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ABSTRACT

Dr I ,,,"d3pec::',mens from four type s of rocks, nume Ly

Ql artzite, Norite, S~ndstone and Coal encountered in the
.out.h Af rica nu ninq environment were tested to determine
:heir fr~cture toughness
International Society for
standards.

coefficients, using
( LJRt!f)H.ock l-lecbanics

The t',Bsts';;'''n~ conducted using a l\1TSservo-controlled
testing michine in displacement cont.rol mode.

Level I tests were ru., under load control unt.i.l,the
spec l.men failed. The Load i.nq rate durLnq t.l.etests was
increased gradually until failure occurred ,·rithin 10
seconds of the initial load application or reached cr~~k
velocity of O.001 Hun/sec. The average s+ress Lnr errs,ty
rate during the tests was not less tha~ 0.25 MPa m. se~.
The average fracture toughness coefficient of Quartzite,
calculated on this basis was 1.89 MPa m, of Norite - 1.97
MPa m, o( Sandstone - 1.40 MPa m and of Coal - O.45MPa m.

Level II rracture toughness tests were ran under axial
d.ispLacemen '; (LVDT) control. Template containing
procedures were set up for different stages of testing.
The stress intensity rate during the test. The loading
rate of Lr.vest i qat.ed rock specimens was O.(JOI mm/sec.
Fracture toughness coefficient of Quartzite was - 2.20
MPa ill, of Norite - 2.29 MPa~, f Sandstone - 0.34 MPa/m
and of Coal - 0.14 MPa m. Influence of a 10ad4ng rate on
the tensile strenyth of specimens was confirmed.
Estimated yield and ultimate tensile strength can be used
for energy related investigations.



The fracto graphic studies show different behaviour
between fatigue crack gro~th of investigated brittle rock
types. For example, the main crack in Quartzite specimen~
occur through the boundary of the quartz grains and keep
approximately straight d.irection in the core of spec.lrnen.
Fractur{ng in Nori.te specimens begins with clear fracture
process zone and the crack does not keep a straight
dire~tion in th~ core of specimen. The fatigue region
shows more evid~~ce of ntergranular cracking and grain
pull' Jut, and t qua r: ~ 'Jrains appear dulled, possiblj
by c .ack .~)'.:k 11,

Yield and ul t imate te')';i.lestrength were estimated on a
basis of developed '2uuation for three point bending
tests. T· fl rer.ce Of a loading rate on the tensile
strength (_f specimens »ee con rLrmed , For examp re , by
tncreasinJ tne loading rate of hard rocks, their tensile
st ronqt h aLso increased. With soft rock increasing the
loading rate decreases the tensile strength.

U ~d J-integral technique ShOW3 its application in
determini.ng of fracture toughness coefficient in mode I.
The critical values of J-integral (JIG), which were
estimated show their relation to Krc. Backward
calculation of Krc from JIC was w i th acceptable small
deviation, compared to KIC estimated tests. Calculated
square deviation of KIc from JIC for Quartzite specimens
1.S between 0.9364 and 0.924, for Norite specimens between
0.9107 and 0.9007 and for Sandstone specimens between
0.900 and 0.8135.
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INTRODUCTION

"'he formation of deep uncierground openings in rock causes
redistribution of the stress, which can interact with the
exposed 1')':)( causing it to fracture. The degree and
orientation of fracturing within thc Lmmed.iate vicinity
of mine openings are the determining facters in desigping
support systems for safe and economic mining operations.

Nhile the rock mass is of primary importance in
engineering rock mechanic design problems, the rock
material itself becomes important in rraqment at Lon
processes such as dr.Llling, blasting, tunnel boring,
cutting or crushing. However, the two are closely related
and consequently fracture mechanics concepts have,
despite being primarily concerned with rock materia':',
made important contributions to practical rock
engineering [14J. In recent years, these concepts have
received an increasing amount of interest, both through
analytical studies and in the area of fracture toughness
testing of rock [12J.

In spitE; of extensive research undertaken worldwide, very
1ittle is Known about the mechanism of fracturing in
rock. Trdditionally, the fracturing around mine openings
has been 2 subJect of rock engincaring. Current studies,
however, tend to indicate that basic theories of Fracture
Hechanics can be used to describe at least some of the
modes, such as extension fracturing.

One of the impc.rtent material paramet ers used in Fracture
Mechanics is the fracture toughness. The fracture
toughness parameter tor fracturing in tension is called



Mode I ([(Ie). The value of [(Ie for rock types encountered
in South African mining conditions is not known (with
exception of Quartzite, investigated from Middlemass,
MSc, Wits, 1991).

The quantity K,c has been shown to be an important and
useful pardIDeter jn rock engineering and is a property of
a ro~k indicating its fracture resistance to crack
propagation. A higher value of [(Ie means increased
fracture resistance of crack extension. ~e can only be
determined by testing a properly p::-eparedspecimen with
a crack in it. The crack may be either pre-existing or
pre-fdbricated. So far, numerous testing methods
employing various specimen geometries have been used to
derive [(Ie for roc~s.

Wi th the development of the fracture toughness
methodology based on J, various methods for
experimentally det.errrdm.nq J from a load versus load
point displacement tesL have been proposed. The goal of
these proposed methods is to simplify the experimental
procedure and the data analysis in a JIC fracture
toughness test. This dissertation describes an
experimental program conducted to evaluate the ~ccuracy
of these estimation methods. Comparison between the
values of r(IC as calculatea by the enerqy rate definition
and those calculated by the estimation technique for
three-point bend specime~~ are made.

2

This di~~artation presents the results from a series of
tests carried OL;t to determine the mode I fracture
toughness and J-integral studies of four different rock
types dom.nant in South African mining, namely Quartzite,



Norite, sandst.ons and Coal. The tests were conducted
using a servo-cortrolled testing machine with a
specifically developed r, xie I testing fixture.

3



I I. FRACTURE MECHANICS

Fracture mechanics is an engineering discipline where the
aim is to give a quantitative description of the
transformati0n by crack growth of an intact structural
component into a broken one. In its most basic form it
relates the maximum permissible stress to the size and

location of the crack. It can also predict the rate at
which cracks grow to a critical size, by environmental
influences or by varying loads (fatigue). Further it can
determine the conditions of rapid propagation and arrest
of moving cracks [7].

t . part of the introduction to the subject fracture
mechanics ~oncepts are given here under the following
headings: crack tip displacement modes, stress intensity
ene l ye i:s, t reci:u, i[litiatior. and propagation, J

integral, cra:::k extienri on Lews , p: ocoee zone, crack tip
opening displacement, cr3ck arrest factor, dynamic
fracture and evaluation cf frac.ture mechanics ps rsmet.e rs
for specific crack systems.

11.1 Crack Tip Displacement Modes

There are three basic modes of fracture mechanics
(Fig.ILl) .

A. Mode I, Whi~cb is Q .so known as the opening mode ,
is so called because tilecrack tip is subject to a normal
stress and the crack faces separate symmetrically with
respect tv the crack front so that the displacemonts of
the crack surfaces are perpendicular to the crack plane.

4



Figure II.1. schematic drat..ing il1ustratil'g the three fundamental modes of

fracture. A: mode I, tens~l~ or opening mode; B: mode II, in-plane shear or

~liding mode; c: mode III, anti-plan~ shear or tearlng mode [32]

B. Mode II is the edge sliding (or in-plane
shearing) mode whe re '::hecrack tip is subjected to an in-
plane shear stress and the crack faces slide relative to
each other so that the displacements of the crack
surfaces are in the crack nlane and perpendicular: to the
crack front (or leading Bdge).

C. Mode III is also called the tearing mode or anti-
plane mode and, in this case, the crack tip is subject to
an anti-plane (or aut-of-pldne) shear: stress.

The crack faef" move relative to each other so that the
displacements of the cra.ck surfaces are in the crack
plane but parallel to the crack front [1].

5



I I .2 Stress Intelnsi ty Analysis

The stress dlrt ri.butLon in the crack tip region is
analysed on the assumption of McClintock and Irwin (1965)
that classical linear theory of el&sticity applies. This
is valid provided that any region of non-linear behaviour
is negligibly small compared with the length of the crack
and the dimensions of the cracked body. It is recognised,
however, that ~on-elastic effects are involved at c
tits in many materials.

The K value for mode 1 can be further. defined as

KJ 00 lim!O"y(2m/2] II. 1

where Oy is the tens i l.e stress normal to the crack
surface. Lawn and Wilshaw, (1975) have given a completely
general expression f.orthe ~ear field stress distribution
for any mode as

1 -r
O"yO= Kd2rcr) -f/B) 11.2

"\-lherefiJ (e) is a well defined function of e and degends
upon the loading mode, and KL is the stress intensity
factor wh ich embodies the loading configurations of the
crack system. The subscript L to K denotes the mode of
loading, L = I, II, III.

6



II.3 Fracture Initiation and Prcpagation

Instead of considering crack tip stress, an alternative
fract .......e mechanics approach to crack extension is to
examine the crack e::tension force, G. 'I'hecracr extension
force, or strain energy release rate, is the loss of
energy per uni t, of new crack sepa rat i.on arAa forrr.ed
during an increment of crdck extension. In geomaterials
such as rock and concrete, Hardy, 1973; Hoagland et al.,
1973; Schmidt 1980; etc., [32J t~is region is called the
crack tip microcraking zone. It is so called because this
microcraking zone is largely formed by the initiation and
propagation of the microckracks near the crack tip, which
mates the material in this region behave plastically.

7

Irwin and Barenblettf 1948 [32J d~fined a small region
around the crack tip, in which the material behaves
plastically rather than elastically as usual assumed for
t.he ..:reatmentof fracture ;!lechanicsproblems. This small
region is referred to as the crack plastic zone in
metallic materials.

Both the plastic zone in metals and the microcracki ng
zone in rock-line materials are discriminately called the
crack tip inelastic zone. Because G is calculated for
infinitesimal increments of flew separation area it can be
applied to both stationary and running cracks. The strain
energy release rate is a rate with respect to crack
length and not with respect to time.



I I • 4 J Integral

In recent years a considerable effort has been expanded
on the development of a methodology for J-integral to
characterize the fracture behavior of structural
materials employed at temperatures where they exhibit
elastic-plastic behavior. This effort has focused, to R

large extend, on the J-integral, first proposed by Rice
[40, 41] and later advanced as a failure criterion by
Begley and Landes [42, 43]. Subsequently other analyses
have evolved [44, 48}.

Although being accepted for metals, the use of J as a
fracture parameter in the nonlinear range is now for rock
material. Some work has been reported by Wilkening [49],
and Schmidt and ~utz [50) where the J-integral is
determined by an energy rate interpretation.

Thus, J is equivalent to the potential energy release
rate. It is most widely used, however, for the
characteri7ation of crack tip conditions in the case of
large scale yielding. In such applications the crack tip
is assumed to be nearly stationary, strains aLe assumed
to increase monotonically with time during loading, and
the stress field energy density is assumed to be the same
as it would be if the stress-strain behaviour were
reversible.

However, the optimurr procedures of analyses have yet to
be conclusivply defined and standardised.

