining pressure (Fig. 5-15 and 5-16).
Studies on the influence of confining pressure on
the shear strength of rock show a similar
behaviour (e.g. Lundborg, 1968), but low slope
behaviour for the shear strength is reached at
confining pressures about 15-20 times higher

compared to the PTS- data.

At low confining pressure, P, the increase
of stress as function of P may be approximated by
a linear regression with large slope, while at high
P the slope of linear regression is shallow.
Alternatively, one might consider an exponential
rise to a2 maximum value. However, that would
imply constant fracture toughness at very high P
and no frictional influence.

The change in slope in the axial stress,
shear stress and fracture toughness vs. confining
pressure plot indicates a change in mechanism.
Domination of time dependent mechanisms can
in general be excluded, as the variation of loading
rate showed neglecting effects. As the transitional
pressure is very similar for very different rock
types, also change of dominant mechanism by
means of mineralogy, e.g. change from cracking
to sliding in calcite, is most unlikely.

Kemeny (1993)
laboratory testing of a tuff the same principle

reports from triaxial
shape of axial stress vs. confining pressure data
(Fig. 5-30). Transition from steep to shallow slope
was at P = 15 MPa for that rock type. Transition
from macroscopic axial splitting to faulting was at
about P = 10 MPa. He performed a numerical
modelling that was based on the sliding crack
model (Kemeny & Cook, 1987). The set-up
included N = 2500 cracks and each microcrack
was specified by its orientation (random), initial
length, cohesion and coefficient of friction. The
modelling results yielded the same strength
envelope as the laboratory data. From analysis of
active cracks in the model, it was shown that with
increase in confinement the number of active
tensile cracks first increases to produce a peak of
activity and then drops considerably. At low
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confining pressure no shear cracks grow during
the entire loading process. At about P = 5-
15MPa the number of active shear cracks
considerably increases and then remains constant
for higher P. The activation of the shearing mode
coincides with the change in slope of the strength
envelope. It is concluded that the change in
slopes agrees with the transition from tensile to
shear dominated fracturing. The explanation by
Kemeny (op. cit.) is suggested to be applicable to
the results from PTS- testing.
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Fig. 5-30. Compilation of data from Kemeny (1993).
Grey solid line indicates strength envelope (axial stress, o,
vs. confining pressure, P); black solid line indicates (o-P)
vs. P. Dashed lines indicate extrapolation. Circles: active
tensile cracks; diamonds: active shear cracks. Refer to
text for discussion.
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Fig. 5-31. Influence of confining pressure, P, on the
magnitude of Mode I and Mode II stress intensity factor
at given axial loading, oa, of 400 MPa. (A) While Ky
(black circles) remains almost constant with increase in P,
K (grey circles) considerably decreases. At about P =
25 MPa the ratio of Ki"y and Ky drops below unity (B).
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With increasing confining pressure, existing
cracks are closed and a further opening of these
cracks is suppressed. This is supported by the
vanishing wing and doughnut fracture.
Furthermore, the radial fractures developing at
lower confining pressures seem to be introduced
by radial expansion (c.f. Section 5.2.5) as the inner
cylinder is punched down. If radial expansion
leading to extensional fractures is apparent, an
opening mode is involved in the generation of the
main fracture between the two notches. Hence,
mixed mode is most probably evident. The higher
the confining pressure, the more the radial
expansion  and radial

resulting fracturing

frequently is suppressed.

Analogue to the procedure to determine
Ki as presented in Section 5.1, Ki was estimated
at the bottom notch from the displacements in
lateral (v-) direction using the Displacement
Extrapolation Technique. Figure 5-31 displays the
influence of confining pressure, P, on the
magnitude of Mode I and Mode II stress intensity
factor at given axial loading. While K™; remains
almost constant with increase in P, Kif
considerably decreases. At about P = 25 MPa the
rato of Ky and K" drops below unity
(Fig. 5-31.B), may be correlated to the change of
slope in the experimental K¢ vs. P data.

The slopes of regression as obtained from
the shear stress, T., versus confining pressure
data might be considered as indicative of the
internal friction angle. The corresponding values
are given in Figure 5-15. Table 5-4 summarises
friction data from literature. The slopes from
Figure 5-15 on data at low P (0 < P < 30 MPa) is
in general much larger than the data presented in
Table 5-4, while the slopes for large P (P <
30 MPa) are lower than the data compiled. This is
very prominent for e.g. Mizunami granite, as a
coefficient of friction of 1.66 is reported for that
rock type (JNC, 2003), while data from
Figure 5-15 yields 2.89 and 0.61. For direct
comparison in case of Carrara marble confer to
Figure 5-32. The classical coefficient of friction
concept in terms of the Mohr envelop is not
applicable to the PTS- data.
suggested by the data as cited above from
Lundborg (1968). Most likely the boundary
conditions of the PTS- test have some influence

This was already

the frictional behaviour.



Microstructurally the measured fracture
characteristics tend to show the similar behaviour
as the stress data, i.e. the width of the process
zone does not change significantly from P = 30 —
50 MPa and the en échelon angle as well as the
main fracture inclination do not considerably vary
above P = 30MPa. This was discussed in
Section 5.3.5. Furthermore, at P = 30 — 70 MPa
Kic does not change significantly.

Rock m o} Reference
[] [°]
Diorite
Aspc") drt 0.97 44 Nordlund et al.,
1999
ASpC“) drt 1.15 49 Rinne et al.
2003
Granite
1.0-1.8 45-60 Farmer, 1968
Bohuslin grn 2.0 63 Lundborg, 1968
Inada grn 1.11 48 Goodman, 1980
Mizunami grn 1.66 59 JNC, 2003
Rix6 grn 1.8 61 Lundborg, 1968
Stone Mountain grn  7.23 51 Goodman, 1980
Marble
0.7-1.2  35-50 Farmer, 1968
Georgia mbl 0.47 25 Goodman, 1980
Tenessee mbl 0.39 21 Albert &
Rudnicki, 2001
Yuen Long mbl 0.7 35 Wong et al.,
1996
Sandstone
0.7-1.2  35-50 Farmer, 1968
Bartlesville sst 0.75 37 Goodman, 1980
Berea sst 0.53 28 Goodman, 1980
Gothland sst 0.7 35 Lundborg, 1968
Pottsville sst 1.00 45 Goodman, 1980
Limestone
0.7-1.2 35-50 Farmer, 1968
Borghamn Ist 1.0 45 Lundborg, 1968
Indiana Ist 0.90 42 Goodman, 1980
Johnstonet 0.58 30 Lim et al., 1994
Wolf Camp Ist 0.70 35 Goodman, 1980

Tab. 5-4. Compilation of friction data from literature.
Values given in italics are calculated from the reported
data. t synthesised mudstone.
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Fig. 5-32. Average shear stress at failure, t,, vs. confining
pressure, P, for Carrara marble and linear Mohr envelope
for different friction coefficients. The cohesion was
estimated from the UCS (uniaxial compressive strength)
using the corresponding coefficient of friction;
c (4=0.36) = 36 MPa, c (045) = 35MPa and c (0.60) =
33 MPa.

Constant  microstructural — appearance/
content might be considered to be indicative of
constant created fracture/crack surface.
Therefore, constant energy requirement for
macroscopic fracture growth can be considered.
This is in consistency with the observation of only
slight increase of Kic above P > 30 MPa which

may be dedicated to friction.

It is suggested that the shift in mechanism
as indicated in the mechanical data is caused by a
change in dominant mode of fracturing. The
increasing  confining  pressure  increasingly
suppresses the tensile mode. At high P, Mode II

may be dominant.

It seems most relevant to define the
fracture toughness in Mode 11 for high confining
pressure and not at low confinement only. At
confining pressures higher than 30 MPa, average
Kiye values were obtained for the tested rock
types as presented in Table 5-3.
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6 COMPARISON OF RESULTS OF MODE I AND MODE II LOADING

AND CORRELATION ANALYSES

Fracture toughness has been shown to

correlate  with  various  physico-mechanical

parameters like Young’s modulus, uniaxial
compressive and tensile strength, porosity, dry
density, grain size and some others (e.g. Whittaker
et al, 1992). Correlations for the Kic and Kic
values obtained in this work are presented in the
next sections. Finally, the experimental results and
correlation analyses for the two modes are

compared and discussed.

6.1 Mode I fracture toughness correlation analyses

Figure 6-1 shows the relationship between
Mode I fracture toughness at ambient conditions,
Kic, and physico-mechanical parameters, i.e.
Young’s modulus, uniaxial compressive and
tensile strength, porosity, dry density, and

maximum as well as average grain diameter.

It is obtained that higher Young’s modulns
results in higher Kjc. A linear fit trough the origin
is plotted (Fig. 6-1.A). Whittaker et al. (1992) give
a regression as obtained from a variety of rock
types that yields a lower slope and shows positive
axis intercept.

Uniaxial compressive strength also positively
correlates with Kic (Fig. 6-1.B). The regression
from the data compilation by Bearman (1999) and
Whittaker et al. (1992) again shows a shallower
slope than the data obtained in this study.

Tensile strength as obtained from Brazilian
tests shows a positive correlation with Mode I
(Fig. 6-1.C).  The
regression data presented in this thesis deviates
from data given by Bearman (1999), Whittaker et
al. (1992) and Zhang (2002).

fracture  toughness, too

Bearman’s (op. cit.) data includes twelve
different rock types of wvarious lithology.
Whittaker et al. (op.cit.) did their analysis for
various rock types, not specified and collected
from a variety of sources. Zhang’s regression for
tensile strength is based on more than 50
different rocks, i.e. basalts, coals, dolostones,
gabbros, granites, limestones, marbles,
sandstones, oil shales, siltstones, syenites and tuff.
Kic determination was carried out by mainly the
Short Rod and Chevron Bend methods.
Regressions given by Whittaker et al. (op. cit.)
give non-zero Kic for zero tensile and uniaxial
compressive strength. If a material is not able to
carry any load, it is not clear why it should show
resistance to crack propagation. Hence, the

regression ought to pass origin.

In general, higher porosity results in lower
Mode I fracture toughness for the dataset of this
study. Alber & Brardt (2003) state that porosity
does not correlate with Kjc, but indicate an
exponential correlation between dry density and
fracture toughness (Figs. 6-1.D+E). However,
their density data can be represented by a linear
regression similar to that by Brown & Reddish
(1997), if one discounts the single data point of
Ytong in their dataset. Ytong has a very high
porosity (77.7 %, Alber & Brardt, 2003) and thus
it should be discussed, if it is a good
representative of rock. However, the data
obtained in this study could as part of a larger
dataset be represented by Brown & Reddish’s as
well as Alber & Brardt’s regressions.
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Fig. 6-1. Cotrelation analysis of different physico-
mechanical parameters and Kic. ! Aspé diorite, 2 Aue
granite, 3 Mizunami  granite, 4 Catrara  marble,
> Flechtingen sandstone, ¢ Ridersdorf limestone. Dotted
and dashed-dotted lines indicated regtession to data from
Huang & Wang (1985), Meredith (1989), Whittaker et al.
(1992), Brown & Reddish (1997), Bearman (1999),
Zhang (2002) and Alber & Brardt (2003), respectively.
Dashed and solid lines are regressions to the presented
data (linear fit through origin for E, oc and or). [Kic =
0.05 E; Kic = 0.02 oc; Kic = 0.25 o1, Kic = 2.19 gd,y + 0.91;
Kic = 0.82 g + 0.91].

Continued next columm.

Larger average and maximum grain diameter
of the rocks tested result in general in higher
fracture toughness values if one ignores that the
rocks are of different mineralogy (Figs. 6-1.F+G).
This is illustrated by the dashed grey line.
However, arranging the data by mineralogy/rock
type the picture is more erratic. Regression to
Carrara marble and Riidersdorf limestone data
yvields positive slope of regression while the two
granites show a negative correlation.

Huang & Wang (1985) could show for
basalt and syenite samples a negative linear
correlation of fracture toughness with increasing
grain size. Meredith (1989), however, showed the
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Fig. 6-1. Continued.

opposite for granitic rocks. Their regressions are
recalculated to square root of average grain
diameter and plotted in Figure 6-1.F+G.

6.2 Mode I fracture tonghness correlation analyses

The influence of physico-mechanical
parameters on Kiic as obtained for the rock types
in this study is shown in Figure 6-2.
Differentiation is made between KV, i.e. at zero
confining pressure, and K%nc, ie. at high

confining pressure (P = 30-70 MPa).
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Fig. 6-2. Correlation analysis of different physico-
mechanical parameters and Kpc. Black circles indicate
KY%q; grey diamonds refer to K®yc. ! Aspé diorite, 2 Aue
granite, 3 Mizunami  granite, *4Carrara  marble,
5 Flechtingen sandstone, ¢ Riidersdorf limestone. Dotted
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349 gy, + 1.68; KOy = 1.08 g + 2.00].

Continued next columm.

KOe shows (like Kic) fair to good linear

correlation for all parameters and weak
correlation to porosity and dry density. K®yc fails
to show good correlation with Young’s modulus,

uniaxial compressive strength and tensile strength.

Linear regressions as given by Whittaker et
al. (op.cit.) for Young’s modulus, uniaxial compressive
strength — and  tensile  strength  are  indicated
(Figs. 6-2.A-C). They all show a less steep slope
than the regressions to the K% data obtained in

this study.

The regression by Whittaker et al. (op. cit.)
for Knc vs. tensile strength always gives smaller
values than regression to Kjc vs. tensile strength
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data, hence, Kic > Kjc. This is inconsistent with
most experimental results of rocks showing that
Kic is usually larger than Kic (see Section 2.5.4
also).

For influence of porvsity and dry density on
Mode II fracture toughness no references in
literature are available. For the data obtained in
this study weak correlation for K¢ and porosity
and dry density exist (Figs. 6-2.D+E). But for
K®nc no persuasive correlation is evident.
Correlation of square root of average and
maximum grain diameter to both Mode 11 fracture
toughness at zero and elevated confining pressure
is indicated in Figures 6-2.F+G. Again, the
physical implication of the regressions is doubtful
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due to combined treatment of rocks of different
mineralogical composition.

6.3 Comparison of the response of rock to the
applied modes of loading

In Chapters 4 and 5 and in the previous
sections results and correlations for fracturing
subject to both Mode I and Mode 1I loading have
been presented. In this

section selected

observations are each other
(Fig. 6-3).

(A) It was shown from experiment that the

compared to

fracture toughness for both modes of loading
remains constant for a broad range (five to six
orders of magnitude) of loading rates (Fig. 6-3.A).

(B) The influence of confining pressure on
Mode I fracture toughness was studied by several
researchers, e.g. Winter (1983), Al-Shayea et al.
(2000) (see Section 2.5.3). A linear increase of Kic
with increase of confining pressure is reported
(Fig. 6-3.B). Contrarily, Kic increases bi-linearly
with increasing confining pressure and shows a
shallow slope at elevated P. Rao (1999) and Al-
Shayea et al. (2000) presented in studies on
granite, marble, limestone and sandstone a linear
increase of Kyc with confining pressures of 0.1-
20 MPa and 0.1-28 MPa, respectively. This is in
reasonable agreement with data presented in this
study at low confining pressures.

Mode I fracture toughness was found to
lineatly increase with confining pressure. As Kic
shows a bi-linear behaviour when subjected to
confining pressure, this has major impact on the
ratio of Mode I and Mode II fracture toughness
with increase of confining pressure. The ratio of
the fracture toughnesses (Kuc/Kic), denoted 7y,
produces a maximum at low P and drops for
further increase of confining pressure (Fig. 6-4).

(C) The correlation analyses showed linear
relationship between Kic and Young’s modulus,
uniaxial compressive strength and tensile strength.
The slopes of the regressions are given in the
corresponding figure caption. Same analysis for
K¢ yields almost the same slope of regression.
K*nc does not convincingly correlate to these
parameters.
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(D-F) The stress field of Mode I loading is
symmetrical, while that of Mode Il loading is
unsymmetrical (Fig. 6-3.D). This is reflected by
the fracture process zones geometry and by the
shape of the crack density plots (Fig. 6-3.E+F),
this at least for Carrara marble. Asymmetric shape
of FPZ of faults is reported by Vermilye & Scholz
(1999) and Moore & Lockner (1995). It was
qualitatively shown that the fracture propagating
under Mode 1I loading creates more fractures and
hence more fracture surface. For marble in
Model no FPZ could be
magnifications of up to 1000 in SEM, while in

resolved at

Mode II marble showed a wide process zone in
optical microscopy.

(G) Location analysis of AE events shows
formation of a process zone prior to fracture
propagation for both modes of loading. The
Mode I FPZ as measured by AE is not as
localised, i.e. longer and wider, around the notch
tip as for Mode I (Fig. 6-3.G). Recording of AE
under Mode I loading of Mizunami granite
yielded ~ 4800 signals, while under Mode II
loading conditions at elevated confining pressure
(P = 30 MPa) ~ 7200 signals were recorded; ratio
of signals is 1.5.
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Rock type Kne/Kic K*ne/Kic K*ne/Kuc
Aspé diorite 1.4 3.2 2.4
Aue granite 2.6 8.3 3.2
Mizunami granite 2.1 6.0 2.9
Carrara marble 1.3 3.2 2.6
Flechtingen sandstone 1.6 6.6 2.9
Rudersdorf limestone 2.1 7.8 2.9

Tab. 6-1. Ratios of Model and ModelIl fracture
toughnesses for the six rock types tested in this study.
KO%e/Kic = 2, and K®c/Koe = 3.

Ratios of Knc and K*nic to Kic are given
in Table 6-1. Comparing Kic and K%c shows
fracture toughness to be on average neatly twice
as large as Kjc. This is in fair agreement with the
ratios of 2 to 3 commonly referred in literature
(c.f. Section 2.5.4). Ratio of K*nc/ Klic is about
three.

6.4  Discussion

The comparison of results and correlation
analysis from Mode I and Mode II testing yielded
few similarities, but even more differences.

Tensile and uniaxial failure are both
suggested to be generated by the coalescence of
tensile microcracks (e.g. Kemeny, 1993), hence
they should depend on Kic. This is reflected by
the obtained data (Figs. 6-1.B+C). Most
interestingly, also K%ic shows positive correlation
to uniaxial compressive strength and tensile
strength, or. Slopes of regressions for Kic and
KOc vs. or and oc are of comparable magnitude.
(op. cit.)

intuitively one would consent a correlation

From Kemeny’s statement
between Model fracture toughness and, in
particular, tensile strength. But why is Koic
correlated with or? This gives evidence to the
suspect that Mode I microcracking contributes
considerably to fracture propagation under
Mode II loading at zero to low confining

pressure.
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Fig. 6-5. Mode 1II vs. Mode I fracture toughness. Circles
are for Ky at ambient pressure and squares are for
K*nc at terminal confining pressure. Dashed line
indicates correlation of Kic and K%c at ambient
conditions.

A commonly accepted hypothesis is that
crack extension starts in the plane perpendicular
to the direction of maximum tension (e.g.
Erdogan & Sih, 1963, Horii & Nemat-Nasser,
1985).

irrespective of mode, were controlled by tensile

Consequently,  fracture  toughness,
strength. This implies an inherent relationship
between fracture toughness and tensile strength,
i.e. orT ~ I<1c, or ~ I(HC and, hence, I(HC ~ I<1c.
The first two proportionalities are proven to be
valid for the data obtained in this study, as a linear
relationship between Kic and KOnc versus or
applies. Furthermore, it can be shown that
K¢ ~ Kic (Fig. 6-5). It is concluded from these
considerations that Mode I is the dominant, or at
least effective, mode of microfracturing at low

confining pressure in the PTS- test.

Contrarily, the Mode II fracture toughness
at elevated confining pressure, K®uc, shows only
a weak correlation with tensile strength. It is
concluded that the relative contributions of
mechanisms change and Model is not the
dominant mode of fracturing at elevated
confining pressure. As was shown that or ~ Kic,
consequently K*jc should be proportional to
shear strength. Unfortunately no data on shear
strength from direct shear box testing was

available or obtainable.

Kic as well as Kyjc were shown to in
general decrease with increase in porosity. With
increase in porosity pore collapse and failure of
slender columns between pores become more
likely. In the case of very high porosity, e.g. some
sandstones, only the small rock bridges (pillars)
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between the pores have to be fractured instead of
forming a through-going fracture.

This is supported by the
correlation between density and Mode I fracture
toughness (e.g. Alber & Brardt, 2003; Brown &
Reddish, 1997) and the interrelations shown in
this chapter. Increase in porosity will commonly

reported

result in lower density. So, regressions of fracture
toughness vs. density and porosity should show
opposite sign of slope, which is also confirmed
from the test data. For sure, the mineral
composition, and therefore the densities of the
individual minerals of the rocks are very different;
hence large scatter is to be expected and is
confirmed.

The physical implication of the correlation
between fracture toughness and grain size needs
further discussion. As observed in some studies, a
decrease in grain size generally results in an
increase in fracture toughness (e.g. Huang &
Wang, 1985; Rice et al., 1981), whereas also the
opposite was reported (Meredith, 1989). Further
we know that the initial crack size is frequently
related to grain size (e.g. Nur & Simmons, 1970;
1993) and that
irrespective of mode, is proportional to square
root of half 1958).
Consequently, an increase in grain size should

Lawn, fracture toughness,

crack length (Irwin,
result in higher local stress intensities for rock
samples subjected to same loading with otherwise
constant properties. As neither loading at failure
nor properties are likely the same on determining
Kic for different rocks — even of comparable
mineralogy — the explanatory power solely of
above statements is limited. Model fracture
growth is dependent on the yield strength as
argued in the cohesion zone model. Assuming the
vield strength to be proportional to the
macroscopic tensile strength, the ratio 7 of
ModeI fracture toughness, Kic, and tensile
strength, or, might be more appropriate to
examine the influence of grain size on fracturing.
Figure 6-6 displays the influence of the square
root of grain diameter on 7, which remains
constant.

Fredrich et al. (1990) have shown the yield
stress, oy, to be a function of the inverse of the
square root of grain size, g. Hence, if
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consequently, this suggests that the grain size as
presented in Figures 6-1 and 6-2 is not physically
correlated to fracture toughness. Hence, a
correlation of grain size and fracture toughness
for combined treatment of several rock types
together is not sensible.

Conformity of results is evident for the
dependency on loading rate. Both Model and
Mode II fracture toughness show almost constant
values for a broad range of loading rates
indicating determination of the critical stress
intensity factor.

The magnitudes of I([(;, I(OHC and I(OOH(;
indicate that the
propagation of the fractures is different for the
different
Assuming a ratio { = Kc/Kic of two to three, as

energy requirement for

modes and confining  pressures.
usually referred to in literature and was confirmed
in this study, calculated Gnc would be four to
nine times Gic. For a { = 6, which is suggested by
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the obtained data to be relevant at high P for
Mizunami granite, i.e. K*nc/Kic, Gue/Gic is 36.
If the crack surface energy for any cracks is the
same and independent of confining pressure, a
fracture including FPZ would create four ( = 2),
nine ({ = 3), or 36 ({= 6) times mote fracture
surface under Mode Il than under Model
conditions. It was qualitatively shown that the
fracture propagating under Mode II loading
creates more fractures and hence more fracture
surfaces. In AE recording for Mizunami granite
the number of recorded AE was about 1.5 times
higher in Mode II (P = 30 MPa) than Mode I
(P = 0.1 MPa) loading. Assuming that it is
admissible to equalise radiated energy and number
of AE signals in first approximation, this indicates
a factor of roughly 1.5 between Guc and Gic.
This is considerably lower than the expected ratio
of about 36. Assuming above considerations to be
valid, this rough estimation indicates that many
AE events are not detected/recorded, presumably
due to the fixed amplitude trigger level and the
resulting low amplitude cut-off.

The stress field, FPZ and crack density
distribution show different symmetries for
ModeI and Mode Il induced fracturing. The
Mode 1l normal stress field is symmetric with
respect to the crack plane (c.f. Section 2.2). Same
symmetry was shown for the fracture process
zone and crack density distribution within the
FPZ for Flechtingen sandstone from Mode I
loading. The Mode II normal stress field was
shown to be point symmetric. This compares well
to the two regimes in the fracture process zone
cracking and the asymmetric shape of the FPZ as
described for Carrara marble from PTS- testing.

The variation of the Mode I and Mode II
fracture toughnesses with confining pressure and
the change of ratio y was shown in Figure 6-4.
Change of the relative magnitudes of the fracture
toughnesses changes the likely mode of fracturing
as confining pressure increases. Due to the
different shapes of the fracture toughness vs.
confining pressure plots, y continuously decreases
after reaching a maximum at ~ 20 MPa. At low y
it is more likely that fracturing predominantly
takes place in Mode 1I rather than Mode I (Melin,
1986). y drops below unity at P = 120 MPa in the
assumed scenario of Figure 6-4, therefore Kuc <
Kic.

73



Chapter 6 — Mode I and Mode II Compatison

74



7 APPLICATION OF ROCK FRACTURE MECHANICS TO ROCK

ENGINEERING PROBLEMS

Application of fracture mechanics in rock
engineering is not as common as the physical
importance of the fracturing in e.g. failure and
long-term stability might let expect. But with
recent increase in computer capacities and new
codes fracture

developments of computer

mechanics is more often applied.

This chapter gives an overview to the
possible application of fracture mechanics to
geomechanical problems. Additional information
can be found in e.g. Whittaker et al. (1992) and
references quoted therein. In Section 7.2 an
explicit example for fracture mechanics modelling
is given.

7.1 Overview

The best-known
geomechanical engineering that can be treated

application in

with fracture mechanics is hydraulic fracturing. It
is used e.g. as a method to determine in-situ
stresses (e.g. Haimson & Fairhurst, 1967; Rummel
& Winter, 1982; Rummel et al., 1986; Amadei &
Stephansson, 1997) and in hydrocarbon industry
as secondary EOR! method (e.g. Dietzel &
Koehler, 1998). The relevant fracture mechanics
parameter for these applications is the Mode I
fracture toughness.

In civil and mining engineering various
types of rock cutting machines are used for rock
excavation purposes, e.g. tunnel boring machines
(TBM), raise borers and longwall shearers. Up to

! Abbteviation for Enhanced Oil (or gas) Recovery

now the rock cutting tools are mounted in some
experience-optimised pattern on the cutting heads
of the

mechanics principles to rock cutting problems has

machines. Application of fracture
been carried out by various researchers using both
ModeI and Modell fracture toughness, see

Whittaker et al. (1992) for further references.

Drilling and blasting have been the
principle excavation methods for hard rock for
centuries and is always in favour in very hard
rocks, where cutting actions are inefficient.
Fracture mechanics based on Mode I has been
applied in numerous cases, but the fundamental
fracture process still needs clarification (Whittaker
etal., 1992).

Further examples of application of rock
fracture mechanics are the analysis and prediction
of borehole breakouts (e.g. Germanovich &
Dyskin, 2000; Shen et al., 2002), slope stability
(e.g. Scavia, 1995; Kemeny, 2003) and rock
comminution machines (Bearman, 1999).

Computer modelling of rock failure has
become increasingly important. Several codes are
available, but most are based on empirical
relationships for rock mass breakdown. Only
some of them use the basic principles of fracture
mechanics, e.g. DIGS (e.g. Napier, 1990; Napier
& Hildyard, 1992; Napier & Malan, 1997) and
FRACOD (Shen, 2002).

During the course of this thesis fracture
mechanics testing was carried out for a number of
computer modelling studies using FRACOD.
These are the Aspé pillar stability project
(Backers, 2003a; Rinne et al.,, 2003), the mortar
Couple project (Backers, 2003b; Lee et al., 2003)
and the

Mizunami Underground Research
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Laboratory (URL) project. The latter is presented
in the next sections to give an example of fracture
mechanics modelling.

7.2 Fracture mechanics modelling of shafts and
galleries of the URL in Migunanzi, Japan

Comprehensive
Excavation Disturbed Zone (EDZ) is required to
build confidence in the safety of shafts and
tunnels. The Japan Nuclear Cycle Development

understanding of the

Institute (JNC) has initiated a research program

named “Mizunami  Underground Research
Laboratory”, or MIU, in granite at a depth of
1000m. The shaft excavation started in summer
2003. Priotr to construction, numerical evaluation
of the EDZ started in 2001. Modeling was carried
out by FRACOM Ltd., Finland, using the
FRACOD code. The determination of the
relevant fracture mechanical properties for this

project was carried out as part of this thesis (c.f.
Chapters 4 and 5).

FRACOD is a two-dimensional computer
code designed to simulate fracture initiation,
propagation and coalescence in rocks. The code
employs the Displacement Discontinuity Method
(DDM) principles. It predicts the

fracturing

explicit

process including fracture
sliding/opening, fracture initiation and fracture
propagation in rock masses. More details can be
found in Shen & Stephansson (1993) and Shen

(2002).

In the following section some results of the
FRACOD modelling are briefly outlined to show
the capability of today’s rock fracture modeling
codes. The full details of the modeling and
parameter determination were presented at the 7+
Kyoto  International — Symposium — on  Underground
Environment in Japan, March 2003 (Stephansson

et al,, 2003).

7.2.1  Laboratory tests of fracture toughness
FRACOD needs a number of input
parameters, i.e. the elastic properties of the intact
rock, the deformation parameters of the fractures
and the Mode I and Mode 1I fracture toughness.
A testing series on three varieties of
Mizunami granite from different depth levels
(200 m, 500 m, 950 m) from the MIU site was
carried out to determine the desired parameters.
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The Mode I toughness was determined
according to the ISRM Suggested Method
(Ouchterlony, 1988). The Mode II toughness tests
were performed using the Punch Through Shear
Test Method as developed in this thesis.

Three tests for Mode I fracture toughness
determination of each depth level were carried
out. Mode II fracture toughness was determined
on a series of samples with confining pressures of
5, 15, 25, 30, 50 and 70 MPa.

The determined Mode I and Mode II
fracture toughnesses are summarised in Table 7-1
(c.t. Backers, 2002).

Depth Kic Kc K*nc
[mm)] [MPam!/? [MPam!/?]  [MPam'/?]
200 m 2.39 3.10 8.97
500 m 2.37 3.69 8.62
945 m 1.73 3.07 10.04

Tab. 7-1: Summary of tests results on Mizunami granite.
Model fracture toughness and Modell fracture
toughness at zero and terminal confining pressure.
Discrepancy of results between Table 5-3 and data given
here is caused by different ways of regression, i.e. bilinear
fit vs. asymptotical rise to maximum value.

7.2.2  Modelling of a shaft and gallery

Based on laboratory results reported by
Hata et al. (2001) and the fracture toughness tests
by Backers (2002), modelling of the planned shaft
and galleries was carried out and is summarised
here. Stephansson et al. (2003) also modelled
galleries in four different directions at two depth
levels. Here only one example for shaft and
gallery modelling is given.

Rock mass behaviour was simulated
considering an explicit joint network. Three joint
sets are observed at the MIU project site. The

orientations of the joint sets are:

Set 1: N41E (500 m); Set 2: N88W (500
and 945 m); Set 3: N59E (945 m)

Shaft

The proposed vertical shaft of circular
shape has an excavation diameter of 7.3 m.
Results from modelling of two excavation depths,
500 m and 945 m, respectively, are presented.
Shaft sinking at the depth of 945 m will take place
across a major fault.



For the 500 m level the stresses as derived
from overcoring stress measurement —are
20.5MPa (NS), 18.8MPa (EW), 12.8 MPa
(vertical) and 1 are 1.4 MPa (N45E) and 2.3 MPa
(N45W); for the 945 m level located in the fault
zone stresses are 19.5 MPa (NS), 3.2 MPa (EW),
24.1 MPa (vertical) and t is 5.6 MPa. The typical
cases of predicted fracture initiation, propagation
and coalescence in the immediate vicinity of the
shaft are shown in Figure 7-1. At 500 m depth,
fractures in the immediate vicinity of the shaft
propagate and coalesce to form failure zones in
NE/SW directions. The shape of the failure zone
is strongly affected by the distribution of
fractures. At 945 m depth in the fault zone, joints
propagate in tension in the NNW/SSE direction,
and propagate in shear in the ENE/WSW
direction. The tensile and shear fractures together
form an elliptical failure (caving) zone.