8



I I . 7 Crack Extension Laws

Griffith in 1924, [8] and Irwin in 1960, [13], defined
that there are two types of crack extension laws in
fracture mechanics.

(a) Equnibrillm laws, which specify that cracks may
extend stable or unstable at some critical value of a
fracture mechanics parameter. This is because various
energy dissipation processes operate at crack tips ].i1

many solids, other than those processes associated purely
with new surface formation (Atkinson [1]). These
additional processes include crack tip micro plasticity
and acoustic emission, and they are included in the
calculation of the fracture surface energy.

(b) Kinetic Lews, in which, at certain subcritical
values of fracture mechanics parameters, a crack can
extend.

Evans, 1972 [6], mentioned that this values are assumed
from experimental results and Landes and Begley, 1973
[38] from physicochemical theories regarding the assumed
crack tip weakening processes.

Rice (1978) [26] has re-examined the thermodynamics of
Griffith-type crack growth, however, and shown that it is
gove.cned by

(G-2Q$)v~O (II.3)

where Qs is the ideal or thermodynamic surface energy.

Chemically active environments can reduce the
thermodynamic threshold for crack growth so as to allow

9
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subcritical crack growth by influencing Qs-

Lawn (1983) [15J has also shown that fracture mechanics
can be extended to cover the 0rowth of atomically sharp
brittle cracks by tb~ se~:ential rupture of bonds through
various detailed microscopic mechanisms_

II.6 Process Zone

Lawn, 1983 [15] deals with a single, ideal sharp crack.
This is a suitable representation for single crystals or
at a microscopic level in po Lycrys taLlLne materials. In
these cases extensive electron optical studies have
supported the assertion that brittle cracks are
atomically sharp and propagate by the sequential rupture
of bonds.

At a more macroscopic level of study, rocks and ceramic~,
show more complex behaviour. Or; Loadinq the blunt,
machined notch in Fig.II.2 a few iso12ted micro cracks
are formed, but the system behaviour remains linear. On
further loading the intensity of mic:.o cracking increases
and behaviour in ehe crack tip region becomes non-linear.
Finally, macro crack extension OC( ~s because of the
linking of micro cracks in this non-li.ne," zone, known as
the process zone. The macro crack pro! .},te~ by taking
with it a cloud of damage contained .he process zone.

The use of the term process zone is linked above to the
development of crack tip micro cracking. In the frac.:ture
m8chanics literature, however, it is given a more general
meaning as any zone of non-linear behaviour at a crack

10



tip. Plasticity, instead of micro crac~ing, could be the
means by which the non-linearity is obtained.

A
L____, ..
~ .. t cry

I
I
I

B

c

D

E

Figure 11.2 Schematic drawings illust ·,tj.ng the develnpment of a process zone and

its ~nfluence on macro crack gro.~h. SiMple tensile deformation occurs across the

plane y;O. stress increases through drawings A to E. (A) Nachiued notch I~ith a fet~

isolated micro cracks induced by machining. (B) Ml.cro crackanq beqaris , l-hero

cracks rnost.Ly isolated and Li.nea r elastic behaviour is still obse rved , (C) Ml.cro

cracking becomes more intense. Some nucr o cr acks link up. N -Lmear behavacur is

obse:ved. (D) "lit!>ir. the ''ow fully

Schmidt and Lutz, 1979 [8] defined that for a large
process (micro cracking or plasticity) zone the material
behaves as if it has a slightly longer macro crack than
is actually measured. K and G determinations can be
extended to include a process zone adjustment in the
calculation of an effective crack length.

Problems do arise with materials such as ice, some rocks
and concrete w i th no well d8fined yield stress (Goodman,

11



1930; Labuz et 0.1., 198::') [7,15] and here djffere,:.:-arid
more complex schemes for estimating the process zone size
are required.

11.7 CraGk Tip Opening ryisplacement (CTOD)

The crack tip opening displacement, is given
approximately by the crack opening at the intersection of
the boundary to a non-linear crack tip region (plastic or
micro cracked) with the crack surface.

The direct measurement of crack tip opening displacement
(CTOD) has been attempted in past using double notch
specimen technique [4], infiltration method [51, etc. It
is, however, not practicable to measure CTOD oirectly in
fc:tigue cracked specimens. The clip gauge method [6] i5
used to measure the crack mouth opening displacement
(CMOD) in the fatigue cracked specimens and the '":TODis
evaluated from the measured CMOD values at the original
crack tip [7]. Wells [8] converted CMOD into CTOD by
using plastic hinge model. DD 19 [9] provides the
nece saa ry relation for the above conversion using a
nondimensi0n~1 limiting value of elastic clip gauge
displacement. Some ambiguity "lith the elastic clip gauge
displacement values has been reported in the recent past
[10}. New draft for CTOD evaluation has been proposed
based on waveD work [11] through BS 5762 [12] ;..hicn uses
~c~p crack SEN bending specimen.

The cu.rrent method for CTOD evaluation thus heavily
depend on the method of extrapolation of CMOD to the
physical crack tip with the help of rotation factor. The

12
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effect of specimen and loading geometry on r'ot.at.Lon

factor is not well documented. A reliable method for eTOD
eva l uat ion ..3 available only for (ieeply not chad SEN

bending specimens. For other geometries large variation
in the CTODvalues is expe ct ed depending upon the method
used for evaluat un of rotation factor [51, 52J.

I I. 8 Crack Arrest Factor

For a running and arresting ,:rack, the dynamic stress
intensity factor K/in is given as a function of time, and
is compared with the corresponding value K/in resulting
from the stacie formulas. Kalthoff, Beinert and Winkler
[53] in 1981 defined influence of dynamic effects on
crack arrest in compact-specimens.

The value of the stress intensity factor at arrest,
«r=, in pzLno.ipLe, could be measured directly by use of
experimental stress analysis techniques. These methods,
however, in general, are too complicated for standard
engineering test_::1g procedure". In order to simplify the
me&surerner.t procedLre, two different cOlcepts have been
develooed in the past.

Crosley and Ri.p l Lnq [54-58] .int roduced a purely static
concept. The dynamic effects are neglected and the static
value of the stress Lrit ens i t y factor at z.rrest , i<.radln, is

dp·t<2i'il1inedusLuq static formulas. This value is lower
than Itlitil C:ynamic effect, but the error is tolerated
because of the sim~licity of the procedure.

Hahn, Kann i.en \'~t ..'11. [59-(03 J take the dynamic f>ffE-}ct~)



into consiaeratian by application of a thaoretical-
numerical analysis of the run-dLrest proceDs. The
computation result 1:) the so-called Reference-Curves,
which are used to determine the crack velocity V and the
dynamic fracture toughness KID tor thE' r11[1ningcrack. In
general, KIV depends on the crack vel,' i ty. The autors
assume that the crack arrests when KiD attains its
minimum value Km which, consequently, represents the
crack arrest toughness.

11.9 Dynamic Fracture

In practice, runnlng cracks can accelerate to significant
fractions of the velocity of sound. From purely inertial
considerations the crack velocity cannot be greater than
the speed of Raleigh waves (approximately 0.9 of the
transverse sound wali8 velocity). In real solids, limiting
crack veloei t i.cs obse rved cormnonly range from 0.1 to 0.6

of the sound wave velocity (Irwin, 1960) l131. An

increase in crack driving force (G or K) beyond that
necessary to dr ivo the crack at the limiting speed
r(~sults in crack branching and hackle formation on the
crack surfaces.

L4



11.10 Evaluation of Fracture Mechanics Parameters
for Specific Crack Systems

Two distinct methods are used to evaluate fracture
mechanics pa.rerneters for specific crack systems: (a)
stress analysis, and (b) direct measurement using
compliance calibrations (Atkinson [lJ).

For metals, certain well defined standards, such as ASTM
E399 and E561, have existed for a number of years. The
fact that the same approach has only recently been
applied to fracture in rocks has hindered the wider use
of fracture mechanics in georhysics. Limitations to rock
fracture mechanics Gxperimental methods are discussed by

Atkinson [2] and Ouchterlony [20J. Ouchterlony has
chaired a working group of the Cormnission on Testing
Methods of the International Society for Rock Mechanics
(ISRM) that has recently recommended the use of chevron-
notched core specimens as the standard meth~d for
determining the fracture toughness of rock :1SRM, 1988)
[12] .
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III. MODE I FRACTURE rOUGHNESS TESTING

I I 1.1 Mode I fracture toughness (I{"xd

Representative value of the r ract ure toughness of
material fvJ.. mode I cracking (i. e. KIe) can be obtained
from fracture mechanics testing. A higher value of KIe

means increased fracture resistance to crack extension.
KIe can only be determined by test ing a properly prepared
specimen with a crack in
self-produced (e.g. the
modified ring test) [31 J
numerous testing methods

it. The crack may be either
lndentation method and the
or pr.e-fabricated. So far,
employing various specimen

geometries have been used to derive KIe f or rocks.

Some tests methods require the introduction of a V shaped
chevron notch, which causes crack propagation to initiate
at the tip on the V shape. Fracture propagation is in the
notch plane along the rod axis and has s cabl e manner
until the load reaches i':8 maximum value Pmax• Then
unstable crack propagation takes place.

III.? Fracture toughness testing methods

111.2.1 The Chevron Notched Short Rod (SR)

The SR method was Irit roduced by Barker, 1977, [32]
(Appendix l) and to determine t ract ure toughness of rock.
This specimen is core-based one with a mechanical notch
along the load axis. ~ne e~ternal load is applied to the
notch mouth to split the spacImen into t\"JO LderrtLcaI

hal v,~s.
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When this geometry was introduced for determining
fracture toughness, he provided an e~plicit expression
for the stress intensity factor Kr b~sed on the
relationship between strain energy release rate to
compliance and to stress intensity factor.

111.2.2 The Chevron Edge Notched Round Bar in
Bending Short Rod (Ca)

The CB specimen was developed by the Ouchtarlony and co-
worker (Ouchterlony, 1980; Ouchterlony ana Sun, 1983)

[32J (Appendix 2), who used this georr.etrical shape in
three point bending to determine fracture toughness of
rocks. The chevron notch in CB causes crack propagation
to start at the tip of the V and procf8d in the chevron
notch plane in a stable manner until the applied lead
reaches its maximum value, which is u: j to eva Luat.e the
level I fracture toughness.

1.1:1.2. 3 T:t..e Brazil Disk in diametral compreEJsion

The Brazilian disk test has been often used to determine
the indirect tensile strength in the laboratory (Brown,
1981) [32] (Append ix 1). The tensile stress in the disk
resul ts from the applied diametrical compressi ve load
(Timoshenko and Goodier, 1951; Hondros, 1959). It has
significant potential for application in fracture
toughness testing of rocks (Sun at.al., 1990).

TrH'?reare various l"lethoc:is;derive f r: ;ture t.ouqhneas hy
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using the Brazilian disk with diametrically oridntated
crack cut in different ways, i.e. central straight-
through crack, central through chevron notcr., single edge
crack, double edge cracks.

111.2.4 Radial cracked ring test (RCRT)

The ring is another method for determining tens~le
strength of brittle materials (Choi et.al., 1988) [32]
(Appendix 1). It was proposed by Shiryaev and Kotkis
(1982) to determine fracture toughness.

111.2.5 Modified ring test (MRT)

A ~odification to the RCRT has been made by Thiercelin
and Roegiers (1986) (Appendix 1). This test is more like
the gro0ved disk containing an edge crack proposed by
Szendi-Horvath (1(80). It has been used to determine
fracture toughness of rocks by Thiercelin and co-worker
(Thiercelin and Roegiers, 1986; Tniercelin, 1987, 1989)
[32} .

It is essentially based on a hollow Brazilian disk with
two diametrically opposite flat loading surfaces. One of
the main features of this metnod is that when the
diametric compression is increased, t,1TOd.iame t ri.cal.Ly
opposite cracks will be initiated at the inner hole,
vrhich propagate along the loading axis until reaching the
loading surfaces.
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III.2.~ Single edge cracked half disc specimen in
three point bending (HOB)

This test was developed by Chong and Kuruppu (1984) [32]
(Appendix 1). This is suitable for compact specimens
requiring duplicate samples to investigate various
parameters such as strain rate, moisture c::mtent and
temperature, etc (Karfakis et al., 1986). It is suitable
to study the effects of anisotropy on tne fracture
toughness of rocks (Chong et al., 1987). They have
developed a formula for Krc by using both the strain
energy release rate method (Dixon and Strannigan, 1972)
and the elliptical displacement approach (Woo and
Kuruppu, 1982). Both methods have yielded close results.

111.2.7 Round compact disc in tension (ReT)

This is a standard method in E399 for metallic materials.
Sun (1983) and Ouchterlony (1986) (Appendix 1) have
adopt e.t this method to determine fracture toughness of
rocks with the CJl.10Dincreased at a rate of 0.06 mls
during loading in their tests, where the direct tensile
load is applied to split the specimen [32].
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111.3 Specimen size requirements

111.3.1 Relevance of crack tip non-linear region

Earlier rock fracture toughness tests followed the ASTM-
E399 [65] standard method suggested for metallic
materials. The size requireme!1ts to ensure the
measurements of fracture toughness in the plane strain
condition (Krc) are for specimens with large plastic zone
sizes. The secant method of the ASTM (E399-71) for
linear-elastic fracture mechanics evaluation cannot be
applied directl~ at rock fracture mechanics. Sinse the
plane strain f zact.ure toughness is a parameter of LEFM,
it requires that the crack tip non-linear region is
sufficiently small in comparison with the smallest
dimension of the specimen being considered, that is, the
condition of sraa II scale yielding (SSY) must be
satisfied.

II1.3.2 Fracture toughness dependency on specimen
size

ASTM - E399 [65] has been shown that the fracture
parameter Krc is specimen-size dependent, which can be
well explained from the formation of the crack tip non-
linear region. In order to ensure that measured values of
fracture toughness for a metallic material are a
constant, the ~lane strain fracture toughness, the
characteristic dimensions of the specimens, namely, crack
length, specimen thickness and the uncracked ligament
must be sufficiently large [32].
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Costin [67] have estimated the value of fracture
toughness coefficients of oil shale according specimen
size (specimen length 1, according specimen width W). For
example, for specimen size of 4W in ~1Pa/m they are
between 0.86 and 0.99; for specimen size of 2W they are
between 0.57 and 0.94; for specimen size of W they are
between 0.54 and 1.0.

111.3.3 Plane stress and plane strain: influenc~ af
test specimen

For rocks, however, the specimen thickness seems to be a
less important factor affecting fracture toughness than
for metallic materials (Ingreffea and Schmidt) [10]. This
is possibly mainly because of the distinct difference
between the Fracture Process Zone (FPZ) in rocks and the
Plast ic Process Zone (PPZ) in metallic materials. In
metallic materials a specimen which is too thin is shown
to fracture under plane stress instead of the plane
strain state, which leads to a larger plastic zone size
and cause3 a greater va~ue of fracture toughness.

Schmidt [28} has beal' shown that in rock materials,
howev~r, the FPZ is independent of whether the crack is
under plane strain ~r plane stress state, and hence the
size and shape of FPZ will not change whether the FPZ is
located on the specimen's free surface or deep in the
specimen.
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111.3.4 Criticality of rock specimen thickness

Barton [3] pointed out that the t.hi.ckne-:= of a rock
specimen is not critical but must not be sma, -r than the
w idt 11 of the FPZ. The size requirements for a va l id
representative value of fracture toughness for a rock
specimen depend on the tensile strength and critical s:ze
of the fracture process zone.

111.3.5 Minimum crack length

Sun and Ouchterlony [21] inferred, for Stripa granite,
that the minimum required specimen dimensions (suppose H)

for plane strain fracture t.or.qhne ss testing can be found
by measuring the apparent fracture toughness, KQ• For
specimens with constant other specimen dimensions, but
with differept H values to determine the point from which
~ is inde~sndent of H. Schmidt and Ingraffea [10] found
minimum crack length of amin=50 mrn and minimum specimen
thickness of Wmin=-100 mrn for Indiana limestone.

Number of investigators have shown that the factor of 2.5
(specimen thickr.ess over crark length) for the minimum
required is somewhat conservative and a factor of l(~ss
than 2.5 has been found for most rocks. Chong and Kruppu
(1985) determined fracture toughness of oil shale by
using a specimen configuration of a half disc and
proposed a factor of 2.0 for the minimum size
requirements.

Ouchterlony [68] have calculated Young's modulus values
variations with respect to notch depth. The E-values from
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33 valid tests, where O<a/D<0.35 given as a meanNo tests +

standard deviation, the results dre
E = 87.209 + 3.01 GPa when aiD = 0

E v.0211 r 2.63 GPa when 0.1<a/D<0.2

E = 85.6013 + 2.72 GPa when 0.2<a/D<0.3.

II1.3.6 Crack tip FPZ and rock grain size

Nolen-Hoeksema and Gordon [19J have shown that the FPZ is
as large as 20-40 grain diameters in Stockbridge
dolomite. The minimum specimen dimension must be at least
20-40 times tte grain diameter in order to obtA.in a valid
Krc value for the rock.

Tradi tionally in rock mechanics atud i er-, a ratio of
smallest specimen dimension to grain size of 10:1 has
been considered to be sufficient to ensure that all the
measurements have been representative of the material.
When the influence of the crack tip FEZ is taken into
account, the simple ratio of 10:1 for the.measurements of
fracture parameters of rock materials may not be
sufficient.

I1I.4 Specimen Precr.acking Requirements

II1.4.1 Basic requirements

ASTM - E399 [65] standard method was used from Brown,
Per.q and Johnson [4,24] but: with narrow saw-cut notches
wi thout pr:ecracking to measure plane strain fracture
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toughness for vatious rock materials. The results, which
'flere obtained, were too low. The fracture toughness
results from subsequent tests were again found to be too
low and furtherrr;re dependent on notch depth. Even though
specimen prepa.>.....1tionand test procedure were much
simpler, the f ract.c re toughness results ,vere ayain found
to be too low and ruz-the rmo re dependent on notch depth,
indicating an R-curve behaviour.

The requirements of specimen precrack.inq essencL,lly aim
at achieving a "nat ural crack", which is geometrically
well defined and sufficiently sharp and is free from the
effects of residual stress, specimen boundaries and the
pre-fabricated notches.

I I I . 4 . '.) CoL':'';.'closure Ln concrete

Swartz and cc-workers [30] used both pre-notched and pre-
cr3cked concrete beams to deter~ine fracture toughness.
They found that the nat uralLy cracked beams yielded
higher failure loads and fracture t0ughness values than
~otched beams with the same crack lengths. For example,
the average Krc values for pre-cracked beaTY'~ were
approximately 38%, 77% and 96% higher L:hanthose for pre-
notched beams for dimensionless crack lengtLs a/Waf 0.3,

0.5 and 0.7 r~spectively.

Another exp lanat.Lon ::':crthis givE'D by Sih and Cc Joutos
[29] is that since crack tips are in crystal grains which
usually resist crack propagation, more energy is required
to cause cross-grain (transgr3.nular) crack propagation.
On the other hand, wide notch tips contain structural
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weakness like grain boundarles and crack propagation is
usually along the grain boundaries to f'orrnintergranular
crack propagation.

111.4.3 Specimen precracking

25

At AST.Y1, E399 [65] the preckraking was done with a
sinusoidal tension tension loading. Specimen
precracking is notoriously cumbersom" since it usually
requires expensive and sophisticated loading machines to
ccurately monitor the load and displacement in order to

arrest any further propagation of the crack a~ter it has
been initiated.

Travers and Tharp ~31] in order to avoid this, adopted a
layer of thin and highly compliant material (paper)
between the specimen and loading platen to precrack the
three-point bending specimen. The layer of paper produced
a distributed load on the bot tom of the spaclmen during
loading and hence couLo reduce the degree of risk of
unstable crack propagation.

111.4.4 Chevrofl-notchsd specimens

The fundamental principle of this method is that a V-

shaped chevron-notch is used instead of a straight-
through notch and hence the length of the crack front is
generally increased as the crack propagates (Fig.1II.l).

The tesL with chevron-notched specimens requires neither:
crack lenqth nor complicated fracture tou-rhne.aa



calculation techniques, but jU3t the recording of the
maxunum applied load and load point displacement (LPD)

[12] .
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Figure III.l Schematic interpretation of a chevrcn-nott:hed specimen shoH~ng

relwt10nship bet"men Load and crack front position and :CJ.nearand non-linear

requirements forIn E399 [651,

precracking. These r'equ i rement s are mainly related to
crack geometry, such as crack front straightness, crack
plane tilt and final crack length. But these n~quirements
have been shown to be unimportant in rock fracture
toughness t e.st s and hence have beAn ignored in such



tests.

111.0 Testing Requir~ents

111.5.1 Crack displacement monitoring

The standard t.asti nq method for metallic spec tmens
requires that ~xperimental results should be recorded as
a plot of the applied load P against the Crack Hauth
Opening Displacement (CMOD). Such a plot; is used to
determine the critical load, PQ' which is then required
in the derivation of the apparent fracture toughness, T<'g.
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Ouchterlony [23] has alternatIvely used P versus load
point displacement (LPD) curves in his three-point
bending tests using round bar specimens with significant
success. In some cases where the load is not applied at
the crack mouth, such as bending tests, P versus Load
Point Displacement (LPD) is recorded, which is usually
used to directly determine the energy-related fracture
parameters by measur i.nqthe area under the curve of load-
point displacement versus lOc'd. Th':se parameters include
the strain energy release rate, the L~integral and the
fracture resistance curve (R-curve).

III.5.2 Loading rate

ASTM-·E399 [65] requires for testing 0:: metallic SI,,:!·;:·meJ";
the loading rate Kr must be wi thin the rate of O. :J5 'co

~~.75 HPaVmI s, For metall Lc spectmcns tested at such a
high loading rate, test duration is usually of the order
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of one minute. For rock specimens also tested at such
high loading rates, however, the test could be finished
within one second, since the apparent fracture toughness
for most rocks is much lower than that for metals.
UsuaJ.ly it is not more than 3 MPaVrn/s.