Gallery

Modelling of the galleries was conducted to
find the optimal direction for them in the virgin
stress field, i.e. the direction that minimises rock
fall and development of EDZ. Stresses are
25 MPa perpendicular to shaft direction and
13 MPa in vertical direction. Results from
modelling of a gallery in N45E direction at the
500 m level are presented here (Fig. 7-2). Existing

Fig. 7-1. Fractures in the shaft walls before (left) and after
(right) failure for the 500 m level (top) and 945 m level
(bottom). Dashed ellipse indicates EDZ. Fracture colour
code: undeformed — blue, tensile — red, shear — green.
After Stephansson et al., 2003.
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Fig. 7-2. Fractures in the gallery walls at 500 m before
and after failure (direction N45E). Fracture colour code:
undeformed — blue, tensile — red, shear — green. After
Stephansson et al., 2003.

fractures are prolonged and form ‘key blocks’.
This shows that rock fall is not necessarily
depending on the existing joint geometry, only.
Stress-redistribution prolongs and connects the
existing joints and faults forming new fracture
geometries.

Conclusions

FRACOD’s mathematical framework is
based on properties of the rocks that are
physically relevant. The elastic properties of the
intact rock material and the deformation
properties of the pre-existing discontinuities are
employed to derive the displacements within the
rock mass. Fracture initiation and propagation are
determined by means of the Mode I and Mode 11
fracture toughness. As can be seen from
Figures 7-1 and 7-2, quite a number of fractures

propagate in shear, hence have exceeded Kiic.

With classical (empirical) failure criteria it
would not be possible to describe the fracture
propagation and resulting fracture network at this
resolution. This provides us with the ability to
recognise potential failure modes that would not
be predicted with existing methods, like e.g. key
block analysis (Goodman & Shi, 1985). The
extended fracture network in the EDZ forms new
key blocks that can be examined and evaluated on
behalf of their risk potential.

The  study  of
development around rock engineering structures

fracture  network
helps to better understand the influence of
geometry and orientation of structures on
stability, with implication to hydro-mechanical
properties also. Hence, the orientation and shape
of structures can be optimised and rock support
can be designed better and more efficient.
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8 GENERAL DISCUSSION

Individual
Chapters 4
subsequent sections. Based on those discussions,

results as presented in

and 5 were discussed in the
this chapter deliberates the results in a more
broad and general frame.

8.1 Mode I loading

Model loading was applied by the
Chevron Bend (CB-) method. It provides a
localised tensile stress concentration at the notch
tip as is shown by the FE modelling. The CB- test
is widely accepted to offer a reliable and valid
methodology to provide Mode I fracture growth
and thus determination of pure Kjc. Conversely, it
was shown that there is indication for the suspect
that the assumed Mode I in CB- testing is not a
pure Mode I fracture process.

The fracture propagates along a rough path
both on the sample and microscopic scale when
subjected to Mode I loading. This leads to
‘direction-deviation’ induced small scale mixed
mode cracking. Acoustic Emission (AE) polarity
analysis of the fracture process shows a significant
contribution of shear events for Flechtingen
sandstone and Mizunami granite (Backers et al.,
subm.; Stanchits et al, 2003). Hence, the
determined Mode I fracture toughness, Kic, is not
pure Mode I fracturing from the viewpoint of
microstructure. Kic as evaluated from the ISRM
Suggested Method (Ouchterlony, 1988) includes a
combination of different modes of fracturing on
the microscale. But on sample scale the small
scale increments of fracturing combine to a
macroscopic Mode I fracture. It is initiated and
propagated by Mode I loading and, in first
approximation, propagates co-planar.

Evidence for contribution of different

mechanisms, ie. subcritical and dynamic
processes, to the fracture process on the
microscale were discovered from analysis of
mechanical and acoustic emission data at different
loading rates. However, bulk energy consumption
of the fracturing process remained constant,
indicating critical loading rate regime on the
While instability

increases for faster loading rates, subcritical crack

sample  scale. microscale
growth effects decrease. Hence, the competing
mechanisms of instability and subcriticality seem
to budge the portions of individual energy
consumption contributing to the process. It may
be speculated that small scale instability (i.e.
subcriticality ~ (i.e.

subcritical crack extension) are end members of a

dynamic  cracking) and
row of mechanisms. With increase in loading rate
the amount of small scale instability increases
further to result in instability of the sample whilst
the subcritical component vanishes. Vice versa it
may be argued that with decrease of loading rates
the small scale instability effects vanish leading to
subcritical growth only.

In conclusion it can be said that relative to
the sample size, the fracture developing due to
the loading is a Mode I fracture propagating at
critical stress intensity factor. On the microscale
mixed mode fracturing is evident and different
mechanisms contribute to crack propagation.

8.2 What is the fracture tonghness of rock?

The conclusion from the Mode I testing
initiates a discussion about what the fracture
toughness of rock is.
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Fig. 8-1. The pertinent scale. Increasing the reference scale introduces new features and properties in rock material. Refer
to text for discussion. Above a minimum scale the rock appears to be adequately represented.

The concept of ‘mode of fracturing’ has

been developed for perfect linear elastic,
homogeneous and isotropic media. These media
are obligated to fulfil these requitements on the
small as well as large scale. Adopting the concept
to rock material bears several problems that are
born in its granular structure. It introduces
different materials with different properties,
anisotropy on the large and small scale,
discontinuities of all kinds and scales, etc.. One
might guess that all these features make the
simple concept of the mode of fracturing very

complex for rock material (Fig. 8-1).

No one dares to claim that the fracture
toughness, irrespective of mode, is the same for a
quartz grain' or a quartzite. Even an isolated
quartz grain has more than one fracture

1 Strictly speaking, the quantity of fracture toughness
is valid for small scale yielding conditions only, which are not
evident at the reference-scale of grain size.
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toughness. Subject to tension, it will be easier to
break the grain when the stress is acting
perpendicular to the mineralogical c-axis than
parallel to it. A feldspar mineral in tension
perpendicular to the cleavage will result in smaller
yvield stress than parallel to it. Hence, on the single
grain scale, there is at least one (mostly more)
‘chemical

fracture  toughness(es) for the

component’ and one for each plane of weakness.

At the scale of a cluster of grains, new
fracture toughnesses arise. Firstly, it is the fracture
toughnesses of the individual grains, which might
be also of different kinds, e.g. quartz, feldspar,
mica, etc.. In addition, the ‘connection’ between
the grains, the cement, has its own fracture
toughness. And this might vary depending on the
grains that neighbour each other. For an ordinary
granite, consisting of quartz, feldspar and mica —
ignoring variations of chemical composition — this
summarises to at least seven fracture toughnesses
per mode of fracturing.



The individual grains, with their bundle of

fracture toughnesses, are wusually randomly
oriented within the reference-frame of the rock.
Assuming an otherwise crack free rock, the
increased stress field at the tip of an isolated
introduced fracture in a loaded sample will cause
instantaneous crack propagation where the stress
intensity exceeds locally the fracture toughness.
This might be in any direction at an angle that
maximises the stresses to exceed the critical level
of stress concentration. The crack direction might
be governed by discontinuities rather than the
direction of maximised Mode I or Mode Il (or
even Mode III) fracture toughness. Hence, it is
unlikely that a fracture will propagate in its own
plane — depending on the scale of observation.
On the scale of grain size it will inevitably deviate
from its straight path and hence introduce mixed
mode fracturing on the local scale. Hence, a
fracture, even when at the scale of observation
propagating in its

own plane, is always

propagating in mixed mode on the small scale.

Consequently it depends very much on
reference scale. The fracture toughness of a rock is
accordingly understood as the bulk of its
component ‘toughnesses’ participating to the
fracturing process at a scale that adequately
represents the rock material, the pertinent scale. The
pertinent scale is a minimum scale requirement;
further increasing the scale of observation will not
change the fracture toughness unless new features
appear in the region the fracture toughness is
determined in. The pertinent fracture toughness does
explicitly not imply a scale dependency of fracture
toughness, which would put the fracture
toughness as a material property in question. It
accounts for the inhomogeneity of rock material
only. The pertinent fracture toughness also accounts
for different mechanisms and processes
contributing to the integral fracture process

forming the main fracture.

The pertinent fracture toughness adequately
represents the response of the rock material at
otherwise given boundary conditions.

8.3 Mode 11 loading

The Chevron Bend method for Mode I

fracture toughness determination is a well

examined procedure, which was employed to
study certain aspects of the Model fracture
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propagation. Anyhow, as was pointed out in the
Introduction to this thesis, for determination of
Mode II fracture toughness some methods exist,
but none of them was introduced as a Suggested
Method. This might be due to several reasons.
One reason might be the insufficient
understanding of the complex Mode Il fracture
propagation as is reflected in the discussion about
the existence of Mode II fracture propagation in
rock material. A second reason might be that
theoretical aspects for preferred Mode 11 fracture
propagation, i.e. confining pressure, could not be

satisfied by the proposed testing methods.

Hence, one goal of this thesis was to
develop an experimental technique that provides a
most preferable set-up for Mode Il fracture
toughness determination. This is a major part of
the thesis. Along with the development of a
method for application of Mode II loading, the
resulting fracture content was examined on a first
step basis. The microstructural examinations were
carried out yielding at new insights to the
discussion upon the Mode 1II fracturing process in
rock.

Mode II fracture toughness determination

The developed Punch-Through Shear
(PTS-) test is a method that provides a most
preferable Mode 11 loading geometry.

It has an easy set-up that uses drill-core, as
available  from  most  geotechnical  site-
investigation campaigns. The sample preparation
does not require special tools; hence any
laboratory doing rock mechanics testing can
prepare  the samples. For running the
experiments, any conventional loading frame and
pressure vessel (or Hoek-Cell) will do the job.
Only the required top and bottom assembly are

special devices.

It has been stated by Lawn (1993) that
‘shear fractures do occur in rocks where large
geological pressures suppress the tensile mode’
and this is supported by the calculations by Melin
(1986). Therefore it is demanded for pure
Mode II fracturing that the confining pressute is
sufficiently high to limit the Mode 1 stress
intensity to non-critical levels. The loading
geometry of the PTS- test meets the reported
requirement of a confining pressure (normal load)
perpendicular to the shear direction. It was shown
that the macroscopic fracture pattern developing
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in this set-up is in agreement with the basic
predictions from the sliding crack model at
ambient conditions and low confining pressures.
At elevated
features, ie. macroscopic wing fractures, were

confining pressure the tensile

increasingly  suppressed

suggesting increasing
pureness of macroscopic Mode 1I.

Increasing Mode II loading of the sample
has shown that first a wing fracture is initiated,
this at least at zero to low confining pressures.
Even though the wing fractures, which are tensile
by nature, are initiated, with increase in shear load
a ‘secondary’ fracture is instigated. Hence, the
energy requirement for formation of the two
types of fractures is very different.

Variation of geometrical parameters led to
an optimisation of the PTS- geometry. Variation
of loading rate proved that the stress intensity at
failure was determined in the critical regime,
hence, that the fracture toughness is determined.
The most important result from variation of
boundary conditions is the influence of confining
pressure. Increasing confining pressure separates
the mechanical response of the rocks to the
Mode II loading into two regimes. This is
reflected by the shape of maximum axial load and
Kmnc vs. confining pressure. This change in
regimes 1s mirrored also by the change of
microstructural features in Carrara marble.

Microstructural breakdown process
distinct
asymmetric process zone with two regimes and a

Carrara marble developed a
straight main separation. Indication of mixed
mode cracking on the microscale is evident from
AE analysis and geometrical aspects. The layout
of this FPZ and main fracture is very much
different from the Mode I induced fractures. The
Mode II induced fracture propagates in first
approximation in its own plane and the FPZ
shape is governed by the own stress field.
Increase of confining pressure was shown to
change the orientation of these features which
tend to reach constant values for P = 30-50 MPa.

Correlation analysis

The two indicated from

mechanical and microstructural analysis are also

regimes  as
reflected in the correlation analysis. Mode I

fracture toughness, Kic, and the Mode 1I fracture
toughness at ambient conditions, K¢, can both
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be correlated to the same parameters. Most
prominently, this result indicates that in both
cases the same mechanisms are likely activated,
although the energy requirement is different in
the two cases. This is probably due to the
increased crack surface area introduced in the
Mode II fracturing process. The observation of
radial fractures and dilatancy from diameter
variation in the PTS- testing at low confining
pressures also indicates strong influence of
opening mechanisms. This macroscopic visible
indicative of extension is not frequently evident at
high confining pressures. Coincidentally, Mode II
fracture toughness at elevated confining pressure,
K*=ne,
parameters reflecting involvement of tensile

shows no convincing correlation to

cracking.

Application

For fracture mechanics based design of
large scale structures in rock like tunnels, it is
important to know about the resistance of the
material to propagation of, if one wants so, shear
introduced fractures. With increase in confining
pressure it was shown that the wing fractures are
omitted, hence only the ‘secondary’ fractures are
initiated. The increase in confining pressure
simulates greater overburden.

The confining pressures applied in
experiments so far, ie. 70 MPa, simulate a
horizontal pressure at a depth of about 4000 m,
assuming a generic unit weight of o=
0.027 MN/m? and a ratio of average hotizontal to
vertical stress of k = 0.6 (e.g. Hudson & Harrison,

1997).

For application of fracture mechanics in
rock engineering a property that reliably describes
the fracturing resistance of the rock material to
Mode II loading is needed; irrespective of the
microstructural breakdown process. In the PTS-
test a most preferable set-up for Mode Il
fracturing is realised.

In conclusion it can be said that relative to
the sample size, the fracture developing due to
the loading is a Mode II fracture propagating at
critical stress intensity factor. It is initiated and
propagated by Mode Il loading and, in first
approximation,  propagates  co-planar.  The
microstructural features show typical pattern for a

Mode II stress field. On the microscale mixed



and different
mechanisms contribute to crack propagation. Kic

mode fracturing is evident
as provided from PTS- testing must be therefore
understood as the pertinent Mode II fracture

toughness.

It is suggested that the Mode II fracture
toughness determined above terminal confining
pressure is the valid Kic. This is supported by
several indications.

(1) Elevation of confining pressure results
in a bi-linear rise of Mode II fracture toughness.
From the correlation analysis it was shown that
the Mode II fracture toughness at low confining
pressure could be described as a function of
tensile strength, while Mode 1I fracture toughness
at high P is not convincingly correlated to tensile
strength.

(2) Coherence between observations in
PTS- testing and by Kemeny (1993) suggest that
above a certain level of confining pressure, i.e.
~ 30 MPa for the examined rock types, shear
cracking is the active mechanism.

(3) Above a
approximately 30 MPa in PTS- testing several

confining  pressure of

aspects do not show strong change with increase
in confining pressure any more. These are most
micro- and

obviously  the macroscopic

crack/fracture pattern and fracture toughness.

On the other hand, the rise of K¢ with
increase of confining pressure is important for
application in cases of low confining pressure.

The status of the Punch Through Shear test

In the course of the development of the
experimental method for determination of the
Mode II fracture toughness several aspects of the
geometry and testing procedure were illuminated.
Nevertheless, a number of aspects were not
touched that need clarification before the method
can deliver trustworthy results. The Punch
Through Shear test must be ranked as ‘under
development’ still.

Most important, the sample size effect
must be further examined and a testing procedure
that provides controlled fracture propagation
should be developed. Some other aspects for
further study are summarised in Chapter 9.

Also, the microstructural observations are a
first step to understand the fracturing process
under Mode II loading. No final conclusions
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about the mechanisms can be drawn, there are
indicatives that the fracturing process initiated by
the PTS- test includes not only a singular Mode 11
crack propagating in its own plane as proposed by
the theory of classical fracture mechanics.