Joyce and Gudas [69] calculated fracture toughness
c::lefficie!1ts on different kind of metals, used in US Navy
industry. They are as follow: for HY-130, Kj_c=213MPaVm,
for 10 Nisteel, KIC=174 MPajlm, for 17-4PHsteel, Krc=157
MPaVm, for Ti-7Al-2Cb-lTa, Krc=97 MPaVrn,for Ti-6AI-4V,
i<:rc=78MPaYrii.Zhe-Mir,g [70] calculated fracture toughness
coefficients of metals. They are as follow: for No.45
steel, Krc=71.9 MPaVm, for. 45MllCiV, Krc=83.7 MPaVm, for
34CrNi3Mo, Krc=121-138 MPaYm.

Number of rock fracture investig2tors have followed the
E399 [65] recommended rates, most rock fracture
researchers have used much lower rates resulting in the
fracture test duration of approximately one minute.
Schmidt [28] used loading rate of KIC = 0.022 MPaVm/s in
his three-point loading tests of Indiana limestone.
Ingreffea and Schmidt [10] used an even lower loading
rate of KIC = 0.011 MPaVrn/s for Indiana limestone.
Schmidt and Lutz [27] used a wide range of loading rates
of KIc =: 0.01 - 0.03 MPaYm/s in their fra ....ture toughness
tests of Westerly granite.
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111.6 Fracture Toughness Calculation

111.6.1 Dependency of stress intensity factor

Swartz, Hu and Fartash [30] noted that for an infinite
cracked body the stress intensity factor is dependent on
the crack geometry and the applied stress, i.e. Kr =

alna. For the experimental tests they used appropriately
cracked specimens of finite size. In most cases, for a
given applied load the stress intensity factor is usually
a function of the dimensionless crack length, a/W, where
W is specimen width or some other charact er-istLo specimen
dimension which is equivalent to the specimen width.

Landes and Begly [34] mentioned that the calculation of
the critical stress intensity factor (usually termed as
the apparent fracture toughness before the validity is
verified and denoted by KQ) requires the critical applied
load, PQ, and the corresponding critical crack length,
i.e. the crack length at failure, ae.

I I I . 6. 2 Determination of 'the critical applied
Load

In E399 the test results should be reported as a plot of
ioad versus CMOD.

The procedures for:determining Po are as follows:

(1) A tangent, OA, to the or; ,'nal linear part of the P
versus CHOD curve is drawn.
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(2) A second line, OB, with a slope of 5% less than the
slope of the tangent OA is dr.-awn.The intersection point
of OB with the P ve rsus CMOD curve is defined as Ps,
which corresponds to a 2% crack growth from the injtial
pre-cracked crack tip induced by the crack tip non-
linearity behaviour.

(3) The determination of PQ depends on the types of P
versus CMOD curves:

a) If F<;precedes the maximum load Proax as shown in
Fig. III.2 (a), p) is then defined as Ps. Host rocks are of
this type of P versus CMOD records.

b) If pop-in (at some stage of loading, CMOD

increases rapidly while the load maintains at the same
level) occurs during the testing [see Fig. III.2(b)], PQ
is a180 defined as Ps . Pop-in rock specimens are known
to rarely take place.

c) If Proax precedes Ps as shown in Fig. III.2(c), PQ

is equal to Pmax • A number of rock specimens are known to
have trd~ type of P versus CMOD records.

d) If a local maximum load p1max instead of the
overall maximum load Proax precedes Ps, then PQ is defined
as plmax• Rocks rarely have this type of P versus CMOD

behaviour.

(4) Two horizontal lines are drawn at PQ and 0.85 of P Q

respp.ctively [See Fig. III.2(a)]. The distance between
the tangent OA and the P versus CMOD curve at PQ and
O.85PQ are 0 and OI respectively, where 6 and OI

correspond to the deviations from the linearity at PQ

and 0.85 P Q respectively. In E399 it is required that OI
should not be greater than 25% of 6, i.e. 0 I < 0.256.
This requirement pertains to the crack tip non-linearity
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If this requirement is not satisfied, there is a

and ensures that the condition of SSY is satisfied. If Or

> 0.250, then the effect of non-linearity must be take-
into account and a correction factor for non-linearity
should be introduced.

Another restriction in E399 for a valid Po value is that
the ratio Pmax/Po must not exceed 1.1, i.e. Pmax < LIP c-

possibility that KQ may not bear sufficient relation to
Krc for the test, or the material is extremely ductile.
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F~gure III.2 Load versu~ CMOD records used to determine the cr~t1cal load to

faUure. PO [32J

This approach has been known as the 5% second approach
and has frequently been used by most rock fracture
mechanics investigators. For small specimens, how~ver,



this 5% second procedure gives a specimen size effect on
Krc even though I~EFM conditions are satisfied.

Munz [18] accordingly proposed a variable secant, which
has a slope adjusted to the specimen size, to determine
PQ•

I I I •7 KJ:c Determina tion

Ouchterlony [20] mentioned that Ko by itself has no
physical importance and cannot be considered as a
fracture property of a brittle material since its
measurement does not take into account the effects of the
crack tip non-linearity behaviour inherently existing at
the crack tip upon unloading. When KQ is compared with
Krc, it is an interesting parameter since the degree of
influence of the crack tip non-linearity can be examined.

111.8.3 Compatibility of fracture tvughness values

In order to show the compatibility of the fracture
toughness values determined by different methods,
Meredith [17] has performed a series of SR and double
torsion (DT) tescs to evaluate the fracture toughness
values for a variety of rocks.

It must be emphasised that this meth(;o can 1:Jellexplain
the phenomenon of increasing K;: with crack len(;Jthand
specimen size, since the non-linearity correction factor
p is always in the range 0 < p < 1, wh i ch leads to K~ <
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~c. However, in ASTM - 8399, ~ C3n be either larger or
smaller than Krc• The former is the case for t hi n
specimens where a plane stress state prevails.
Since p is dimensionless, this nonlinearity correction
only requires the displacement measurement equipment t.o
be linear, not calibrated absolutely. Large variations in
p between the specimens in a test sample or a negative
value is probably an indication of unaccept:.ble errors in
the evaluation procedure. In rocks, there is evidence
tha t p < 0 and hence KQ > Krc [1C]. Ttlis method has been
mostly used in the chevron-notched round bar and short
rod tests in which the crack tip plane strain state
always prevails and the non-linearity correction factor
p > 0, wh i.ch leads ~ < Krc• For p "" 0 corresponds to
linear elastic behaviour where there are no residual
displacements upon unloading, i.e. Oi ,~O.

III.9 ISRM Suggested Methods

TVlO suggested methods for determining the fracture
toughness of rock material in the form of core specimens
are described [12]. Core specimens were chosen because
rock is readily available in the form of core pieces
which then require little machining.

Method I uses a bend s"':lecimenwith a notch cut
perpendicular to the core axis. The specimen rests on two

support rollers and a compressive load is applied to
press apart the notch sides. This Cbm:es transverse
splitting of the specimen by crack growth in the
ligament, Le. in the unnotched part, of the notched
cross section during the test.
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Method II uses a specimen, called the short r'ld, which
has a notch cut parallpi to the core axis. A tensile load
is applied to the specimen 1:0 pull apart the notch sides.
This cause~ lengthwise splitting of it by crack growth in
the ligament of the notched section during the t~st.

Both methods offer two test lev)ls. Level I testing can
be made with portable equipment and it requires only the
regjqtraticn of maximum load during the test.

Level II testing requires continuous load and
displa::ement measurements to be made during the test.
Level II testing is clearly laboratory oriented and
relatively complicated to perform.
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IV LOADING EQUIPMENT AND FIXTURE

IV.I MTS - 815 rock and concrete testing system

MTS rock and concret.e mechanics testing systems [64] are
designed for laboratory experiments on materials ran<;Jing
from soft s~ndston€ to high strength brit'le rock. The
high-capacity, high-stiffness design of the load frames
coupled with high-responSe servo-hydraulics, digital
cont rol technology, application software and ccrnplete
accessory packages provide an extremely versatile tool
for investi1atioD of the complete deformation behaviour
of rock over a wide range of testing ccnditions.

A basic system includes a Load frame assembly, an
hyd:r:aulic performance package, the TestStar II dig! tal
controller, and complete system service.

IV.I.1 Model 315 load frame assembly

The Model 315 load frame assembly is designed
specifically for uniaxial and triaxial rock testing with
particular attention to stldies on post failure
behaviour. The assembly consists of a fixed. crosshead
mounted on two rectangular columns which result in an
extremely rigid, yet free standing frame. Integrated into
the base plate is a single-ended, double ac~ing actuator.
This arangment provides a high loading capacity in a
stiff, compa.ct frame. Two feedback transducers are
included in a frame assembly. One is a d i.f f'erent.LaI
pressure ( P) transducer, which monitors the difference
in pressure on each side of the actuator piston and is
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IV.l.2 Hydraulic performance package

calibrated to represent th0 force output of the actuator.
The other is an internal linear variable differential
transformer (L\~Tj which provides control and measurement
of the actuator displacement during testing and specimen
positioning.

These hydraulic perfor~ance packages repr9sen~ the most
commonl y used packages for test ing soft and haro xcck ,
Each package consists of an hydraulic powe r supply, an
actuator manifold, servo valves and hydraulic hOS8S.

• An hydraulic power supply (BPS) is the fluid-power
source for servo hydr:aulic testing systems. It is
important that the fluid-power source has a high
degree of pressure stability, cleanliness, and
safety. MTS hydraulic povcr supplies are designed to
meet these criteria, along w.i.t h providing quiet,
trouble free operation with long life and minimum
maintenance.

• An actuator manifold functions as the mount tnq bLock
between the servo valve and the hydraulic actuator.
I. provides flexibility by offering a selection of
pressure controls, close-coupled accumulators,
single- or dual-servo valve mount.Li.q and optional
fluid filtration in a compact package. The servo
valve fUllctions as the final control element in a
servo hydraulic test system by regulating the
direction and rate of fl0tJ of the hydraulic fluid to
the act.uator . It is important that the servo valve
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has a high frequency response and low conLamination
sensitivity to provide a wide range of trouble-free
testing capabilities.

• The TestStar I~ controller provides high $peed servo
control of the loading system. Tl..; TestStar II

workstation consists of three major parts: the PC
vJ0rkstaticn. the Digital ControlJer and the Load
Unit Cont Panel. These work together as an I

do si qned to ,c':urately strain and

integr-ated 'stem to spend more time testing and
less tim.",Se' _ing up.

IV.? F:r:acture toughness conf:i.gurat.ion

The Fracture Toughness configuration (Figure IV.I) uses:
a Bend Fixture, a Force Transducer, spacers and a strain
measurement kit. The fatigue-rated force transducer is
sized for the testing requirements. Iu addition to the
mechanical fixture for fracture toughness testing, the
model 790.63 Fracture toughness for Rock software is
prov i.ded to execute SOHle of the most common fracture
touql1ness teDts alld analyse the resulting data.

The complete r ract ure t ourthuess packaqe includes:

c 1-1. Model 642.10 3-Poi:lt Bend Fi:;ture (La - Figure
IV.I) .