Despite the critical analysis above, the
results so far have shown the potential of the
testing method to provide reliable and
reproducible testing conditions. Most motivating
the Mode Il fracture toughness as derived from
five different evaluation approaches, i.e. stress,
displacement gradient, Energy Release Rate, J-
integral and DET approach, give at ambient
conditions very consistent results. The asymmetry
of the evolving fracture process zone in Carrara
matble could be shown. This was only seldom
shown as clear in experiment before. This result is
very consistent with the prediction from stress
field analysis and was shown in field studies

already.
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9 CONCLUSIONS & OUTLOOK

The response of rock to loading under
Mode I (tensile) and Mode Il (shear) boundary
conditions was studied. Results from Mode I
loading obtained insights to the mechanisms in-
volved on the microscopic level in large/sample
scale fracturing. Further research along that line is
desirable. From the attained results a concept for
the ‘relevant’, pertinent fracture toughness was
developed.

A new method to apply a Mode II loading,
the Punch-Through Shear (PTS-) test, was devel-
oped. Although many parameters were illumi-
nated, still several aspects have to be studied. The
development is a first step towards establishing a
standard method for determination of the
Mode II fracture toughness. Using the Punch-
Through Shear test the influence of confining
pressure on fracturing and resulting fracture
toughness was studied. A first approach to the
microstructural evolution under Mode II loading
was presented.

Several points are emphasised below and
suggestions for further research are formulated.
The idea for a detailed study of the microstruc-
tural development of the fracturing process is
outlined in the Outlook section.

9.1 Conclusions

From this study the following conclusions
are drawn.

9.1.1 Mode I

. The fracture toughness, the Energy Release
rate and the fracture roughness of the gen-
erated fracture stay constant irrespective of
crack opening rate between 5106 m/s to

9.1.2

51019 m/s in the Chevron-Bend test in
Flechtingen sandstone. Resulting macro-
scopic average fracture propagation veloci-
ties range from 210 to 3104 m/s.

Macroscopic tensile fracture propagation in
Flechtingen sandstone occurs at critical
stress intensities even at very low loading
rates. The fracture velocities are up to five
orders of magnitude smaller than the ve-
locity limit below which Atkinson (1984)
suggested considerable participation of
subcritical crack growth.

Crack propagation in Flechtinger Bausand-
stein shows evidence for a contribution of
subcritical as well as dynamic crack growth.
The correction factor for the plasticity, p,
increases with decreasing loading rate, sug-
gesting an increase in plastic, presumably
subcritical, deformation. Acoustic emission
activity increases with increasing loading
rates suggesting that dynamic crack propa-
gation on the grain scale is important.

Fracture process zone width and crack
density in the sandstone remain constant in
the range of applied loading rates, in good
agreement with constant stress intensities.
The shape of the process zone is elliptical
with a length of about 25 mm and a width
of about 5 mm.

Mode 11

A new testing method that is able to inde-
pendently from each other apply a Mode 11
loading and a confining pressure was de-
veloped. It is called the Punch-Through
Shear (PTS-) test.
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The magnitude of confining pressure
(normal stress) is most important when
studying the response of rock to Mode 11
loading. The determined fracture tough-
ness increases bi-linear with increase in
confining pressure and shows a change in
slope at about 30 MPa for the tested rock
types. Tests were performed for confining
pressures from ambient conditions to
70 MPa.

Tensile crack propagation is increasingly
suppressed with increase in confining pres-
sure. The confining pressure increases the
‘pureness’ of Mode Il in the fracturing
process. In PTS-testing a wing fracture de-
velops at the bottom notch first, then an-
other wing fracture initiates at the upper
notch. Both propagate out of the shear
zone and stop. They are frequently sup-
pressed at elevated confining pressure.

At peak load, the shear fracture initiates
and propagates.

Data of Kuc should be given for high as
well as low (zero) confining pressure.

Kiuc is found to be almost independent of
loading rate for the range of applied ex-
perimental conditions.

The fractures forming in the PTS-Test are
macroscopic Mode 1I fractures.

On microscopic scale the fractures consist
of a main fracture and an asymmetric proc-
ess zone containing presumably Mode I
and mixed mode microcracks as was
shown for Carrara marble. The microcrack
pattern in the wake of the process zone
changes with increasing confining pressure;
the process zone width decreases, as well
as the microcrack inclination angle. At
P = 30-70 MPa the observed microstruc-
tural parameters and Kpc do not change
significantly.

Compared to other methods, the Punch-
Through Shear (PTS-) test has a major ad-
vantage. The confining pressure, i.e. not-
mal stress on the fracture, can be applied
independently from the shear stress.

9.2 Suggestions for Further Research

During the discussion of the results, some
aspects remained unsolved or could not be satis-
tyingly explained. Below possible future research
topics and recommendations are outlined.

Mode I

. Extension of the range of loading rates in
Mode I loading to faster and slower load-
ing rates for several rock types to verify the
hypothesis of shift of mechanism and to
study if it holds for other rock types.

. Detailed analysis of microstructure and in
particular acoustic emission polatity both
in space and time for clarification of mixed
mode characteristics.

Mode I1

. Variation of rock ligament, IP, at elevated
confining pressure. Additional study of the
influence of IP on Kic for other rock types
is desirable.

. Variation of notch diameter, ID, and sam-
ple diameter, D, at elevated confining pres-
sure for different rock types of different
grain sizes. The confining pressure should
omit the radial expansion due to interlock-
ing. The radial expansion should be meas-
ured by an appropriate extensometer in-

strument.

. Experimental study of the influence of
notch tip shape on the fracture stress and
hence Kjc.

. Development of a lvdt that measures the
displacement of the inner cylinder at its
bottom surface. As the fracture frequently
starts to propagate at the bottom notch,
the propagation process is expected to be
easier to control. The wing fracture at the
bottom notch might create a problem. The
formation should be measurable by the in-
troduced lvdt as the fracture opens during
propagation. On formation of the secon-
dary, ie. shear, fracture the wing fracture
should close (c.f. Bobet & Einstein, 1998),
hence the measured cylinder velocity is
smaller than the true fracture speed, or a
back-bouncing of the bottom surface of
the inner cylinder is measured.



. Study of the notch coalescence. It is sug-
gested to apply acoustic emission tech-
niques in combination with volumetric
strain measurements and above outlined
control system to resolve this issue.

. Development of an ‘easy-to-perform’
evaluation method. This might be a
method that determines the Mode 11 frac-
ture toughness in terms of the J-integral of

controlled propagating fractures.

. A higher resolution of the types of fractur-
ing as derived from AE analysis in space
and time should be carried out for the
PTS- test. It is believed that the separation
into basically two(three) types of fracturing,
i.e. tensile and shear (and pore collapse), is
insufficient to describe the fracturing proc-
ess. A system that provides a more detailed
classification of the polarity analysis is de-
sirable.

. Extension of loading/displacement rate
spectrum, especially into the region of sub-
critical fracture propagation. This is a ma-
jor issue in long-term stability design of e.g.
underground structures.

. It is suggested at this stage, that the influ-
ence of loading rate and sample geometry
on Mode Il fracture toughness has to be
studied for a broader range of loading rates
and at elevated confining pressure in the
constant Kyc regime; this to examine the
mechanisms of fracture propagation and
the most important influence of confining
pressure on the mechanisms.

9.3 Outlook

To better understand the process of frac-
turing, the concept of a new type of rig is under
development. Samples can be deformed while it is
possible to see through them. First uniaxial load-
ing tests have shown that it is possible to observe
the process of fracturing of thin slices of rock in
real time.

The ‘Guillotine’ (working title) uses 2 mm
thick Carrara marble samples, which appear to be
transparent at that thickness. Maximum size of
the tabular specimen is 30 * 60 mm. The sample is
located between two PMMA plates; hence it is
possible to observe the sample during loading and
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fracturing (Fig. 9-1). Usage of adapters makes it
possible to operate different loading geometries,
up to now quasi biaxial and triaxial loading of
squared samples and a 2-D version of the PTS-
test are possible.

B S

| | . -
§> 50mm -
60mm
| | — -
t iFrame/V 4 4
Sample 30mm

Plexiglas

Fig. 9-1. Loading configuration and dimensions of the
‘Guilloting (schematic, not to scale). (A) The sample is
prevented from buckling by the Plexiglas plates and the
frame. A strong light illuminates the sample from one
side and the response of the marble to loading can be
observed. (B) Normal stress is acting on the sides of the
sample.

- L
[
2mm

Fig. 9-2. Fracture development between the notches in
the PTS- geometry (ox = 0.1 MPa) for Catrara marble.
The future fracture trace becomes greyish on loading.
The darker area in the pictures marks the fracture and
process zone. (A) The fracture starts at the bottom
notch. (B) Fractures have formed at top and bottom
notch and introduce a fractured zone between the
notches. (C) Some parts of the main fracture are opened
and appear white.
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Axial load is applied by the MTS loading
frame, the load is applied to the rig’s stamp. The
horizontal loading system for simulation of a con-
fining pressure is under construction. Maximum
pressure will be about 30 MPa. It is planned to
design the horizontal loading system so it can be
servo-controlled by the MTS system. Load is ap-
plied by a hydraulic cylinder that is pressurised by
the MTS confining pressure system.

The design provides the possibility to de-
form the specimens directly on a glass plate that is
later used to prepare thin sections. The sample
can be removed from the rig with the glass plate.

First tests on a quasi (uni-) biaxial and
PTS- geometry (Fig. 9-2) showed typical fracture
patterns.

This test set-up is thought to have a great
potential to give new insights to the fracture
propagation mechanisms, as the process can be
observed in real time.
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B SPECIMEN REGISTER AND TEST RESULTS

B.1

Chevron Bend testing

Id.: Specimen Identifier; Rock type: AD: Asp('j diorite, AG: Aue granite, CM: Carrara marble, FB:
Flechtingen sandstone, RL: Ridersdorf limestone, TG: Mizunami granite; D: diameter; L: length; S: sup-

portt span; ao: initial notch depth; t: notch width; COD rate: clip gage opening rate; Kic: uncorrected frac-

ture toughness; p: plasticity correction factor; KCc: corrected fracture toughness.

Sample Dimensions Results/Analysis
No. Id. Rock D L S a0 t COD rate Max. Kic p K¢
Type load
[mm]  [mm]  [mm] [mm] [mm] [N/s]  [mm/s] [kN] [MPam!/?] [] [MPam!/2|
1 L1 RL 500 260 1665 7.7 12 100 : 1.04 0.94 - .
2 12 RL 500 252 1665 7.7 1.2 100 - 1.22 1.22 - -
30 14 RL 500 245 1665 7.4 12 - 0.007 1.25 1.15 - -
4 15 RL 500 252 1665 7.7 12 : 0.0005 1.10 104 012 117
5 L6 RL 500 230 1665 7.6 1.2 : 0.0002 1.04 097 006 103
6 L7 RL 500 230 1665 7.8 1.2 : 0.0001 1.04 099 010  1.09
718 RL 500 245 1665 7.7 12 - 0.0001 112 .05 012 1.18
8 M2 CM 50.0 240 1665 7.5 1.2 100 - 1.21 1.14 - -
9 M3 CM 50.0 252 1665 7.6 1.2 - 0.0001 1.07 1.00 - -
10 M5 CM 50.0 242 1665 7.6 1.2 - 0.0001 1.07 1.00 0.10 1.10
11 M6 CM 50.0 262 1665 7.6 1.2 - 0.0001 1.05 0.98 0.30 1.34
12 M20 CM 50.0 225 1665 7.5 1.2 - 0.0005 - - - -
13 7222 CM 50.0 >200 166.5 7.5 1.2 - 0.0005 1.89 1.77 0.30 2.41
14 723 CM 50.0 >200 166.5 7.5 1.2 - 0.0005 1.74 1.62 0.34 2.31
15 724 CM 50.0 >200 166.5 7.5 1.2 - 0.0005 1.92 1.79 0.29 2.42
16 7234 CM 50.0 >200 166.5 7.5 1.2 - 0.0005 2.00 1.87 0.28 2.49
17 7235 CM 50.0 >200 166.5 7.5 1.2 - 0.0005 1.97 1.83 0.32 2.55
18 Gl AG 500 255 1665 7.5 1.2 - 0.0001 1.21 114 035 1.64
19 G2 AG 500 251 1665 7.6 1.2 ; 0.0001 114 107 031 147
20 G3 AG 500 263 1665 7.7 12 ; 0.0004 1.41 132 028 176
21 G4 AG 500 259 1665 7.6 1.2 - 0.0001 1.21 114 021 1.41
2 G6 AG 500 255 1665 7.7 12 - 0.0004 131 124 032 173
23 G7 AG 500 255 1665 7.5 12 - 0.0004 1.30 123 - -
24 T1-1 TG 64.0 228 2130 33 1.2 - 0.0005 3.51 1.61 0.34 2.31
25  T3-1 TG 64.0 227 2130 33 1.2 - 0.0005 3.79 1.74 0.28 2.31
26 T4-1 TG 64.0 228 2130 32 1.2 - 0.0005 4.54 2.07 0.21 2.56

iii
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No. Id. Rock D L S a t COD rate Max. load Kic P KCie
27  T8-1 TG 640 225 213.0 33 1.2 - 0.0005 3.72 1.71 0.32 2.38
28 T8-2 TG 640 225 2130 33 1.2 - 0.0005 3.35 1.54 0.33 217
29  T8-3 TG 640 215 213.0 32 1.2 - 0.0005 4.72 1.92 0.28 2.56
30 T14-1 TG 640 229 2130 33 1.2 - 0.0005 241 1.11 0.36 1.61
31 T15-1 TG 640 206 213.0 32 1.2 - 0.0005 3.72 1.35 0.34 1.93
32 T16-1 TG 640 219.0 213.0 33 1.2 - 0.0005 2.59 1.06 0.41 1.64
33 LT-1 TG 50.0 221.0 1665 7.5 1.2 - 0.0005 2.35 - - -

34  FB1 FB 50.0 >200 166.5 7.6 1.2 - 0.0005 0.79 0.71 0.43 1.12
35 FB2 FB 50.0 >200 166.5 7.5 1.2 - 0.00005 0.73 0.67 0.48 1.13
36 FB4 FB 50.0 >200 166.5 7.6 1.2 - 0.005 0.72 0.67 0.44 1.07
37 FB5 FB 50.0 >200 166.5 7.5 1.2 - 0.000005 0.65 0.61 0.58 1.18
38 FB6 FB 50.0 >200 166.5 74 1.2 - 0.000005 0.69 0.64 0.59 1.26
39 729 FB 50.0 >200 166.5 7.5 1.2 - 0.0005 1.08 1.01 0.46 1.66
40 730 FB 50.0 >200 166.5 7.5 1.2 - 0.0005 1.20 1.12 0.47 1.86
41 731 FB 50.0 >200 166.5 7.5 1.2 - 0.0005 1.04 0.97 0.49 1.66
42 732 FB 50.0 >200 166.5 7.5 1.2 - 0.0005 1.15 1.07 0.49 1.82
43 733 FB 50.0 >200 166.5 7.5 1.2 - 0.0005 1.12 1.04 0.48 1.75
44 D1 AD 50.0 260 1665 7.5 1.2 - 0.0005 3.65 3.30 0.18 3.80
45 D2 AD 50.0 250 1665 7.5 1.2 - 0.0005 3.03 2.81 0.32 3.79
46 D3 AD 50.0 290 1665 7.5 1.2 - 0.0005 3.78 3.43 0.12 3.87
47 D4 AD 50.0 260 1665 7.5 1.2 - 0.0005 3.30 2.98 0.25 3.84

B.2 Punch-Through Shear testing

Id.: Specimen Identifier; Rock type: AD: Asp6 diorite, AG: Aue granite, CM: Carrara marble, FB:
Flechtingen sandstone, RL: Ridersdorf limestone, TG: Mizunami granite; D: diameter; W height; ID: in-
ner notch diameter; t: notch width; a: upper notch depth; b: lower notch depth; IP: intact rock portion, P:
confining pressure; rate: displacement rate; omax: axial peak stress; Kyc: fracture toughness.