The Model 642.10 rracture Toughness Fixture is

displacement transducers on the spec irnen in order to
obtain accurate, repedtable result3 wten con-ueting
Method 1 type Fracture Toughness tests on ro~~. A



)1.10: 642.10 Lnc Ludc s ctlignrnent hardware to
ae ately locate the clip-on displacement gauge and
dual LVDTs on the spec i.men , and correctly orient the
specimen on the fixture.

• }\.selected Series 661 Force Trans duce r - calibrated
2 ran0es (2a - Figure IV.I).
The Model 661 Force Transduce:s are de si.qned to
resist the extraneous forces and moments inherent in
testJng rock and concrete specimens. Its fatigue
rated tension /compression transducers are designed
for through zero a!1d monotonic testing applications
making them ideal f or both indirect tension and
diract tension tests.

• An at tachment kit to attach the fixture to the load
frame (3a - Figur8 IV.I).
The fixture and specimen aligned tools ensure proper
and cons i at.ent mounting of t.nc specimen in the bend
fixture and correct position displacement
measurement fixture on the specimen.

• A Hodel 632.0'2 Clip-on Gage - ca librated in 2 ranees
(Ib - Figure IV.I).
The Model b:'2. 02 Clip-on Displacement Gauge is a
double - cantilevered, displacement-type gauge used
in fracture mechanics studies. The Clip-on
Displacement. Gauge senses crack-: ,)(;ming
displacements ::=!ndcan monitor crack growth dux.ing
fracture ~echanics tests. The gauge uses precision,
resist.ance type strain gauges bonded to the
c,,"ntilev(.:;!.'arms to form a Whaatst.one bridge circuit.
Tho arms of the Clip-Ofl Gc.ClgeaJ:e mourited between
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FiiJi;re IV. 1-3

~pec imen i:t 1i ';JL;,:ent (:1 f the

point ben,jing fixture

~b - An LV~-~ !~it-'ring
f i .~:r u::

1a - Force transducer

~b - Dual LV['T's

33 - Attachment ki:

~D - Clip-2n gage

la - 3-point bend
fixture

Fiqure IV.1

Fr3cture toughness configuration

Figure IV.l-b
Fracture toughness configuratiun

In the time of testing



• Dual LVDTs (linear variable diffe!:ential

two knife edges attached to the specimen. Deflection
of the specimen at the crack mouth causes m~vement
at the ends of the arms. This movement causes the
arms to bend, straining the bonded gauges, changing
their resistance. This chanqe in resistance
unbalances the Wheatstone bridge circuit causing a
change in elect~ical output that is proportional to
the displacement of the cantilever arms.

• Two knife edge sets which are attached to the
specimen for monitoring the model 632.02 Clip-on
Gauge to the specimen (Figure IV.2).

• An LVDT monitoring f i xt.uie and alignment tools for
fixture and specimen alignment (2b - Figure IV.I).

transformers) with averaged output for load point
displacement measurement - calibrated in 2 ranges
(3b - Figure IV.l).

Four signal condit~oners.
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Knife edge attached
to the specimen

I

Figure IV.2

Specimen prepar~tion
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V EXPERIMENTAL METEODOLOGY

V.l Estimating parameters of V shaped notch

For a better understanding of events and proc~ssing in
three point bending specimen the first task was to
(! tab l.ish the parameters of the V shaped .iot ch from
cylindrical ~pecime~s. The different investigators used
different shaped specimens in practice for Fracture
Toughness tests. According to the "Suggested Methods for
Fzac !::'eTouq-hness" of ISRM cylindrical specimens with
es t ab lished parameters of V shape must be used. Tne
parameters of a V shape are related to the diameter's
size (Appendix 2). So, f' . different diameters there will
have different sizes 01 a V shape. In the present work
dll Fracture Toughness tests used specimen diameters of
53 mrn for Quartzite and Norite, c.tnd54 mm for Sandstone
and Coal. The f ol l.owinq chapters wi Ll. establish centroid
and moments of inertia of the V shaped cross section.

Tne V shaped cross section was divided into two parts,
with form of t rianq Ie (at the bottom) and form of
circular segment (at the top) and is symmetric w i t.h
r-espoct; to tho z ax is , 'l'hen the moment of inertia of the

cross-sectional area with respect to y axis is the sum of
these two parts. The neut ral axi s passes through the
c,?ntroid of the cross section. Then, the moment of

inertia of the cross sectional area with respecL to the
y axis is

(V.l)
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The normal stress in the specimen can be related to the
bending m0ment from applied load from the expression for
cry yielding

M=
I

(1/.2)

This equation shows tha'.:.the stresses are proportional to
the bending moment M and inversely to proportional to the
moment of inertia. The normal stresses calculated from
this formula are called bending stresses.

The maximum tensile and compressive stresses i'
specimen occur at points located farthest from the
neutral axis. Let Cl ana C2 denote the distances from the
neutral axis to the extreme elements in the positive and
negative z directions, respectively (Figure V.1).

Then the maximum normal stresses are

M
(V.3)

and

Me] M
(V.4)(72

I 82

in which

il\'S, I ('1.5)81 L •

C1 c"
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f---____;.j------~
I

I y,.
Figure V.l Relationship betlleen signs of r-ending moments

and sign~ of normal stresses (39)

V.2 Determinat:ion of Tensile Stress

The other common feature of the Level I Fracture
Toughness test is the ability to calculate tensile stress
and determinate the tensile strength of specimens. The
ap. lied cross section of the specimen was divided into
two parts - triangle and circular segment (calculation of
inertial moment of figure can be seen in Append':x 4).

The first task was to establish the physical parameters
of the V shaped notch for a better understanding of
events and processes in three point bending sp8cimens
from cylindrical spec lmons . The different investigators
of fracture toughness used dlfferent types of specimen
shapes. Cylindrical spocimens with fi xed parameters of
the V shape must be used according to "Suggested Methods
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N DECREASING

for Fracture Toughness" of ISRM. The parameters of the V
shape depend on the size of the specimen's diameter
(Appendix 2). Obviously, different diameters will give
different sizes of V sh.ape s . The centroid and moment of
inertia of the cross section of V shaped specimens was
established and can be seell in Appendix 4. The tensile
stress of the specimen crT, is calculated by the following
general formula:

N,3-1.P
o'

Where P is the load IN) and D is the diameter of the test
spGcimen (m). The resultant tensile strength is in Pa.

ZONE OF RESISTANCE

T

s

I

E

s

T

R

E

s
L- ~

1,0 A [J POI N T DIS P L P C E MEN T

1!~~gure V. 2

Ne-thodology for de t c-rm i.nat.a on of "p -ak Resistance cone'",
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The graphs created using the above equation can be
divided into three parts. The first part is from the
beginning of loading to the onset of yielding and
consists of elastic behaviour. The second part is from
the yielding point to the 2% offset before ultimate
stress and includes plastic behaviour. The third part is
from 2% offset before ul~imate stress to its 2 % decrease
in post-peak region (Figure V.2) .

In the following Chapter VII. 2 "Till be present a more
detailed aralysis of the tests regarding tensile strength
under different loading races.

V.3 Establ:i.shing ()f JlC va~ue from J-integral studi~a

The J-integral proposed by Rice as an analytical tool for
elastic-plastic crack tip field analysis has been
successfully used by Begley and Landes [33,34] as an
elasti.c-plastic fracture crited -n , The method developed
by Rice [26] for measuring J on bend-type specimens
offered the simplest single specimen technique for
measurlng J. For this technique ~ bend-type specimen is
loaded to thE;distance of interest and J is determined as
a function of displacement from the expression,

J
2A
bB

(V.6)

where A is the area under the load-displacement curve
taken at the displacement of interest, B is the
thickness, and b :.8 the uno rac kad ligament. Critical
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values of ,J were labelled v rc and taken when crack
extension was first encountered. This method for
determining a critical J value was patterr.ed after the
Krc measurement technique.

V.3.l Experimental procedure

Specimens were te9ted in an MTS servo-controlled testing
machine where loading displacement was contr0lled. Load
vs CMOD and LPD was measured from clip-gauge and LVDT
sensors and monitored on real time plots on the screen.
Specimens were loaded to the desired axial LVDT
displacement and then unloaded. This is shown
schematically in Figure V.3.

~~AD va DISPLACEMENT

-0.005 0.005 0.01 0.015 0.02 0.025 0.03 0.035

LOAD POINT DISPLACEMENT (mm)

Fiyure V.3 Descr~ptj_()nof the graphical evaluation

of J from Load vs LPD record
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Specimens were subsequently cut after unloading, so that
the f-acture surface could be examineti. The crack
exteGsion on the fracture surface WdS measured under a
binocular microscope with magnification of x50. The
specimens were loaded with the same loading rate under
the same conditions. Crack extensIon was taken from the
tip of a V shape to th8 end of the clack. Haximum
e7tension generally occurred about mid-thickness.

V.3.2 Analysis Techniques

The data was analysed by plotting the value of ~ a~ a
function of crack extension. During investigation a

so rLas of different met.hods were used for determining of
J values, in order to choose the most appropriate value

should always befor different rock types. J

overest Lm, ted as a .casult of the area under the load
cf.spIacemeritcurve being overeai.r.mat.ed, Consider the case
where the non-linear part of the load ~isplacement c~rve
is caused only by crack ext-ension (no plastic
de f'orrnaii.on), Figure V. 4. The nonlinear curve has an
orLq ine l crack length of 31. On Load inq to the point
show , aSSL'.,ethat the crack extends to length 32' The
actual J value corresponding to the displacement shown at
crack length 82 should be a function of the area under
the li(learcurve in equation V.6. The calculated value of
J wi 11 corrasponc to the area ur.de r the nonlLne ar curve.
The area between these two curves is a measure of the
oversstimate in J. Fiqure V. 4 shows the same problem for
ths ca::p. w i th crack qrowth from a3 to n4.' where
nonlinearity is caused by the crack growth and
plasticity. The curve on the left has the advancing crack
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d

and is originally steeeer with more nonliDearity at the
load. The curve at the right show.: what the curve should
~e with no crack ~xtension. Hence, the area under this
corresponds to the actual J value, and the area between
the curves corresponds to the overestimate in J.

L

o
a

a,/
Linear Plastic Det'ormatioll (rom)

F~gure V.4 Description of the crack g~owing [351

The data were plot ted in the form 0': an R-curve by
plotting vs measured LPD.
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VI.1.1 Calculation of loading rate

VI CALCULATIONS

VI.1 Calculations for Fracture Toug~Jless cf the rock
type tested

All calculaticns .i.E this chapter are }-)asedon "Suggested
Me"-hods for Determining t.he Fracture Toughness of Rock"
of ISRM (Commission on testing methods) [12].

T~e displacement rate in displacement controlled testing,
which is referred to as Level I and Level IT, exceeds the
followinn c~lculated limit value:

CMOD 0.006KCB (E.Ji5 )mi sec (VI.I)

Here Kei3 is the fracture L ughness defincG for Level 1
testing and E is the Your.q' '3 modulus of the ma'::erial.The
pre factor 0.006 in above the equation has the dimensions
m/sec sin.::eit contains the minimum required crack speed
0.001 m/sec as a factor. If it is more convenient to
express CMOD or Axial LVDT in mm/sec, for example, then
the prefactor 6.0 should be used instead.
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VI.l.2 Calculation of slope values

The slope of a straight line, s, is defined as

s = tan (angle between line and CMOD axis). (VI.2)

The initial tangent slope of the load vs CMOD record is
the slope of a straight line through ~he origin at zero
load which is tangent to the curve (Fig.VI.lb).