Sample Dimensions Variables Results/Analysis
No Id. Rock D W 1D t a b 1P P rate Max. Omax  Tmax  Kiuc
type load
[mm] [mm] [mm] [mm] [mm] [mm] [mm] | [MPa][mm/min] [kN] [MPa] [MPa] [MPam!/?
1 D1-1  AD 50.98 50.03 25.00 1.50 5.66 3033 14.04 30 0.200 1422 289.7 121.7 108
2 D12 AD 50.93 50.10 25.00 1.50 525 30.61 1424 70 0.200 170.7  347.7 1440 129
3 D1-3  AD 51.01 50.07 25.00 1.50 5.17 30.66 14.24 15 0.200 122.6 2498 1034 9.3
4 D2-1  AD 5091 4994 25.00 1.50 532 3021 1441 70 0.200 170.0 3463 1417 129
5 D22 AD 50.94 50.00 25.00 1.50 5.37 30.66 13.97 70 0.200 - - - -
6 D23  AD 50.94 50.06 25.00 1.50 5.69 30.66 13.71 30 0.200 159.0 3239 1393 121
7 D2-4 AD 50.94 50.01 25.00 1.50 555 30.19 14.27 15 0.200 123.6 2519 1041 94
8 D3-1  AD 50.90 50.14 25.00 1.50 5.07 30.63 1444 50 0.200 163.0 3321 1356 124
9 D32 AD 5091 50.05 25.00 1.50 531 30.18 14.56 5 0.200 91.2 1859 753 7.0
10 D33 AD 50.97 4857 25.00 1.50 548 30.19 12.90 0 0.200 56.2 1146 524 4.3
11 D41 AD 50.89 50.12 25.00 1.50 5.52 30.77 13.83 50 0.200 175.0 356.5 1520 133
12 D42 AD 50.95 50.13 25.00 1.50 530 30.69 14.14 5 0.200 86.0 1752 73.0 6.6
13 D43 AD 51.11 50.03 25.00 1.50 538 30.64 14.01 0 0.200 53.7 109.5 46.1 4.1
14 G1-1 AG 50.00 50.00 22.00 150 4.80 27.90 17.30 5 0.200 84.9 2233 665 -
15 G122 AG 50.00 50.00 30.00 1.50 8.00 29.76 12.24 5 0.200 62.3  88.1 51.4 -
16 G1-3 AG 50.00 50.00 25.00 1.50 4.70 34.60 10.70 5 0.200 64.4 1312 723 -
17 G2-1 AG 50.00 50.00 25.00 1.50 5.00 30.00 15.00 30 0.200 1622 3305 1299 123
18 G3-1 AG 50.00 50.00 25.00 150 4.70 27.80 17.50 5 0.200 86.7 176.6 59.5 6.6

19 G322 AG 50.00 50.00 25.00 1.50 470 4139 391 5 0.200 326 66.5 100.2 -



Appendix B — Specimen Register

Sample Dimensions Variables Results/Analysis
No Id. Rock D \% 1D t a b 1P P rate Max. Omax  Tmax  Kic
type load

[mm] [mm] [mm] [mm] [mm] [mm] [mm] | [MPa][mm/min] [kN] [MPa] [MPa] [MPam!/?|

20 G3-3 AG 50.00 50.00 25.00 1.50 490 24.80 20.30 5 0.200 89.4 1821 529 -
21 G41 AG 50.00 50.00 25.00 1.50 4.60 4020 5.20 5 0.200 403 821 93.0 -
22 G42 AG 50.00 50.00 25.00 1.50 500 3549 9.1 5 0.200 55.6 1133 70.2 -
23 G5-1 AG 50.00 50.00 25.00 1.50 4.80 2542 19.78 5 0.200 947 1929 575 -
24 G52 AG 50.00 50.00 25.00 1.50 4.60 30.00 15.40 5 0.200 60.8 1239 474 4.6
25 G5-3 AG 50.00 50.00 25.00 1.50 450 30.15 15.35 10 0.200 103.8 2114 81.2 7.9
26 G54 AG 50.00 50.00 25.00 1.50 5.00 30.00 15.00 70 0.200 192.7 3925 1543 14.6
27 G6-1  AG 50.00 50.00 25.00 1.50 5.00 30.00 15.00 50 0.200 1915 390.1 1533 14.6
28 G7-1  AG 50.00 50.00 25.00 1.50 490 29.92 15.18 5 0.200 63.8 130.0 505 4.9
29 G7-2  AG 50.00 50.00 25.00 1.50 5.10 29.70 1520 15 0.200 1234 2514 975 9.4
30 G10-1 AG 50.00 50.00 25.00 1.50 490 30.00 15.10 0 0.200 410 835 326 3.1
31 G102 AG 50.00 50.00 25.00 1.50 5.00 30.00 15.00 60 0.200 1873 381.6 150.0 14.2
32 G10-3 AG 50.00 50.00 25.00 1.50 5.00 30.00 15.00 30 0.200 160.3  326.6 1284 122
33 Gl1-1 AG 4994 50.18 22.00 1.50 5.60 31.28 13.30 5 0.200 739 1945 753 -
34 Gl1-2 AG 49.97 50.28 22.00 1.50 6.30 32.60 11.38 5 0.200 67.9 178.7 809 -
35 Gl1-3 AG 4994 50.15 30.00 1.50 540 30.61 14.14 5 0.200 647 915 462 -
36 Gl1-4 AG 50.09 50.16 30.00 1.50 530 30.58 14.28 5 0.200 645 912 4506 -
37 Gl2-1 AG 50.13 50.22 25.00 1.50 500 3023 1499 40 0.200 1574  320.7 126.1 12.0
38 Gl2-2 AG 50.04 4996 25.00 1.50 470 30.00 1526 40 0.200 161.0 3280 1267 122
39 G15-1 AG 50.00 50.10 25.00 1.50 490 30.10 15.10 5 2.000 86.6 1763 068.8 6.6
40 G152 AG 50.00 50.20 25.00 1.50 490 29.80 15.50 5 2.000 914 186.2 70.8 7.0
41 G153 AG 50.00 50.20 25.00 1.50 490 30.00 15.30 5 20.000  100.6 205.0 79.0 7.7
42 G15-4 AG 50.00 50.20 25.00 1.50 5.10 30.00 15.10 5 20.000 9277 188.7 73.7 7.1
43 G155 AG 50.00 49.70 25.00 1.50 490 2990 14.90 5 0.020 647 131.7 521 4.9
44 G15-6 AG 50.00 50.10 25.00 1.50 5.00 30.20 14.90 5 0.020 70.7 1441 570 5.4
45 G15-7 AG 50.00 50.15 25.00 1.50 490 30.00 15.25 5 0.200 777 1583  61.2 5.9
46 Gl6-1 AG 50.00 50.00 25.00 1.50 5.00 30.00 15.00 40 0.200 171.9 3503 137.7 13.1
47 AB1 AG 113.00 44.00 25.00 217 530 2490 13.80 5 0.200 125.0 254.6 106.1 -
48 AB2 AG 113.00 45.00 50.00 2.70 520 23.10 16.70 5 0.200 2140 109.0 77.4 -
49 AB3 AG 113.00 44.50 62.00 4.00 5.20 24.30 15.00 5 0.200 2650 87.8 852 -
50 AB4 AG 113.00 54.00 50.00 2.70 5.10 30.86 18.04 5 0.200 233.0 1187 78.0 -
51 AB5 AG 113.00 5250 62.00 4.00 5.10 31.20 16.20 5 0.200 259.0 858 77.1 -
52 AB6 AG 113.00 53.30 25.00 3.30 5.10 30.95 17.25 5 0.200 125.0 254.6 815 -
53 JM-1 CM 50.09 4998 2500 150 519 3092 13.87 5 0.200 559 1139 484 43
54 JM-2 CM 49.60 49.67 25.00 1.50 4.90 3049 1428 30 0.200 91.1 185.6 76.6 6.9
55 JM-3 CM 49.63 50.11 25.00 1.50 5.16 30.59 1436 50 0.200 102.1  208.0 854 7.7
56 Mi1-1 CM 50.00 50.00 25.00 1.50 492 37.00 8.08 5 0.200 329  67.0 489 -
57 Ml1-2 CM 50.00 50.00 25.00 1.50 430 22.60 23.10 5 0.200 60.2 1227 313 -
58 M1-3 CM 50.00 50.00 25.00 1.50 4.65 30.00 15.35 10 0.200 684 1394 535 5.2
59 Ml14 CM 50.00 50.00 25.00 150 525 40.80 3.95 5 0.200 132 270 403 -
60 M2-2 CM 50.00 50.00 22.00 1.50 457 2857 16.86 5 0.200 55.0 1447 442 -
61 M24 CM 50.00 50.00 30.00 1.50 534 30.00 14.66 5 0.200 51.3 72,6 354 -
62 M3-1 CM 50.00 50.00 25.00 1.50 4.85 29.88 15.27 5 0.200 552 1125 434 4.2
63 M3-2 CM 50.00 50.00 25.00 1.50 520 29.75 15.05 5 0200 max.54 - corr. 98 %
64 M3-3 CM 50.00 50.00 25.00 1.50 500 29.95 15.05 5 0200 max.16 - corr. 30 %
65 M3-4 CM 50.00 50.00 25.00 1.50 500 10.00 35.00 10 0.001 62.8 1279 21.6 -
66 M4-1 CM 50.00 50.00 25.00 1.50 480 38.10 7.10 5 0.200 277 564 469 -
67 M4-2 CM 50.00 50.00 25.00 1.50 4.60 25.00 20.40 5 0.200 543 110.6  32.0 -
68 M43 CM 50.00 50.00 25.00 150 523 30.19 14.58 0 0.200 342 697 282 2.6
69 M5-1 CM 50.00 50.00 25.00 1.50 450 35.00 10.50 5 0.200 38.6 78.6 442 -
70 M5-2 CM 50.00 50.00 25.00 1.50 4.52 2930 16.18 5 0.200 57.6 1173 427 4.4
71 M5-3 CM 50.00 50.00 25.00 1.50 470 30.53 14.77 5 0.200 360 733 293 2.7
72 M54 CM 50.00 50.00 25.00 1.50 4.40 30.30 15.30 0 0.200 360 733 283 2.8
73 Mo6-1 CM 50.00 50.00 25.00 1.50 4.95 30.15 14.90 5 0.200 56.6 1153 45.6 43
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No Id. Rock D W 1D t a b IP P rate Max. Omax  Tmax  Kiic
type load
[mm] [mm] [mm] [mm] [mm] [mm] [mm] | [MPa][mm/min]| [kN] [MPa] [MPa] [MPam!/?|
74 M6-2 CM 50.00 50.00 25.00 1.50 4.80 34.26 10.94 5 0.200 43.6 887 47.8 -
75 M6-3 CM 50.00 50.00 25.00 1.50 4.50 29.70 15.80 5 0.200 553 1126 420 4.2
76 M6-4 CM 50.00 50.00 25.00 1.50 4.30 29.60 16.10 15 0.200 79.7 1623 59.4 6.1
77 M6-5 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 15 0.200 - - - -
78 M7-1 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 20 0.200 81.7 1664 654 6.2
79 M10-1 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 70 0.200 115.6 2354 925 8.7
80 M10-2 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 50 0.200 112.6 2295 90.2 8.5
81 M10-3 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 60 0.200 113.0 230.2 90.5 8.5
82 M10-4 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 40 0.200 104.6 2131 83.8 7.9
83 M10-5 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 30 0.200 101.9 207.6 81.6 7.8
84 M10-6 CM 49.92 4993 25.00 1.50 29.86 5.39 14.68 5 0.200 453 923 371 35
85 M10-7 CM 4991 4995 25.00 1.50 31.09 524 13.62 5 0.200 39.7  80.8 350 3.0
86 M10-8 CM 50.08 49.59 25.00 1.50 30.31 5.03 14.25 5 0.200 27.0 max.55 - -
87 M10-9 CM 50.00 50.20 25.00 1.50 30.18 5.19 14.83 5 0.200 50.8 1034 41.1 3.9
88 Ml11-1 CM 50.10 49.60 22.00 150 6.47 34.84 8.29 5 0.200 23.0 604 375 -
89 Ml11-2 CM 50.01 50.05 22.00 150 6.36 3422 947 5 0.200 39.5 103.8 56.5 -
90 M11-3 CM 50.00 50.14 30.00 1.50 5.00 30.32 14.82 5 0.200 50.5 714 344 -
91 Ml11-4 CM 50.05 50.08 30.00 1.50 5.09 30.36 14.63 5 0.200 583 824 402 -
92 M12-1 CM 49.94 50.14 25.00 1.50 496 3032 14.86 40 0.200 101.4 206.6  82.0 7.7
93 Ml12-2 CM 50.03 50.12 25.00 1.50 5.02 30.90 14.20 40 0.200 100.4 2045 849 7.6
94 M15-1 CM 50.00 50.20 25.00 1.50 5.30 30.20 14.70 5 2.000 59.3  120.8 485 4.5
95 M15-2 CM 50.00 50.10 25.00 1.50 5.10 30.10 14.90 5 2.000 58.0 1182 46.8 4.4
96 M15-3 CM 50.00 50.10 25.00 1.50 5.20 30.20 14.70 5 20.000 585 119.2 478 4.5
97 M15-4 CM 50.00 50.20 25.00 1.50 5.00 30.10 15.10 5 20.000 649 1322 516 5.0
98 M15-5 CM 50.00 50.10 25.00 1.50 5.10 30.30 14.70 5 0.200 523  106.5 427 4.0
99 M15-6 CM 50.00 50.00 25.00 1.50 30.00 5.00 15.00 5 0.200 49.7 1011 39.8 3.8
100 M15-7 CM 50.00 50.00 25.00 1.50 5.00 30.00 15.00 5 0.020 543 1105 435 4.1
101 M15-8 CM 50.00 50.00 25.00 1.50 5.00 30.30 14.70 5 0.020 549 111.8 449 4.2
102 M15-9 CM 50.00 50.10 25.00 1.50 5.30 30.50 14.30 5 0.002 50.7 103.3 426 3.9
103 M15-10 CM 50.00 50.10 25.00 1.50 5.10 30.20 14.80 5 100.000  50.1 102.1 40.7 3.8
104 ZM-1 CM 49.99 50.12 25.00 1.50 5.09 30.23 14.80 5 0.200 357 726 289 2.7
105 MT-1 CM 49.88 25.05 24.60 0.80 450 450 16.05 5 0.200 472 994 369 -
106 MT-2 CM 49.88 25.05 24.60 0.80 450 450 16.05 5 0.200 50.8 106.8 39.6 -
107 MT-3 CM 49.88 25.05 24.60 0.80 4.50 450 16.05 5 0.200 534 1124 417 -
108 MT-5 CM 49.88 2499 24.60 0.80 450 450 15.99 5 0.200 53.6 112.8 420 -
109 MT-6 CM 49.88 2499 24.60 0.80 450 450 15.99 5 0.200 582 1225 456 -
110 MT-7 CM 49.88 2499 24.60 0.80 450 450 15.99 5 0.200 58.7 1235 46.0 -
111 ZM-10 CM 49.70 50.15 25.00 1.49 530 3090 13.95 5 0.200 53.8 109.6 463 4.1
112 ZM-11 CM 50.04 50.21 25.00 1.48 510 30.07 15.04 5 0.200 564 1150 45.1 4.3
113 ZM-12 CM 49.74 50.14 2470 3.00 520 30.49 1445 5 0.200 452 942 359 -
114 ZM-13 CM 49.60 50.10 25.00 3.00 4.99 30.75 14.36 5 0.200 473 963 374 -
115 ZM-14 CM 49.60 50.12 22.00 3.00 530 30.50 14.32 5 0.200 46.2 1214 410 -
116 S15-1  FB 50.00 50.10 25.00 1.50 5.00 30.40 14.70 5 0.200 41.8 852 342 3.2
117 S15-2  FB 50.00 50.10 25.00 1.50 5.20 30.40 14.50 4 0.200 332 677 275 2.5
118 S15-3  FB 50.00 50.10 25.00 1.50 5.00 30.40 14.70 5 0.200 39.8 811 325 3.0
119 S154 FB 50.00 50.00 25.00 1.50 5.20 30.10 14.70 5 2.000 399 812 326 3.0
120 S15-5 FB 50.00 50.00 25.00 1.50 5.20 30.30 14.50 5 2.000 358 728  29.6 2.7
121 S15-6 FB 50.00 50.10 25.00 1.50 5.00 30.30 14.80 5 20.000 421 85.7 342 3.2
122 S15-7 FB 50.00 50.10 25.00 1.50 4.90 30.30 14.90 5 0.020 333 679 2069 2.5
123 S15-8 FB 50.00 50.10 25.00 1.50 5.20 30.20 14.70 5 0.020 345 702 282 2.6
124 S159 FB 50.00 50.00 25.00 1.50 5.20 30.30 14.50 5 0.020 29.6 603 245 2.2
125 §15-10 FB 50.00 50.00 25.00 1.50 5.20 29.90 14.90 0 0.200 147 299 118 1.1
126 S16-1  FB 50.00 50.00 25.00 1.50 5.10 30.20 14.70 10 0.200 369 751 301 2.8
127 S16-2 FB 50.00 50.10 25.00 1.50 5.20 30.30 14.60 10 0.200 358 729 294 2.7

vi
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128 S16-3 FB 50.00 49.90 25.00 1.50 5.00 30.30 14.60 30 0.200 733 1493 60.3 5.5
129 S16-4 FB 50.00 50.00 25.00 1.50 540 30.10 14.50 50 0.200 764 155.6 63.3 5.6
130 S16-5 FB 50.11 49.60 25.00 1.50 5.11 31.05 13.44 70 0.200 76.8 156.5 68.7 5.6
131 S16-6 FB 50.08 50.04 25.00 1.50 554 31.29 13.21 40 0.200 669 136.2 60.8 5.0
132 L1-1 RL 50.00 50.00 22.00 1.50 20.25 10.25 19.50 5 0.200 53.5 140.7 37.2 -
133 1L1-2 RL 50.00 50.00 25.00 1.50 20.25 10.00 19.75 5 0.200 652 1328 39.7 -
134 1.1-3 RL 50.00 50.00 22.00 1.50 525 3825 6.50 5 0.200 19.3 50.8 40.2 -
135 L1-4 RL 50.00 25.00 25.00 1.50 4.30 475 15.95 15 0.200 42.4 86.4 319 3.2
136 1.2-1 RL 50.00 50.00 25.00 1.50 10.00 20.00 20.00 15 0.200 753 1534 452 -
137 1.2-2 RL 50.00 50.00 25.00 1.50 5.00 31.00 14.00 5 0.200 42.8 87.2  36.7 3.3
138 1.2-4 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 0 0.200 29.9 60.9 23.9 2.3
139 1.3-1 RL 50.00 50.00 25.00 1.50 20.00 9.75 20.25 5 0.200 603 1229 358 -
140 1.3-2 RL 50.00 50.00 30.00 1.50 20.00 10.00 20.00 5 0.200 64.0 90.5 32.3 -
141 1.3-3 RL 50.00 50.00 25.00 1.50 4.75 30.25 15.00 15 0.200 60.2 122.6 482 4.6
142 1.3-4 RL 50.00 25.00 25.00 1.50 6.00 16.80 2.20 5 0.200 8.0 16.3 43.7 -
143 1.3-5 RL 50.00 25.00 25.00 1.50 4.90 9.75 10.35 10 0.200 39.2 79.9 45.5 3.0
144 14-1 RL 50.00 50.00 25.00 1.50 5.00 30.25 14.75 10 0.200 57.0 116.1 464 4.3
145 14-2 RL 50.00 25.00 25.00 1.50 5.25 5.00 14.75 1 0.200 23.1 47.1 18.8 1.8
146 14-3 RL 50.00 25.00 30.00 1.50 6.30 5.80 12.90 5 0.200 329 46.5 25.8 -
147 14-4 RL 50.00 25.00 25.00 1.50 5.00 10.00 10.00 15 0.200 44.0 89.6 52.9 -
148 1.5-1 RL 50.00 50.00 25.00 1.50 5.00 40.00 5.00 5 0.200 23.5 48.0 56.6 -
149 1.5-2 RL 50.00 50.00 30.00 1.50 20.00 10.00 20.00 5 0.200 60.0 84.9 30.3 -
150 1.5-3 RL 50.00 50.00 25.00 1.50 10.00 17.25 22.75 10 0.200 70.6 1438 37.3 -
151 L5-4 RL 50.00 25.00 25.00 1.50 4.90 9.60  10.50 5 0.200 28.4 57.9 32.5 -
152 16-1 RL 50.00 50.00 22.00 1.50 10.00 20.50 19.50 5 0.200 50.8 133.6 35.3 -
153 1.6-2 RL 50.00 50.00 22.00 1.50 19.75 9.75 20.50 5 0.200 40.2 1058 206.6 -
154 L7-1 RL 50.00 25.00 25.00 1.50 6.50 6.70  11.80 5 0.200 344 70.1 35.0 2.6
155 L7-2 RL 50.00 50.00 30.00 1.50 20.00 10.00 20.00 5 0.200 78.0 1103 39.4 -
156 L.7-3 RL 50.00 25.00 25.00 1.50 5.00 5.00 15.00 10 0.200 40.8 83.1 32.7 3.1
157 1.8-1 RL 50.00 25.00 25.00 1.50 490 490 15.20 20 0.200 645 1314 51.0 4.9
158 1.8-2 RL 50.00 50.00 25.00 1.50 5.00 30.30 14.70 1 0.200 30.6 62.3 25.0 2.3
159 1.8-3 RL 50.00 50.00 25.00 1.50 10.00 20.00 20.00 5 0.200 640 1304 38.4 -
160 1.9-1 RL 50.00 50.00 25.00 1.50 490 3525 9.85 5 0.200 36.6 74.6 44.6 -
161 1.9-2 RL 50.00 50.00 25.00 1.50 520 20.10 24.70 5 0.200 721 1469 35.1 -
162 1.9-3 RL 50.00 50.00 25.00 1.50 5.50 33.00 11.50 5 0.200 42.8 87.2 447 3.3
163 1.9-4 RL 50.00 25.00 25.00 150 7.75 1190 5.35 5 0200 max.22 - - -
164 1.10-1 RL 50.00 50.00 25.00 1.50 6.40 34.20 9.40 5 0.200 44.3 90.2 56.6 -
165 1.10-2 RL 50.00 50.00 25.00 1.50 7.75 3440 7.85 5 0200 max.40 - cort. 90%
166 1.10-3 RL 50.00 50.00 25.00 1.50 6.75 34.80 8.45 5 0200 max.36 - corr. 80 %
167 1.10-4 RL 50.00 50.00 25.00 1.50 5.80 32.50 11.70 5 0200 max. 32 - corr. 70 %
168 1.10-5 RL 50.00 50.00 25.00 1.50 5.10 29.80 15.10 5 0.200 574 1169 457 4.4
169 LL10-6 RL 50.00 50.00 25.00 1.50 5.00 20.00 25.00 5 0.200 784 159.7 37.7 -
170 L11-1  RL 50.00 50.00 25.00 1.50 6.44 3275 10.81 10 0.200 47.9 97.6 53.2 -
171 L11-2 RL 50.00 50.00 25.00 1.50 6.75 33.85 9.40 15 0.200 49.1  100.0 062.7 -
172 1.12-1 RL 50.00 25.00 25.00 1.50 530 0.00 19.70 5 0.200 53.8 109.6 32.8 -
173 1.14-1 RL 50.00 50.00 25.00 1.50 30.00 5.00 15.00 30 0.200 55.5 113.1 444 4.2
174 1.14-2 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 30 0.200 63.1 128.5 50.5 4.8
175 1.14-3 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 30 0.200 65.8 1340 52.7 5.0
176 1.14-4 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 10 0.200 56.2 1144 450 4.3
177 1.14-5 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 20 0.200 56.7 1154 454 4.3
178 1.14-6 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 40 0.200 80.3 163.6 0643 6.1
179 1.14-7 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 40 0.200 - - - -
180 L1499 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 40 0.200 879 1791 704 6.6
181 IL14-10 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 30 0.200 85.7 1746 68.6 6.5

vil
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182 I.14-11 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 20 0.200 784 159.7 628 59
183 LL14-12 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 70 0.200 96.1 1958 77.0 7.2
184 1.14-13 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 35 0.200 84.6 1723 677 6.4
185 L.14-14 RL 50.00 50.00 25.00 1.50 5.00 30.00 15.00 50 0.200 925 1884 741 7.0
186 L15-0 RL 50.00 50.00 25.00 1.50 5.00 30.00 1500 150 0.200 max.572 - - -
187 L15-1 RL 50.00 50.10 25.00 1.50 5.20 30.30 14.60 5 2.000 294 600 242 2.2
188 L15-2 RL 50.00 49.60 25.00 1.50 5.30 30.40 13.90 5 2.000 421 858 364 3.2
189 L15-3 RL 50.00 50.10 25.00 1.50 5.10 30.20 14.80 5 2.000 520 1059 422 4.0
190 L15-4 RL 50.00 50.10 25.00 1.50 5.20 30.40 14.50 5 20.000 331 675 274 2.5
191 L15-5 RL 50.00 50.10 25.00 1.50 5.10 30.10 14.90 5 20.000 49.8 1015 40.2 3.8
192 L15-6 RL 50.00 50.10 25.00 1.50 5.00 30.60 14.50 5 0.020 46.0 937 381 3.5
193 L15-7 RL 50.00 50.10 25.00 1.50 5.10 30.40 14.60 5 0.020 425 865 349 3.2
194 L17-1 RL 49.87 50.15 25.00 1.50 5.00 30.25 14.90 60 0.200 96.1 1958 775 7.2
195 ZIL-1 RL 49.63 50.13 22.00 1.50 6.00 3192 1221 5 0.200 324 853 360 -
196 Z1L-2 RL 49.64 50.09 22.00 1.50 590 33.70 10.49 5 0.200 21.6 567 27.8 -
197 Z1.-3 RL 50.03 50.10 30.00 1.50 5.00 30.56 14.54 5 0.200 445 629 309 -
198 Z1.-4 RL 49.92  50.06 30.00 1.50 6.30 31.76 12.00 5 0.200 28.0 396 235 -
199 Tl-la TG 50.00 50.00 25.00 150 490 29.90 1520 5 0200  81.0 1650 640 6.5
200 Tl-lc TG 50.00 4975 2500 150 505 30.00 1470 15 0200 1180 2404 964 9.4
201 T1-1d TG 50.00 50.00 25.00 150 500 29.90 1510 30 0.200 197.0 4013 1567 156
202 T3-1a TG 50.00 50.10 25.00 150 500 30.00 1510 50 0.200  179.0 364.6 1424 14.
203 T3-1b TG 50.00 50.05 25.00 150 505 30.05 1495 70 0200 177.0 360.6 1422 139
204 T3-1c TG 50.00 47.80 25.00 150 2.80 27.80 17.20 40 0.100 1944 3960 1358 15.4
205 T3-1d TG 50.00 50.10 25.00 150 505 2995 1510 30 0.200  159.3 3245 1267 126
206 T4-la TG 50.00 49.10 25.00 150 410 2890 1610 0 0200 551 1122 41.1 4.4
207 T4-1d TG 50.00 50.10 25.00 150 4.60 30.00 1550 40 0.100 . - . -
208 T8-1a TG 50.00 50.00 25.00 150 510 30.00 1490 50 0.200 177.0 360.6 1427 14.0
209 T81b TG 50.00 50.15 25.00 150 500 3010 1505 70 0.200  183.0 3728 1461 14.4
210 T8-1c TG 50.00 48.00 2500 150 500 30.00 13.00 5 0200 840 1711 776 67
211 T8-1d TG 50.00 4945 2500 150 500 30.05 1440 15 0200 1190 2424 993 95
212 T8-2a TG 50.00 49.70 25.00 150 505 30.20 1445 20 0200 1400 2852 1164 11.1
213 T8:2d TG 50.00 50.00 25.00 150 500 30.00 1500 15 0.200 . - . -
214 Tl4-1a TG 50.00 50.05 25.00 150 500 30.05 1500 30 0.200  137.3 279.7 109.9 109
215 T14-1b TG 50.00 50.05 25.00 150 500 29.95 1510 50 0.200 1760 3585 1400 13.9
216 Tl4-1c TG 50.00 50.00 25.00 150 500 30.15 14.85 15 0200 1150 2343 930 9.1
217 T15-1a TG 50.00 50.00 25.00 150 500 30.00 1500 5 0200  80.0 1630 641 6.4
218 T15-1b TG 50.00 48.80 25.00 150 510 30.00 1370 70 0.200 1980 4033 173.6 156
219 T16-1a TG 50.00 50.05 25.00 150 500 29.95 1510 30 0.200 197.0 4013 1567 156
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B.3  Other testing

Id.: Specimen Identifier; Rock type: AD: Asp('j diorite, AG: Aue granite, CM: Carrara marble, FB:
Flechtingen sandstone, RL: Ridersdorf limestone, TG: Mizunami granite; D: diameter; L: length, displ.
rate: displacement rate; o Tensile strength; oc: uniaxial compressive strength strength.

Sample Dimensions/Test Variables Test Results Comment

No Id. Rock D L loading rate  displ. rate Max. load o oc
type
[mm]  [mm] [N/s] [mm/min] [kN] [MPa]  [MPa]

1 FB-B1 FB 49.8 352 200 - 17.8 6.5 - 1 layering
2 FB-B2 FB 49.7 399 400 - 9.1 - - 1 layering
3 FB-B3 FB 50.0 33.6 400 - 16.0 6.1 - | layering
4 FB-B4 FB 49.7 343 400 - 15.2 5.7 - 1 layering
5 FB-B5 FB 49.7 347 400 - 15.2 5.6 - 1 layering
6 FB-B6 FB 50.0 35.2 400 - 15.2 5.5 - | layering
7 L-B1 RL 49.8 386 400 - 15.0 5.0 - | layering
8 1L-B2 RL 499 416 400 - 23.7 7.3 - 1 layering
9 L-B3 RL 50.0  46.5 400 - 29.8 8.1 - 1 layering
10 CM-B1 CM 50.0 50.2 400 - 25.6 6.5 -
11 AG-B1 AG 49.9 495 400 - 29.9 7.7 -
12 AG-B2 AG 49.8 488 400 - 28.3 7.4 -
13 TG-B1 TG 50.0  45.0 400 - 35.0 9.9 -
14 TG-B2 TG 49.9 432 400 - 32.2 9.5 -
15 TG-B3 TG 50.1 478 400 - 34.5 9.2 -
16 TG-B4 TG 49.5 474 400 - 37.0 10.0 -
17 Bl CM 50.0 100.3 - 0.1 187.0 - 95
18 B2 CM 49.7 1001 - 0.1 - - -
19 Al FB 50.0 100.0 - 0.1 200.0 - 102 | layering
20 A2 FB 50.0 100.0 - 0.1 117.2 - - | layering
21 AT2 CM 50.1  99.5 - 0.1 219.3 - 107
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D TEMPLATES

APPENDIX D

The templates below are for TestWarell by MTS. Note that the corresponding configuration links are not

necessarily correct for all systems.

D.1 K, - template

Procedure Name =
File Specification = D:\
Softwate Version = 4.0D

Data File Options

File Format = Excel Text File
Log Events =Yes

Include Procedure Description = No

Recovery Options
Autosave disabled.