4min [1.835 7.15anVI 9.85(ao·DllSV (VI.4)

VI.l.3 Calculation of Fracture Toughn~ss

For Level I testing, the fracture toughness of the
specimen shall be calculated by the following formula:

KeB = AminF rna" I o" (VI.3)

where

With the fA.ilure load, Fmaxr in kN and the specimen
diameter: D, in em the fracture toughness will be in
MpaVm or MN/m1.5• The factor }\min is d.lmensLon Leas , A notch
angle value within the tolerance limits must be less than
1% variation in the computed K CB value.
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VI.l.4. Correction of fracture toughness for
nonlinearity

a' For Level II testing, the evaluation starts by
calculating the fracture toughness as in 3 above. Then a
nonlinearity ccrrection factor shall be evaluated in the
load vs CMOD record according to the graphical
construction methods shown in figures.VI.la-c.

b) Draw a straight line for each unloading-reloading
cycle, in the sense specified below. Each line is defined
by two points, Hand L. The high point (H) is where CMOD
starts to decrease on the unloading part of the cycle and
the corresponding load is denoted by FH (Fig.VI. ). The
low point (L) lies on the reloading part of the cycle and
is defined by the load level:

(VI. 5)

An initial straight line shall then be drawn through H
and L.

c) The extent of hysteresis cent red about F1 in the
unloading-reloading cycle is defined by the vertical
distance 8F (Fig.VI.la). The final straight line for each
cycle shall then be obtained by translating ~he initial
line vertically downwards by an amount 0.5 8F. It shall
intersect the CMOD axis.

d) The slope of each final line is then computed. Find
the two lines whose slope values most closely span the
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value:

.'I" ~ [1.05 - 2.1 ac D +- -1.21( ao D)" 1Sillitlal-rallgelll (VI. 6)

The po L corresponding to the unloading slope Se on the
load vs CNOD curve is where the fracture toughness should
be evaluated.

(VI. 7)

If the final linearized unloading lines do not span the
evaluation point, further testing of specimens from the
same sub-sample should be accompanied by more unloading-
reloading cycles so that the final lines do span the
evaluation point.

The evaluation point can still be obtained. Should it lie
before the final lines, then thE.:initial tangent line and
the first final line shall be chosen as the two lines
which span it and the calculations proceed accordingly.
In this case Fe in equation (11) will be the
interpolation between F1' and F2.

e) Thethese two chosen linearized unloading lines define
the residual displacements in the unloaded state, 01 and
821 and the horizontal distance (Fig.VI.lb);

A smooth approximation of the load vs CNOD curve is drawn
c2tween these unloading lines, ignoring the unloading-
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(VI.IO)

reloading dips. Next :::indthe intersection points between
the t:nloading lines and the smoothed curvp. Denote their
loads by FI and F2, the average load is found to be

(VI. 8)

If the unLoacLr.q lines span Fma", then the greatest of Fl

and F2 shell be rerlaced by Fmax. Then draw a horizontal
load line at this level (Fig.VI.lb). This defines
displacements of two matching loaded states along the
linearized unloaded lines. The difference between these
displacements is designated Xl. Then let the displacement
ratio

p = xu' xi (VI.9)

define the "degree of nonlinearity", p.

f) If the two chosen unloading lines span the evaluation
point and if F* is not; less than O.98 FmaK then the
nonlinearity corrected facture toughness value shall be
calculated as

KZ'B 0 .J[(1-+ p) (1- p)} KCB

The superscript (ci denotes a corrected fracture
toughness value.

g) If the two chosen unloading lines do not span the
evaluation point, or if F* is less then O.98FmaK, th8n by
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Displacement

Load

Figu:r~ VI. 1

The principles of nonlinearity corre=tic~ of either ~.
in load vs LPD record (Method I)

(al Construction of linearized unloading line;
(b) Derivation of degree of nonlinearity, p;

(c)Der.i.vationof load at evaluation point, Fe.
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linear ~~terpolation or extrapo_ ltion draw the unloading
lin~ with slope Se. The procedure shall be hased on a
cons tant; amount of recovered displacement (CMOD), i.e.
the horizon~al distance X2 (Fig.VI.lc).

h) First, alollg the unloading line through FI, find the
point Fll which has the same amount of displacement
recovery upon unloading as an unloading from Fz along the
second unloading line, i.e. the amount xz. Then draw a
straight line through Fl' and F2 and find the point on
this line whose load is

F,= SeX2' (VI. 11)

Next draw a straight line through this point which leads
to a recovered displacement X2 upon unloading. Its slope
will then by definition be Se. Finally, find the load at
t '" evaluation point, Fe , as the intersection betwe8n
this line and calculated as

KeB = ~(p ~ 1) (p -1) Fe FllmxKCB (VI. 12)

This correction of
be isotropic.

~ does not require the material to
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(VI.14 )

VI.l.S Calculation of additional quantities

VI.l.S 1 Calculation of Young's modulus

If the init ia2 tangent slope is known in absolute terms
then the Young's modulus in bendinc of the specimen
material, E, may De calculated by using the following
equation

E goSinillu/-tuIIg<7l1 D (VI.13)

where

With Sinitial tangent given in kN/mmand D in mmthe resulting
Young's modu.lus value can will be in GPa which is the
recormnended unit. A support span variation within the
tolerance limits will cause :'_ess than 2% variation .ir, the

computed E value.

VI.l.S.2 Calculation of energy release rate

If the Poisson's ratio of the specimen material, v, is

also known, it is possible to convert the fracture
toughness value in stress intensity terms, HPaVffito crack
extension resistance i~ terms of energy release rate:
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(VI.]'5 )

The r'ecommended unit of GCB
c is J/m2

• The v-va l.ue is not
essential. Since Y is less then 0.3 for most competent
rock, it may either be guessed with sufficient accuracy
or assumed to be zero if this is stated clearly.

W[,B = S;Fd(CMOD) (VI.16)

VI.l.5.3 Calculation of total work

If the load vs CMOD recording is followed through until
the specimen has virtually no residual strengt.h, then the
total work of fracture WeBt, which is reql<ired to separate

the notched specimen into two halves may be calculated as
ReLat.anq WeB

f to the ligament area of the notched
specimen, A, one then obtains the specific work of
fracture :

(VI. 17)

The dir ..si.on of R::B* is J/m2 and its value should
corre _ '.e losely with that of GCB

c
•

The (projected) :'-;ament area of the chev':'on bend
specimen is given by
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A = O.25[arcsin/) . /)(1- 2ao DJ] D2 (V-r.:8)

where

/) = O.5,1-2ao D +-~(1 + 4aoiD-4( aOiD /) J (VI.19)

VI.2 Calculations for J-integral

2U
J =-

Bb
(VI. 20)

Different app.rox' mate .!quations were developed to
determine J from one loaj-dJ.sp"!<:.sement curve [35]. For
compact specimens these equations are as follows.

1. Landes and Begley [34J:

where:
U deformation energy

Equation VI.20 can be rewritten into the form most cften
used to estimate the value of J for bend type specimens
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J
2A
Bb

(VI. 21)

where 1;' is the area i.r.de r the load vers s Load point
displacement c~rve.

F" number of authors hav: reported tnat problems exist
when using equation VI.21 for bend speci~ens.

Srawley [66] shows that there is a consiaerable
difference when using the total energy as compared ....Jith
the energy due t~ the ~resence of a crack. To further
illustrate this point, ':.heestimation equation VI.21 ....Ias

compared with the strain 8nergy release rate Gr in the
elastic regime. In order to demonstrate this comparison,
the constant 2 in equation VI.22 is replaced by the
variable 13. For a one-to-one comparison between .J and G
in the elastic region, 13 will be 2.0.

flpan to width
plotted in

values of 13 for three-point bend specimens witt a
ratio of 4 are listed in Table 3 and are

Figure 4 of "Evaluation on Estimation

The

Procedures Used in J-integral Testing" [35J.

2. Merkel and Corten simplified [36J:

Critical J-integral data were determined by the J-

resistance curve technique [37J with the Merkel-Corten
correctior factors for the compact specimen geometry.
Using guidelines recommE:::1dedby ASTM on Elastic-Plastic
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Fra.:::tureMechanics Terminology, the J-integral data were
reduced using

where
o.lI 0.2

A

B

b
p

8

(VI. 22)

I

I:-1erkel-Corten coefficients,
the area under the load vs load-line
displa~pment curve,
thicknbf":i,
remaining ligament,
final load value, and
final displacement value.

In the above equation, Me.ckel-Col::en's coefficients are;

where

(Ita) a(l-2a-a2)
ctl 1 - 1 1

(l a") (l +a'X
(VI. 23)

a(I-2a-a2)

(1 t a2/
(VI. 24)
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a 2-v(a b /- (a b) ~O.5-2(a b t 0.5)

where
a = crack length
b uncracked ligament

the shape of the R-curve.
tip bLur.t.Lnq and stable

E these four regimes, crack
crack extension pI~dominate

To determinate the total w01:'kdone on th2 specimen the
actual area, A, under the load versus load-line
displacement curve, was modified slightly to ac~ount for
the energy stored at zero load due to crack closure.
Since crack closure prevents a complete relaxation of
stress from occurring, the actual area used is in the
shaded area of Figure VI.3.

VI.3 Defining of J1C

The progress of fracture beginninq from a sharp ccac).
[71] is separable into four regimEs: (1) crack-opening
stretch or crack tip blunting by plastic flow at the
crack tip, (2) crack qrowth initiation, (3) stable crack
growth by material separation at the crack tip, and (4)
unst3.b_,_"crack propagation. These four evonts d~termine

du rinq the fracture process descrLbed by an B.-curve.
Crack initiation occurs over a short interval and
unstable crack propagation usually begins at some point
beyond where the useful R-curve terminates (Figure VI.2)
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Linear Regression
Crack Extension line

,1-integral...

Llitiation

.'--Crack Tip Blunting

1
a flow 2(a; + (ill) (VI ;6)

~---_-_-----------------_ --- -------~_-_-- ...
Crack extension

Figure VI.2

SchemaLc representation of crack extension

during the initiation regime

To establish a JIc measurement po i rrt [38] it is des irab.te
to pick a poi.nt;where crack extension has taken place by
actual materia} separation rather than by crack front
geometry char-ge. Under consideration is taken an absolute
amount of crack extension but not a relative amount of
crack extension as in the Krc test . An obvious point
would be where the curve from crack extension intersects
the stretch zone line (blunting line) J '" 2 crflo\~ tse,
which is linear function of applied stress and crack
extension. This point has several drawbacks. At this
point no actual crack ax+ ension due to ':laterial
separation has occurred. Also the stretch ZOlle may not
develop strictly as a runct ion of J I crtlo\< , where



should fall a~ong the line J 2 c flm-I [l,a.

8a - crack extension
crf~W - flow stress
cry - 0.2 perc8nt offset yield stress
au - u l.tin.at;estress

The J1c measurement. point will be wDPre a best fit line
to the crack extension points intersects the line J = 2
crUot. 8a. Using this technique eTIC wiL; be calculated for
each specimen.