Sample Information: Step
Step Done Trigger 1 = User Defined Sample In-
formation

General Sample Information: Data Input
Start Trigger = Step Start

End Trigger = <none>
Window = Sample Data Input 1
Utilization =~ = Process Parameterisation

Detailed Sample Information: Data Input
Start Trigger = General Sample Information

End Trigger = <none>
Window = Sample Data Input 2
Utilization = Process Parametetisation

User Defined Sample Information: Data Input
Start Trigger = Detailed Sample Information

End Trigger = <none>
Window = Additional Data Input
Utilization =~ = Process Parameterisation

For each specimen: Begin Loop
Counter Name = nSpecimens
Total Count =1

Specimen Information: Step
Step Done Trigger 1 = Pre-test Specimen Informa-
tion

Pre-test Specimen Information: Data Input

Start Trigger = Step Start

End Trigger = <none>

Window = Pre-test Specimen Data Input
Utilization = Process Parameterisation and Execu-
tion

Test Type
Test Title

= Fracture Toughness
= Level-II-Versuch

Test Execution: Step
Step Done Trigger 1 = Operator Terminate Test
Step Done Trigger 2 = END

Query Start of Test: Operator Event
Start Trigger = Step Start

End Trigger =~ = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Start
Description=Press start test this specimen.
Grab Focus = Yes

Operator Terminate Test: Operator Event
Start Trigger = Query Start of Test

End Trigger = <none>
Button ID = Button 2

Single Shot = Yes

Button Label = Terminate
Description = Press to terminate
Grab Focus = Yes

Data Collection time: Data Acquisition
Start Trigger = Query Start of Test
End Trigger = <none>

Mode = Level Crossing

Buffer Type = Continuous

Master Channel = Time

Slave Channel 1 = Weg

Slave Channel 2 = Kraft 1000kN
Slave Channel 3 = Clip-Gage

Slave Channel 4 = Kraft 25 kN

Data Header = Load Level Crossing Data
Level Increment = 0.25 ( Sec)

Buffer Size = 1024

Load Displacement Plot: Run-time Plotting
Start Trigger = Query Start of Test

End Trigger = <none>

Title = Load vs. Clip-Gage
X Axis =Y

Channel = Kraft 25 KN
Scaling = Linear

Minimum = 0.000000 N
Maximum = 1200.000000 N

Y Axis =X
Channel 1 = Clip-gage
Colour = Red

Style = Solid

Minimum = 0.000000 (none)

Maximum = 0.010000 (none)

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

time axial displacement: Run-time Plotting
Start Trigger = Query Start of Test

End Trigger =~ = <none>
Title = Plot Title
X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 20.000000 Sec

Y Axis =Y

Channel 1 = Weg

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 mm

Maximum = 0.100000 mm

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

Load vs. Time Plot: Run-time Plotting
Start Trigger = Query Start of Test

End Trigger = <none>
Title = Load vs. Time
X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec
Maximum = 20.000000 Sec

Y Axis =Y
Channel 1 = Kraft 25 kN
Color = Red

Style = Solid

Minimum = 0.000000 N

Maximum = 1000.000000 N

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

First Ramp Command: Run-time Rate Control
Start Trigger = Query Start of Test

End Trigger = Initiate First Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial
Control Mode = Clip-Gage SG
Rate Type =0.000003 m/Sec

Minimum Rate = 0.000000 m/Sec
Maximum Rate = 0.005000 m/Sec
Endlevel =3 (mm)

Initiate First Unload: Operator Event
Start Trigger = Query Start of Test

End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Unload

Description = Press to initiate first unload.
Grab Focus =Yes

First Unload: Run-time Rate Control
Start Trigger = First Ramp Command
End Trigger = Stop First Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG
Rate Type = 0.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =0(mm)

Stop First Unload: Data Limit Detector
Start Trigger = Initiate First Unload
End Trigger = <none>

Data Channel = Kraft 25 kN

Limit Value = 0.15 (kN)

Limit Value is = Absolute

Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Second Ramp Command: Run-time Rate Control
Start Trigger = First Unload

End Trigger = Initiate Second Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG

Rate Type = 0.150000 mm/Min
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Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =3 (mm)

Initiate Second Unload: Operator Event
Start Trigger = First Unload

End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Unload

Description= Press to initiate second unload.
Grab Focus =Yes

Second Unload: Run-time Rate Control
Start Trigger = Second Ramp Command
End Trigger = Stop Second Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG
Rate Type = 0.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =0 (mm)

Stop Second Unload: Data Limit Detector
Start Trigger = Initiate Second Unload
End Trigger = <none>

Data Channel = Kraft 25 kN

Limit Value = 0.15 (kN)

Limit Value is = Absolute

Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Third Ramp Command: Run-time Rate Control
Start Trigget = Second Unload

End Trigger = Initiate Third Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG

Rate Type = 0.150000 mm/Min
Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =3 (mm)

Third Ramp End Time Stamp: Data Acquisition
Start Trigger = Third Ramp Command

End Trigger = <none>
Mode = Timed

Buffer Type = Single

Master Channel = Time

Data Header = RAMP_END

Time Increment = 0.01 ( Sec)
Buffer Size =1

Initiate Third Unload: Operator Event
Start Trigger = Second Unload

End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Unload

Description = Press to initiate third unload.
Grab Focus = Yes

Third Unload: Run-time Rate Control
Start Trigger = Third Ramp Command
End Trigger = Stop Third Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG

Rate Type = 0.150000 mm/Min
Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =0(mm)

Stop Third Unload: Data Limit Detector
Start Trigger = Initiate Third Unload

End Trigger = <none>
Data Channel = Kraft 25 kN
Limit Value = 0.15 (kN)

Limit Value is = Absolute
Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Fourth Ramp Command: Run-time Rate Control
Start Trigger = Third Unload

End Trigger = Initiate Fourth Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG
Rate Type = 0.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =3(mm)

Fourth Ramp End Time Stamp: Data Acquisition

xviii

Start Trigger = Fourth Ramp Command

End Trigger =~ = <none>
Mode = Timed
Buffer Type = Single

Master Channel = Time

Data Header = RAMP_END
Time Increment = 0.01 ( Sec)
Buffer Size =1

Initiate Fourth Unload : Operator Event
Start Trigger = Third Unload

End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Unload

Description = Press to initiate fourth unload.
Grab Focus = Yes

Fourth Unload : Run-time Rate Control
Start Trigger = Fourth Ramp Command
End Trigger = Stop Fourth Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial
Control Mode = Clip-Gage SG
Rate Type = (.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =0 (mm)

Stop Fourth Unload : Data Limit Detector
Start Trigger = Initiate Fourth Unload
End Trigger =~ = <none>

Data Channel = Kraft 25 kN

Limit Value = 0.15 (kN)

Limit Value is = Absolute

Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Fifth Ramp Command : Run-time Rate Control
Start Trigger = Fourth Unload

End Trigger = Initiate Fifth Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG
Rate Type = 0.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =3(mm)

Fifth Ramp End Time Stamp : Data Acquisition
Start Trigger = Fifth Ramp Command

End Trigger = <none>
Mode = Timed

Buffer Type = Single

Master Channel = Time

Data Header = RAMP_END

Time Increment = 0.01 ( Sec)
Buffer Size =1

Initiate Fifth Unload : Operator Event
Start Trigger = Fourth Unload

End Trigger =~ = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Unload

Description = Press to initiate fifth unload.
Grab Focus = Yes

Fifth Unload : Run-time Rate Control
Start Trigger = Fifth Ramp Command
End Trigger = Stop Fifth Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG
Rate Type = 0.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =0 (mm)

Stop Fifth Unload : Data Limit Detector
Start Trigger = Initiate Fifth Unload
End Trigger = <none>

Data Channel = Kraft 25 kN

Limit Value = 0.15 (kN)

Limit Value is = Absolute

Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Sixth Ramp Command : Run-time Rate Control
Start Trigger = Fifth Unload

End Trigger = Initiate Sixth Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial
Control Mode = Clip-Gage SG
Rate Type = (.150000 mm/Min

Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =3 (mm)

Sixth Ramp End Time Stamp : Data Acquisition
Start Trigger = Sixth Ramp Command

End Trigger = <none>
Mode = Timed
Buffer Type = Single

Master Channel = Time

Data Header = = RAMP_END
Time Increment = 0.01 ( Sec)
Buffer Size =1

Initiate Sixth Unload : Operator Event
Start Trigger = Fifth Unload

End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Unload

Description = Press to initiate sixth unload.
Grab Focus = Yes

Sixth Unload : Run-time Rate Control
Start Trigger = Sixth Ramp Command
End Trigger = Stop Sixth Unload
Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Clip-Gage SG

Rate Type = 0.150000 mm/Min
Minimum Rate = 0.000000 mm/Min
Maximum Rate = 300.000011 mm/Min
Endlevel =0 (mm)

Stop Sixth Unload : Data Limit Detector
Start Trigger = Initiate Sixth Unload

End Trigger =~ = <none>
Data Channel = Kraft 25 kN
Limit Value = 0.15 (kN)

Limit Value is = Absolute
Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Last Loading : Run-time Rate Control
Start Trigger = Sixth Unload

End Trigger = END

Segment Shape = Ramp

Visible at Run Time = 1

Record Data =0

Axial

Control Mode = Clip-Gage SG

Rate Type = 0.150000 mm/Min
Minimum Rate = 0.006000 mm/Min
Maximum Rate = 0.600000 mm/Min
Endlevel =3 (mm)

END : Operator Event

Start Trigger = Stop Sixth Unload
End Trigger = <none>

Button ID = Button 3

Single Shot = Yes

Button Label = END
Description = end of test

Grab Focus = Yes

Release Load From Specimen : Step
Step Done Trigger 1 = Detect Zero Load

Retract Actuator in Stroke Control : Monotonic
Command
Start Trigger = Step Start

End Trigger =~ = <none>
Segment Shape = Ramp

Rate = 5¢-005 (mm/Sec)
Axial

Control Mode = Clip-Gage SG
End level =0(mm)

Detect Zero Load : Data Limit Detector
Start Trigger = Step Start

End Trigger = <none>
Data Channel = Kraft 25 kN
Limit Value =0 (kN)

Limit Value is = Absolute
Detector Options = Less than Limit Value
Trigger Option = Trigger Once

Specimen Post-test Information : Step
Step Done Trigger 1 = Stop Current Test

Post-test Specimen Information : Data Input

Start Trigger = Step Start

End Trigger = <none>

Window = Post-test Specimen Data Input
Utilization = Process Parameterisation and Execu-
tion

Stop Cutrent Test : Program Control

Start Trigger = Post-test Specimen Information
End Trigger =~ = <none>

Action = Program Stop



Message =
Screen = Yes
LUC Display = No
Data File = No

For each specimen : End Loop

D.2 K, - templates

D.2.1 Template (Hoek Cell)

Procedute Name =
File Specification = D:\
Softwate Version = 4.0D

Data File Options

File Format = Plain Text File
Log Events = Yes

Include Procedure Description = No

Recovery Options
Autosave disabled.

Sample Information : Step
Step Done Trigger 1 = User Defined Sample In-

formation

General Sample Information : Data Input

Start Trigger = Step Start

End Trigger = <none>

Window = Sample Data Input 1
Utilization = Process Parametetisation

Detailed Sample Information : Data Input

Start Trigger = General Sample Information
End Trigger = <none>

Window = Sample Data Input 2
Utilization =~ = Process Parameterisation

User Defined Sample Information : Data Input

Start Trigger = Detailed Sample Information
End Trigger = <none>

Window = Additional Data Input
Utilization = Process Parameterisation

For each specimen : Begin Loop
Counter Name = specimen

Total Count =1

Specimen Pre-test Information : Step
Step Done Trigger 1 = Query Start Test

Specimen Pre-test Information : Data Input

Start Trigger = Step Start
End Trigger = <none>
Window = Pre-test Specimen Data Input

Utilization = Process Parameterisation and Execu-
tion

Query Start Test : Operator Event

Start Trigger = Specimen Pre-test Information
End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = Start

Description = Press to start the test
Grab Focus = Yes

Test Execution : Step

Step Done Trigger 1 = Button: Operator Termi-
nate the Test

Step Done Trigger 2 = Unloading

Data Collection : Data Acquisition

Start Trigger = Step Start
End Trigger =~ = <none>
Mode = Level Crossing
Buffer Type = Continuous

Master Channel = Time

Slave Channel 1 = Weg

Slave Channel 2 = Kraft 1000kN

Data Header = Begin Level Crossing Data Acq.
Level Increment = 0.5 (Sec)

Buffer Size = 2048

Fortce vs. Time Plot : Run-time Plotting

Start Trigger = Step Start
End Trigger =~ = <none>
Title = Force vs. Time
X Axis =X

Channel = Time

Scaling = Linear
Minimum = 0.000000 Sec
Maximum = 30.000000 Sec
Y Axis =Y

Channel 1 = Kraft 1000kN
Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 kN

Maximum = 0.500000 kN

X Axis Level Cross = Not Enabled

Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

Displacement vs. Time Plot : Run-time Plotting

Start Trigger = Step Start

End Trigger = <none>

Title = Displacement vs. Time

X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 30.000000 Sec

Y Axis =Y

Channel 1 = Weg

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 micron
Maximum = 10.000000 micron

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Enabled

Start : Operator Event

Start Trigger = Step Start
End Trigger = <none>
Button ID = Button 1
Single Shot = Yes
Button Label = Start
Description =

Grab Focus = Yes

Load or Strain Control Ramp : Run-time Rate
Control

Start Trigger = Start
End Trigger = Button: Unload
Segment Shape = Ramp

Visible at Run Time = 1

Record Data =1

Axial

Control Mode = Weg SG

Rate Type = 0.200000 mm/Min
Minimum Rate = 0.000100 mm/Min
Maximum Rate = 0.500000 mm/Min
Endlevel =48 (mm)

Button: Unload : Operator Event

Start Trigger = Step Start

End Trigger = <none>

Button ID = Button 2

Single Shot = Yes

Button Label = Unload

Description = press to initiate unloading
Grab Focus = Yes

Button: Operator Terminate the Test : Operator
Event

Start Trigger = Step Start
End Trigger = <none>
Button ID = Button 3
Single Shot = Yes

Button Label = Terminate

Description = Press to terminate the test
Grab Focus = Yes

Unloading : Run-time Rate Control

Start Trigger = Load or Strain Control Ramp
End Trigger = <none>

Segment Shape = Ramp

Visible at Run Time = 0

Record Data =1

Axial

Control Mode = Weg SG

Rate Type = 1.000000 mm/Sec
Minimum Rate = 0.000000 mm/Sec
Maximum Rate = 5.000000 mm/Sec
Endlevel =0(mm)

Switch to Stroke Control : Step
Step Done Trigger 1 = Mode Switch

Mode Switch : Hold Command

Start Trigger = Step Start
End Trigger = <none>
Hold Time =0.1(Sec)
Axial

Control Mode = Weg SG

Specimen Post-test Information : Step
Step Done Trigger 1 = Stop Current Test

Post-test Specimen Information : Data Input

Start Trigger = Step Start

End Trigger = <none>

Window = Post-test Specimen Data Input
Utilization = Process Parameterization and
Execution

Stop Current Test : Program Control
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Start Trigger = Post-test Specimen Information
End Trigger = <none>

Action = Program Stop

Message =

Screen = Yes

LUC Display = No

Data File =No

For each specimen : End Loop

D.2.2 Template (pressure vessel)

Procedure Name =
File Specification = D:\
Software Version = 4.0D

Data File Options

File Format = Plain Text File

Log Events = Yes

Include Procedure Description = Yes
Recovery Options

Autosave enabled.