J. _:alculate J values from the load versus LPD using J =
2A/bB, where A is the area under the ~Jrve up to the
point of unloading (Fig.VI.3a), b is the uncracked
ligament measured from the end 0f the fatigue crack and
B is specimen thickness. In measuring the area under the
curve do not subtract out the area due to elastic
unloading. The right-halld side of the area measured
should be a vertical line at the unloading displacement.

2. Plot J versus crack extension, Fig.VI.3c.

3. Construct the line J 2 crUet< [l,a (Fig.3c) as
ca~culated above (Equation VI.26).

4. Draw best fit line to the T versus crack extension
points, Fig.VI.3c. Include only the points where actual
crack extension appears. As a stretch zone the points

5. Mark J~ at the intersection of the lines constructed
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in Steps 3 and 4, Fig.VI.3c.

(a)

:I ~~------c

·1 ~
'~

I I

llIGplac e men t

(b) ( c)

1
J=cril.a

+ / /+
+

,JIe point
+

Figure VL.3 Procedure for JIC measurement

(a)Load specimens to various d~splacementB, (b)Calculate J for each specimen and

plot area VS a, (c)Construct tHO curves for JIC measurement.

vvhenlinear elastic behaviour predominates, JIC is

(l-v2) K2
~ u: (VI. 27j
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(VL28)

or

(VI. 29)

With this milld, (equation VI.28) values will present in
table for comparison with average Kre values from the
compact specimen. Stress intensity factor will be
calculated with following equation proposed by R. Singl1
and B. Whittaker [321.

A single value of ,Ire was det.ermined for aach specimen
from a curve such as Fig.VI.3c.
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VII RESULTS

VII.1 Tests for Fracture Toughness

The tssted specimens were of diameter 53 mIn and length
212 mm for quartzite and norite and of diameter 54 mIn and
Leuqt.h 216 mm for coal and sandstone. The V shaped notch
waG 7.9 mm deep and 1 mm wide.

VII.1.1 Quartzite

The Level I Fracture Toughness tests were run under
loading rate 0.01, 0.005 and 0.001 mm/sec and reached
loads were between 2250 and 2170 N. Average maximum load
Fmax was calculated to be equal of 2208 N with standard
deviation of 28.56. The corresponding duration of failing
for these loading rates were between 13 and 119 sec. A
loading rate of 0.01 mm/eec was chosen for Quartzite
specimens.

A test template was used with a final value of 100 N
during tha Level I cest s, as the specimens failed between
2250 and 2170 N. The limit load was set to 50 N to
prevent specimens from fracturing. The initial tangents
had values between 7.906E+04 N/mm (for specimen Q3L1) and
6.766E+04 Nimm (for specimen Q1L1). The Young's modulus
was calculated on this basis, and were between 40.5 GPa
and 52.2 GPa. Average level I fracture toughness
coefficient of KcB=1.886 MPavrn was calculated.

The axial displacement for the level II fracture
toughness tests were 0.023, 0.046, 0.069, 0.092, 0.115,
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0.138 mm. The final displacement was 0.161 mm. The
loading rate was 0.001 mm/sec. The maximum load reached
was between 1800 and 2018 N (from specimens Q5L2 and
Q2L2) giving a stress intensity factor between 2.09 and
2.52 MPa/m. The duration of the tests were between 409
and 730 sec. The initial tangents values obtaincrj from
the tests we-::ebetween 1.01E+05 N/mm and 8.52E+04 N/mm.
The calculated d i spLacem- nt ratio was between 0.14 and
0.18. The calculated values of fracture toughness
coefficients can be seen in Table.l, Appendix 3.

Quartzite Level II fracture toughness tests remained
elastic during first or second cycles (load between 600
and 800 N and stress intensity factor of 0.678 MPaVm,
which is 30% - 35% from maximum load). CaLcuLated slope
values Se (average Se = 7.71E+04 with standard deviation
of 0.93) were between the lines of the fourth and the
fifth cycles. Some of the fracture toughness
coefficients, calculated from the Level II tests, were
when the differences between the peak loads of the cycles
enclosing the Se line were within 98% from the maximum
loads {for example specimen Q3L2, Fig. VI 1.1 i . The
fracturing began when the applied load was about 200 N.
From this load Quartzite began to lose its elasticity and
plastic behaviour started appearing.

The estimated average fracture toughness coefficients are
wi th standard deviation of 0.043 and average Young's
modulus values (standard deviation of 2.73 for Quartzite
specimens are as follows:

Fracture Toughness K1e (MPaVrn): 2.20
Young's Modulus E (GPa): 49.63
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All other calculated values are shown in Table 1 (a and
b), Appendix 3.

VII. 1.2 Norite

The Level I Fracture Toughness tests were run under a
loading rate of 0.01, 0.005 and 0.001 mm/sec and reached
loads from 2200 N to 2721 N (specimens N3Ll and N5Ll).
The stress lntensity factor was 2. 34 MPa~'m. The times of
fai.:!.:..recf specimens under the above loading rates in
seconds 1tJerebetween 5 and 10 sec. A loading rate of 0.01
mm/sec was chosen for Norite specimens. The load limit in
the test template was 50 N.

The Level I test template used a final value of 100 N.
The initial tangents had values between 1.598E+05 N/mm
(spec. N4L1) and 1.672E+05 N/~~ (spec. N5L1). The
calculated average maximum load of failing Fmaxwas 2310
N with standard deviation of 78.17. Level I fracture
toughness coefficient of KCB=1.974 MPafffiwas calculated.

The axial loading displacements were determined on the
basis of the results from Level I test". The final

.lues, estimated for each loading cycle, were as
!ol1ows: 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, 0.14 rnm. The
loading rate was 0.001 mm/ sec. The maximum loads reached
were between 2150 Nand 2450 with stress intensity factor
of 2.35 MPaVm and initial tangents S~t between 1.73E+05
and 1.92E+05 N/mm.
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The first two or three cycles (for which the load was
abou '; 1250 N) ,. all Norite Level II tests are very
close :.0 the initial tangent. From these loads Norite
began to lose its elasticity and started to ~h0W plastic
behaviour.

The slope of each final line was calculated and two 1 ines
were found. The s Lope with average value of s c '"

1.53E+05 N/m (sta.ndard deviation of 0.066) was
calculated. Slope values were between the lines of the
fifth and the si.xt h cycles around the maximum load.
Calculated load Fe is beyond maximumload F max, wi-icb can
be seen from Figure VIr. 2. Equation VI.:2 wa", used to
calculate Fracture Toughness values, which can be seen in
Table.2, Appendix 3.

The estimated ave raqe f ract ur. ouqhnas.s cop.fficient wa.>
with standard deviation of 0.094 and average Young's
modulus values (standard deviation of 3.05) for Norite
are as follows:

:::r.act;ure Touqhne s: KIC (MPaVrn): 2.29

Young's Modulus E (GPa): 93.31

All other calculated values can be seen in Table.2,
Appendix 3.
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VII.1.3 Sandstone

The Level I Fracture Toughness tests for Sandstone were
rur. under a loading rate of 0.02 romlsec and reached load
1000 tT or stress intensity factor of 0.56 MPav'm (the
other results of sandstone Leval I test3 are given in tre
chapter on tension stress analyses;. The times of failing
on rocks were between 6 to 10 sec. Level I test template
used a final value of 40 N, because the specimen failed
under a maximum load of 1000 N and the limit load was 40
N. The initial tangent had a value of 2.699E+04 N/mm.
Calculated ave raqe maximum load of failing for level I
fracture toughness tests was Fmax"'990 N with standar
deviation of 41.83. Frclc,:ut'9coughness coefficient which
was calculated, had value c f KcB"'1.40 MPovm.

Level II Fracture Toughness tests had following ax i.aI
displacements for each leading cycles: ().026, 0.052,
0.078, 0.104, 0.130, 0.156 mm and a final loading 0.182
mm , The loading rate was 0.001 mm/sec. Maximum loads
b~tween 684 N (spec. 88T5l2) and 918 N (spec. 88T7L2)
were reached. Duration of the tests was between 319 sec
(spec. 88T5L2) and 543 sec (spec. 88T7L2) with stress
intensity factor of 1.62 MPaYrri.InitiAL tangents on tests
were between 7.82E+04 n/mrn (spec. 88T5L2) and 8.42E+04
N/mm (spec. 88T6L2) with Young's modulus between 39.71
GPa and 42.75 GPa (average E = 41.06 GPa with st~ndard
deviation of 1.36). The displacement ratio was 0.1.

Sandstone f ract.ure toughness tests kept 'elasticity durLnq
the f~.rst and second cycles. The calculated slope value,
Sc (averaqe sc '" 6.7:~ Nirnm with standard df?viation of
0.24) gave the most span Jines bre,tween the first and
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second loading. For calculations, equation VI. !_2was used
because Fe appeared to be between t he maximum values of
first and second cycles (Fig.VII.3). The fracturin(,Jbegan
at an applied load about 200 N. From this load Sandstone
began to lose its elasticity and started appearing to
behave plastically.

The estimated average fracture toughness with standard
deviation of 0.037 and Young's modulus values for
Sandstone are as follow:

Fracture Toughness K1e (MPavm): 0.34
Young's Modulus E (GPa): 41.06

All other ca Lcu Latod values can be seen in Table 3,
Appendix 3.

VII .1 • 4 Coal

Fracture Toughness Level I test s were run under a loading
rate of 0.015 rmn/sec. and reached loads of 121 N - 150 N.
The t='_mesof fdilure of the specimens were between 8 and
10 sec. The load limit pod in the template was fixed at
20 N and a final value of 40 N. These values were chosen
mainly for two reasons. The first was on the basis of
structural cracks in the specimens. The other reaS0n was
the maximum load of failing (about 140 N) •

Axial loading displacements for level II teste> were
detemined on the basis of results from the Level I test.
The final values ware estimated for each loading cycle,
which we re as follows in mm: 0.035, 0.070, ').105, 0.140,
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Fracture Toughness K1C (MPa/m): 0.143
Young's Modulus (GPa): 2.72

0.175, 0.210 and a final loading of 0.245. The loading
rate was 0.001 rmn/sec and maximum loads were reached at
170 N (spec. C3L2), 175 N for specimen C2L2 (Fig.VII.4)
and 202 N (spec. C1L2). Tests duration were between 338
sec and 433 sec and displacement ratios were bet.ween 0.27
and 0.30.

Initial tangents values were between 2.44E+04 N/rr~ and
2.56E+04 n/mm. Fracture toughness coefficients were
calculated at between 0.134 MPa/m and 0.150 MPa/m with
standard deviation of 0.007 and average Young's modulus
of E = 2.72 GPa with standard deviation of 0.26.

The slope values were calculated for each loading-
unloading cycle. Calculated slope value Se mostly span
lines betwaen the thi rd and fourth loading cycles and
have average value of se=7.98E+04 N/mm with standard
deviat ion of 1.231. The methodology applied for the
calculation of fracture toughness was the same as for
sandstone, shown above.