On step done

Sample Information : Step
Step Done Trigger 1 = Sample Information

Sample Information : Data Input

Start Trigger = Step Start
End Trigger = <none>
Window = Additional Data Input

Utlization = Process Parameterization and Execu-
tion

Specimen Pre-test Information : Step
Step Done Trigger 1 = Query Start Test

Query Start Test : Operator Event

Start Trigger = Step Start
End Trigger = <none>
Button ID = Button 1
Single Shot = Yes

Button Label = Start
Description = Press to start.
Grab Focus = Yes

Test Execution : Step

Step Done Trigger 1 = Terminate Button

Step Done Trigger 2 = UNLOADING: confine-
ment

Terminate Button : Operator Event

Start Trigger = Step Start

End Trigger = <none>

Button ID = Button 3

Single Shot = Yes

Button Label = Terminate
Description = Press to terminate the test.
Grab Focus = Yes

Data Collection : Data Acquisition
Start Trigger = Step Start

End Trigger = <none>

Mode = Timed

Buffer Type = Continuous

Master Channel = Time
Slave Channel 1 = Weg
Slave Channel 2 = Kraft 1000kN

Data Header = Begin Level Crossing Data Acq.
Time Increment = 0.5 (Sec)

Buffer Size = 2048

PLOT: Force vs. Time : Run-time Plotting
Start Trigger = Step Start

End Trigger = <none>

Title = Force vs. Time

X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 30.000000 Sec

Y Axis =Y

Channel 1 = Kraft 1000kN

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 N

Maximum = 500.000000 N

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled

Reduce Rate on Decimation = Not Enabled

PLOT: Displacement vs. Time : Run-time Plotting

Start Trigger = Step Start

End Trigger = <none>

Title = Displacement vs. Time
X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec
Maximum = 30.000000 Sec
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Y Axis =Y

Channel 1 = Weg

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 mm

Maximum = 0.002000 mm

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Enabled

PLOT: Confinement vs. Time : Run-time Plotting

Start Trigger = Step Start

End Trigger = <none>

Title = Confinement vs. Time Plot
X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 30.000000 Sec

Y Axis =Y

Channel 1 =

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 (none)

Maximum = 0.010000 (none)

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled

Reduce Rate on Decimation = Not Enabled

LOAD BUTTON: initiate initial loading : Opera-
tor Event

Start Trigger = Step Start
End Trigger = <none>
Button ID = Button 1
Single Shot = Yes

Button Label = AXIAL

Description = Press to initiate initial axial loading.
Grab Focus =Yes

LOAD RAMP: Initial loading : Run-time Rate
Control

Start Trigger = LOAD BUTTON: initiate initial
loading

End Trigger = LOAD DETECTOR: max.
Force

Segment Shape = Ramp

Visible at Run Time = 1

Record Data =1

Axial

Control Mode = Weg SG

Rate Type = 0.200000 mm/Min

Minimum Rate = 0.000010 mm/Min

Maximum Rate = 1.000000 mm/Min

Endlevel =10 (mm)

LOAD DETECTOR: max. Force : Data Limit De-
tector

Start Trigger = LOAD BUTTON: initiate initial
loading

End Trigger = <none>

Data Channel = Kraft 1000kN

Limit Value =5 (kN)

Limit Value is = Absolute
Detector Options = Fither Transition
Trigger Option = Trigger Once

LOAD STOP: hold axial loading : Hold Command

Start Trigger = LOAD RAMP: Initial loading
End Trigger = <none>

Hold Time =5(Sec)

Axial

Control Mode = Weg SG

CONF. BUTTON: Start Applying Confinement :
Operator Event
Start Trigger = LOAD STOP: hold axial loading

End Trigger = <none>

Button ID = Button 2

Single Shot = Yes

Button Label = PRESSURE

Description = Press to apply confining pres-
sure.

Grab Focus = Yes

CONF. RAMP: Applying Confining Pressure :
Monotonic Command

Start Trigger = CONF. BUTTON: Start Apply-
ing Confinement

End Trigger = <none>

Segment Shape = Ramp

Rate = 0.0001666667 MPa/s
Druck

Control Mode = Druck SG

End level =0.02 MPa

CONF HOLD: hold pressure : Hold Command

Start Trigger = CONF. RAMP: Applying Confin-
ing Pressure

End Trigger = <none>

Hold Time =5(Sec)

Druck

Control Mode = Druck SG

XX

TEST BUTTON: Start Testing : Operator Event

Start Trigger = CONF HOLD: hold pressure
End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = START

Description = Press to start the axial ramp
Grab Focus = Yes

TEST RAMP: Load or Strain Control Ramp : Run-
time Rate Control

Start Trigger = TEST BUTTON: Start Testing
End Trigger =~ = TEST STOP BUTTON
Segment Shape = Ramp

Visible at Run Time = 1
Record Data =1

Axial

Control Mode = Weg SG

Rate Type = 0.200000 mm/Min
Minimum Rate = 0.000100 mm/Min
Maximum Rate = 1.000000 mm/Min
Endlevel =6 (mm)

TEST STOP BUTTON : Operator Event

Start Trigger = TEST BUTTON: Start Testing
End Trigger = <none>

Button ID = Button 2

Single Shot = Yes

Button Label = UNLOAD

Description = Press to initiate unloading.
Grab Focus = Yes

UNLOADING: confinement :
mand

Start Trigger = TEST RAMP: Load or Strain Con-
trol Ramp

Monotonic Com-

End Trigger = <none>

Segment Shape = Ramp

Rate =0.0003333333 ( (none) )
Druck

Control Mode = Druck SG

End level =0.005 MPa

D.2.3 Cyclic loading

Procedute Name =
File Specification = D:\
Software Version = 4.0D

Data File Options
File Format = Plain Text File
Log Events = Yes

Include Procedure Description = Yes
Recovery Options
Autosave enabled.

On step done

Sample Information : Step
Step Done Trigger 1 = Sample Information

Sample Information : Data Input

Start Trigger = Step Start

End Trigger = <none>

Window = Additional Data Input

Utilization = Process Parameterization and
Execution

Specimen Pre-test Information : Step
Step Done Trigger 1 = Query Start Test

Query Start Test : Operator Event

Start Trigger = Step Start
End Trigger = <none>
Button ID = Button 1
Single Shot = Yes
Button Label = Start

Description = Press to start the test
Grab Focus = Yes

Preloading : Step
Step Done Trigger 1 = Terminate Button
Step Done Trigger 2 = CONF HOLD: hold pres-

sure

Terminate Button : Operator Event

Start Trigger = Step Start

End Trigger = <none>

Button ID = Button 3

Single Shot = Yes

Button Label = Terminate
Description = Press to terminate the test.
Grab Focus = Yes

Data Collection : Data Acquisition
Start Trigger = Step Start

End Trigger = <none>

Mode = Timed

Buffer Type = Continuous

Master Channel = Time
Slave Channel 1 = Weg

Slave Channel 2 = Kraft 1000kN

Slave Channel 3 = Druck

Data Header = Begin Level Crossing Data Acq.
Time Increment = 0.5 ( Sec)

Buffer Size = 2048

PLOT: Force vs. Time : Run-time Plotting

Start Trigger = Step Start

End Trigger = <none>

Title = Force vs. Time

X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 30.000000 Sec

Y Axis =Y

Channel 1 = Kraft 1000kN

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 N

Maximum = 500.000000 N

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

PLOT: Displacement vs. Time : Run-time Plotting

Start Trigger = Step Start

End Trigger = <none>

Title = Displacement vs. Time

X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 30.000000 Sec

Y Axis =Y

Channel 1 = Weg

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 mm

Maximum = 0.002000 mm

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Enabled

PLOT: Confinement vs. Time : Run-time Plotting

Start Trigger = Step Start

End Trigger = <none>

Title = Confinement vs. Time Plot
X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec

Maximum = 30.000000 Sec

Y Axis =Y

Channel 1 = Druck

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 MPa

Maximum = 0.010000 MPa

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

LOAD BUTTON: initiate initial loading : Opera-
tor Event

Start Trigger = Step Start

End Trigger =~ = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = AXIAL

Description = Press to initiate initial axial load-
ing.

Grab Focus = Yes

LOAD RAMP: Initial loading : Run-time Rate
Control

Start Trigger = LOAD BUTTON: initiate initial
loading

End Trigger = LOAD DETECTOR: max. Force
Segment Shape = Ramp

Visible at Run Time = 1

Record Data =1

Axial

Control Mode = Weg SG

Rate Type = 0.200000 mm/Min
Minimum Rate = 0.000010 mm/Min
Maximum Rate = 1.000000 mm/Min
Endlevel =10 (mm)

LOAD DETECTOR: max. Force : Data Limit De-
tector

Start Trigger = LOAD BUTTON: initiate initial

loading

End Trigger = <none>

Data Channel = Kraft 1000kN
Limit Value =5 (kN)

Limit Value is = Absolute
Detector Options = Either Transition
Trigger Option = Trigger Once



LOAD STOP: hold axial loading : Hold Command
Start Trigger = LOAD RAMP: Initial loading

End Trigger =~ = <none>
Hold Time =5(Sec)
Axial

Control Mode = Weg SG

CONF. BUTTON: Start Applying Confinement :
Operator Event
Start Trigger = LOAD STOP: hold axial loading

End Trigger = <none>
Button ID = Button 2

Single Shot = Yes
Button Label = PRESSURE

Description = Press to apply confining pres-
sure.
Grab Focus = Yes

CONF. RAMP: Applying Confining Pressure :
Monotonic Command

Start Trigger = CONF. BUTTON: Start Applying
Confinement

End Trigger = <none>
Segment Shape = Ramp

Rate =0.00025 ( (none) )
Druck

Control Mode = Druck SG
End level =0.04 MPa

CONF HOLD: hold pressure : Hold Command
Start Trigger = CONF. RAMP: Applying Confin-
ing Pressure

End Trigger = <none>
Hold Time =5(Sec)
Druck

Control Mode = Druck SG

Cyclic loading : Begin Loop
Counter Name = loop
Total Count =50

Test Execution : Step
Step Done Trigger 1 = Terminate Button
Step Done Trigger 2 = Hold

Terminate Button : Operator Event
Start Trigger = Step Start

End Trigger = <none>

Button ID = Button 3

Single Shot = Yes

Button Label = Terminate

Description = Press to terminate the test.
Grab Focus = Yes

Data Collection : Data Acquisition
Start Trigger = Step Start

End Trigger = <none>
Mode = Timed
Buffer Type = Continuous

Master Channel = Time

Slave Channel 1 = Weg

Slave Channel 2 = Kraft 1000kN

Slave Channel 3 = Druck

Data Header = Begin Level Crossing Data Acq.
Time Increment = 0.5 (Sec)

Buffer Size = 2048

PLOT: Force vs. Time : Run-time Plotting
Start Trigger = Step Start

End Trigger =~ = <none>
Title = Force vs. Time
X Axis =X

Channel = Time

Scaling = Linear
Minimum = 0.000000 Sec
Maximum = 30.000000 Sec

Y Axis =Y
Channel 1 = Kraft 1000kN
Color = Red

Style = Solid

Scaling = Linear
Minimum = 0.000000 N
Maximum = 500.000000 N

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

PLOT: Displacement vs. Time : Run-time Plotting
Start Trigger = Step Start

End Trigger =~ = <none>

Title = Displacement vs. Time
X Axis =X

Channel = Time

Scaling = Linear
Minimum = 0.000000 Sec
Maximum = 30.000000 Sec

Y Axis =Y
Channel 1 = Weg
Color = Red

Style = Solid

Scaling = Linear
Minimum = 0.000000 mm
Maximum = 0.002000 mm
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X Axis Level Cross = Not Enabled Endlevel =0.005MPa
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Enabled

PLOT: Confinement vs. Time : Run-time Plotting
Start Trigger = Step Start

End Trigger = <none>

Title = Confinement vs. Time Plot
X Axis =X

Channel = Time

Scaling = Linear

Minimum = 0.000000 Sec
Maximum = 30.000000 Sec
Y Axis =Y

Channel 1 = Druck

Color = Red

Style = Solid

Scaling = Linear

Minimum = 0.000000 MPa
Maximum = 0.010000 MPa

X Axis Level Cross = Not Enabled
Y Axis Level Cross = Not Enabled
Reduce Rate on Decimation = Not Enabled

TEST BUTTON: Start Testing : Operator Event
Start Trigger = Step Start

End Trigger = <none>

Button ID = Button 1

Single Shot = Yes

Button Label = START

Description = Press to start the axial ramp
Grab Focus =Yes

TEST RAMP: Load or Strain Control Ramp : Run-
time Rate Control

Start Trigger = TEST BUTTON: Start Testing
End Trigger = TEST STOP BUTTON
Segment Shape = Ramp

Visible at Run Time = 1

Record Data =1

Axial
Control Mode = Weg SG
Rate Type = 0.200000 mm/Min

Minimum Rate = 0.000100 mm/Min
Maximum Rate = 1.000000 mm/Min
Endlevel =10 (mm)

TEST STOP BUTTON : Operator Event

Start Trigger = TEST BUTTON: Start Testing
End Trigger = <none>

Button ID = Button 2

Single Shot = Yes

Button Label = UNLOAD

Description = Press to initiate unloading.
Grab Focus = Yes

UNLOADING : Monotonic Command

Start Trigger = TEST RAMP: Load or Strain
Control Ramp

End Trigger = unloading limit

Segment Shape = Ramp

Rate = (0.2 mm/Min
Axial

Control Mode = Weg SG
End level =0(mm)

unloading limit : Data Limit Detector
Start Trigger = TEST STOP BUTTON
End Trigger = <none>

Data Channel = Kraft 1000kN

Limit Value =100 (kN)

Limit Value is = Absolute

Detector Options = Either Transition
Trigger Option = Trigger Once

Hold : Hold Command
Start Trigger = UNLOADING

End Trigger = <none>
Hold Time =5(Sec)
Axial

Control Mode = Weg SG
Cyclic loading : End Loop

Unloading : Step
Step Done Trigger 1 = CONF: Unload

Unload : Operator Event
Start Trigger = Step Start
End Trigger = <none>
Button ID = Button 1
Single Shot = Yes
Button Label = Unload
Description =

Grab Focus = Yes

CONF: Unload : Monotonic Command
Start Trigger = Unload

End Trigger = <none>
Segment Shape = Ramp

Rate =0.00025 ( (none) )
Druck

Control Mode = Druck SG
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E DISPLACEMENT EXTRAPOLATION TECHNIQUE — REFERENCE
PLOTS

Refer to Chapter 5.1 and Figure 5-6 for explanation.

E.7 A'pr’ Diorite

1/2
]

K", [MPam'’]

P [MPa)
15 Es==———— e l
FSSEoss o s
14 S DT e 10
i ~ :E\::::\:';::oo-o.'... 58
13 | Do /1)
1 "ot e teasy |0
12 1 " ten, |00
‘ ‘ : 470
0.00 0.01 0.02 0.03
Notch distance, 1 [mm]
17
16 A
15 1!*7*‘*L“.7"‘*4‘*F7ﬁ
14 +
13 — T T T T T T T T T T T T
0 10 20 30 40 50 60 70

Confining pressure, P [MPa]

E.2  Aue Granite

i 1/2
K, [MPam'?]

K", [MPam"’]

0.00

0.01 0.02 0.03
Notch distance, 1 [mm]
17
16 A
15 ¢— e — ¢ — o ¢ o o |
14 A
13 T T T T T T T T T T T T T
0 10 20 30 40 50 60 70

Confining pressure, P [MPa]

xxiii



Appendix E

E.3  Carrara Marble
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E.5  Riidersdorf Limestone
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6./or

Tc

TR

x

angle

regression parameter for Ky
determination

crack surface energy
shear strain

maximum load point
displacement

load point displacement
rate, 8r / tc

force drop

distance from the notch tip
difference in shear stress
difference in displacement
ratio I<011C / Kic

Poisson’s ratio

angle

dry density

stress

applied stress

axial stress

stress at crack tip

Uniaxial Compressive

Strength, UCS

stress at crack tip
failure stress

stress tensor

normal stress
effective normal stress
tensile strength

shear stress

shear strength
residual shear strength
porosity

ratio Of I(HC/I<1(;

regression parameter for Ky
determination

half crack length (fracture
mechanics)

upper notch depth (sample)
fracture velocity

amplitude parameter

A
aL

AAE

CB
COD

dc

E’

e

g rgw

area
Chevron tip position
average fracture speed
average AE propagation
velocity

acoustic emission

lower notch depth

crack length

Chevron Bend

clip gage opening
displacement

diameter (sample)

fractal dimension (fractal)
breakdown displacement
Young’s modulus

Young’s modulus for plane
strain or plane stress
conditions

enhanced oil recovery
infinitesimal shear strain
fracture breakdown zone
force

geomettic stress factor
maximum force

fracture process zone
average grain diameter
maximum grain diameter
grain size

Energy Release Rate
shear modulus

inner notch diameter
J-integral

loading rate

stress intensity factor
fracture toughness

stress intensity factor

stress intensity factor
threshold for subcritical
crack growth

Mode I stress intensity
factor

NOTATIONS &
ABBREVIATIONS

Kt

I<III

Kic
Kic
Kip

Kiic

K%

K3iic

Kinc

Prr
PTS

SR

S(w)

tc

uc

UucCs

€

Mode II stress intensity
factor

Mode I1I stress intensity
factor

fracture toughness
Mode I fracture toughness

Mode I dynamic fracture
toughness

Mode II fracture toughness

Mode II fracture toughness
at zero confining pressure

Mode II fracture toughness
at high confining pressure

Mode IIT fracture toughness
Specimen length

fracture length

load point displacement
confining pressure

plasticity correction factor
porte pressure

transitional pressure

Punch Through Shear
distance (radius) from crack
up

length of fbz

support span

Short Rod

standard deviation of the
reduced asperity height

notch width
corrected time
displacement
critical displacement
energy

Uniaxial Compressive
Strength

displacement
sampling window size

sample height
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