The estimated average Fracture Toughness and Young's
modulus values fer Coal are as follows:

Al l other calculated values can bE';seen in Table.4,
Appendix 3.
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VII.1.S Fractography

The fracture surfaces were studied using a Nikon s~ine
microscope. Selected photos can De seen in Appendix 6.
Tnere appear to be big differences between fatigue crack
growth of the investigated brittle rocks (Quartzite and
Norite) and Sandstone, which will be discussed in this
chapter. The fatigue region shows more evidence of
intergranulaL cracking and grain pull-out, and the quartz
grains appear dulled, possibly by crack working.

VII 1.5.1 Fracturing in Quartzite

Fracturing in Quartzite specimens begins with individual
cracks at the tip of the V shape (Appendix 6, Pictures Q-
1,2). A co~~on feature is the position of the main crack.
It begins from one of the sides of the V shape tip, where
the concentration of the stress has the largest value.
The fracture propagation has a split form in this zone.
Fractures with straight linear forms, according direct jon
of mine crack, can be observed.

In general, the main crack maintains a straight direction
in the curve of the specimen. The crack, which can be
seen on pictures Q-3 to 11, occurs throughout the
boundary of the quartz grains. This crack creates
secondary fracturing (as a result of the tensile stress)
to a different degree in quartz grains.

For example, in picture Q-5 the crack comes from the top
through the boundary of the grains and joins the tip of
the grain at the centre of the picture. Then it splits
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Table VII.l

again and joins when passing the grain.

Pictu:.:-e Description and angle of secondary
No: fractl'ring
Q-3 30'-', parallel - grain in top left part of the

picture;
45" - grain in central right part of the :;:'licture.

Q-4 45° - grain in middle top part of the picture;
45",90" - grain in central part of the picture. ~

Q-5 45" - grain in top left side of the crack;
30° - grain in top right side of the crack.

Q-6 45" - crack in top part of the picture;
90U,45(' - crack in central part of the picture;
45') - crack in bottom part of the picture.

Q-7 30",45° - crack in central part of the picture.
Q-8 30",4:," - grain in left side of the crack;

45",90" - grain in right side of the crack.
Q-9 45f) - grain in middle right part of the picture.
Q-IO 45" - grain in right side of the crack.
Q-ll 45(1 - grain in top part of the picture;

35",40(' - grain in central part of the picture.
Q-12 70n - grain in top part of the picture;

45(1 - grain in central part of the picture.
Q-13 45(',90" - grain in right part of the picture.
Q-14 45°,90" - grain in bottom half of the picture.

In pi.ct.ure Q-6 it can be seen that the crack comes from
the top of the picture, in the centre it turns left
around the other grain and continues in the previous
direction. In the bottcm left side of the picture it can
be seen to be in the process of meet.ing on the grain. Tne
reaction is passed on to this grain, first right, then
left and in the end through the grain. This can be
estimated on the basis of the contrast of colours. In t.he
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picture Q-ll, the main crack comes from the top, and goes
inside of grain. Then it jumps to the right and continues
through the boundary of the quartz. This behaviour can be
seen in picture Q-14 as well. Here the crack comes from
the top, goes inside the quartz breaking up the corner of
the grain, jumps to the right and continues through the
boundary of grain. The anq Las of secondary fracturing of
quartz grains are given in Table VII.l. The main crack
can be seen in pictures Q-12 to 14 qc i.nq through the
grains of quartz. In this case, the crack also creatss
secondary fracturing and the angles of secondary
fracturing of quartz grains are given in Table VII.I.
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VII.1.5.2 Fraotuxing in Norite

Fracturing in Norite specimens begins with a clear
fracture processing zone (Appendix 6, Pictures N-I,2).
The fracture propagation has a chaotic distribution in
this zone. Fractures with circular and linear forms
according to the direction of main crack can be observed,

This zone exists around the whole tip of the V shape and
creates two cracks, which go in th~ core of specimen.

In general, the crack does not keep a straight direction
in t.he core of specimen. The main crack, wh ich can be
seen i~ pictures N-3 to 8, runs throughout the boundary
of the grains. This crack creates secondary fracturing
(as a result of the tensile stress) to a different degree
in the quartz grains. The angles of secondary fracturing
of quartz grains are given in Table VII.2.



Table VII. 2
Picture Description and angle of secondary fracturing

No:
N-3 20'1- grain in middle top part of the picture;

40" and 60' - grain in middle part of the picture.
N-4 60" - grain in top left part of the picture;

901 - grain in middle riq1-J.tside of the picture;
BOo - grain in bottom left half of the picture.

N-5 BOo 90" - grain in top left corner of the picture;
60' - grain in centre of the picture.-

N-6 60' - grains in top and bottom left parts of the
r:icture;
9011 and parallel - grain in right side of the
picture.

N-7 BOu,90n - grain in middle left part of the
picture;
90",parallel - grain in central part of the
picture;
80" - grain in bottom left part of the picture.

N-8 90" - grain in top half I)f the picture;
80°,parallel - grain in central and bottom part
of the picture.

N-9 80" - grain in top half of the picture;
parallel - grain in bottom left of the picture.

N-IO 90",parallel - grain in bottom left part of the
picture.

N-ll 80" - grain in top half of the picture;
60° -- grain in bottom half of the picture.

N-12 80 A grain in middle right of the pici::ure.-

The main crack, which can be seen on pictures N-9 to 12,
runs throughout the grains 0f quartz. In this case, the
crack aiso creates secondary fracturin~ an0 the angles of
secondary fracturing of quart z grains are givsn in Table
VI: .:2.
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the initial tangents. This resul ts coming from

VII.1.S.3 Fracturing in Sandstone

fracturing in Sandstone begins with a fracture process
2.u , but to determine this is very d i f f Lcu Lt; , because
Sandstone is a sedimentary rock and connection between
the grains is very slight. This zone can be seen in
pictures 8-l and 2. The fracture propagation starts from
there as bundle. This can be seen in pictares 8-3 to 8-6
(Appendix 6).

VII.2 Estimation of Tensile Stress

One of the difficulties in comparing the results from
each rock type is the difference between the slopes of

differellces in the distribution of grains, their size and
formation of micro cracks in specimens. To eliminate th5s
the length of LPD from the beginning of loading till 2%
offset before load of failing was used. As a comparison,
a length of LPD from ti.e2% offset befor tensile s':rength
until 2 % decrease of tensile stress after peak, which
can be nailled"peak resistance znne" was used.

The value of 2% was chosen because the tensile stress is
a linear function of the load. This tensile stress
reached the maximum value in the Level I teats (Norite
specimens) of about 2500 N - 2700 N. The test template
recorded load ~alues on every 50 N, which is about 2 %
from load of failing.
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VII.2.1 Quartzite

The tensile strength of quartzite specimens was ef'timated
after using three different loading rates, as shown in
Figure VIl.S. The first loadir.g rate was 0.01 mm/sec,
where a value of loading W3S suggested by ISRH that
failing must occur within 10 sec and the necessary crack
velocity of 0.001 m/sec. The other loading rates were
0.005 and 0.001 IT@/sec.
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i"-~--=='LOADiNGRATE '=-0.01 mffi7s'~
, --LOADING RATE - 0.005 I!lr.l/sec

--LOADING RATE - 0.001 rom/SEC

F1gure VII.S

Estimating of Tensile stress on Quartzjte specimens

The first part of a graph for each loading rate is a
straight line, where specimens keep elasticitJ. From this
part yield stress can be defined, which is about 5 MPa
(42% from tensile strength). Differences betwaen the
graph with a loading rate of 0.01 mm/sec (which was taken
as standard) and others in this part are from +14 % to -
11 %. This can be seen on Figure VII.6. 'I'hi.s event
results from the grains in the tip of a V shape, where
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calculated at the load of failure (Fie;. VII. 5 and

fracturing ~tarts. The dlfferences decrease atLer initial

loading. F- :he LPD value of 0.01 mm and tensile strpss

of 5.2 ~?a (which is yield tensile stress), the

differences betvieen the specimens unce r different loading

rates are between -2 and -5%. From this point, the

tensile stress starts to curve. ~h

values in plastic behaviou~ of speci~~n~ were within C to
-2 %. The ultimate tensile stress (tensile strength) was

Fig.VII.6). The differer.ces in,~rease in va l ue around the

failure load till 13 ::0 16%. The determined tensile

strength was between 10.7 HPa and 12.2 BFa (aver.age 11.56

MFa), ca.l cu l at ed from the above formula. These va l.ue s

were compared with the results f rorr the Brazilian disk

tests. The results received for cer:~ile strengu1 have

average value of 11.45 GPa, which has or 1 % difference.

QUARTZITF.

.. {112

-10
-15·

--I;::p.Dn~G R!ITE - 0.(101 mn/SBG

--I.D2IDn~G PATE - 0.005 mn/sec

Figure V:I.6
Tensile s t r e s s deviation fr(';fTt stress a.n test ,\11 th l''Jilding rat~:.> _01 mre/sec
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The "peak resistance zones" show different behaviour
under the different loading Tates. The LPD standard
values for different loading rates are as follows:

Load l nq r a: eO. 010 nun/sec - LPD 0.0481 mrn
Loading rate 0.005 nun/sec - LPD 0.0378 nun
Loading rate 0.001 mrn/sec - LPD 0.0334 mm

The specimen, which was loaded with a loadi te 0.01

mm/sec, has a resistance zone with length ] .. 6E-02 mrn
(32.5% from a standard). After this with increasing LPD,
tensile stress reduces. The specimen, under a loading
rate cf 0.005 mm/sec, has a resistance zone wJth length
of about 1, 41E-02 mrn (37.2% from a standard) before
fai.ling. The specimen, under a loading rate of 0.001

mrn/sec has resistance r.one with length of about 1. 34E-02
mrn (40.2% from a standard) before dropping down.

VII.2.2 No:rite

The tensile strength of Norite specimens \'ld3 cs t Imat sd
after using four differnnt loading rates, as shown in
Figure VII. 7. The first: Load i.nq rate was O.01 mm/sec,
where the value of loading was as suggested by UmM so
that failure occurs within 10 sec lnd crack ~21ocity is
0.001 m/sec. The other rates were 0.015, 0.005 and 0.001
mrn/sec. For eas ier analysis, the average resu l ts hem
loadinq rates 0.01, 0.005 and 0.001 rmn/sec were plotted
on FTlure VII.8. The graphs with Load+nq rate of 0.015

and the last with loading l-ate of O.005 mrn/sfY' are
excluded from the analysis because the first has too hiqh
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a loading rate and the second has preliminary loading
till 400 N. This is the reason for the Low value of
tensile strength and the long resistance zone.

NOR I T E

Ul 20
Ul

!il 15
E-'

nIUJ

fj ~
10

H
5Ul

Z
~

LOAD POINT DISPLACEMENT (mm)
0.005 mm/sec
0.01 mm/sec

Figure VII. 8

Estimating of Tensi'.e stress on Norite specimens

The first part f the graph for each loading rate is a
specimens maintain elasticwhereline,straight

behaviour. Yield stress can be defined, which is about 7
MPa (50'%from tensile strength). The difference between
the graph with loading rate 0.01 mm/sec (vhLch I take as
standard) and others in this part is frem -5 % to -9 %.
This can be seen in Figure VII.9. The differences
decreased in value until 0 to 14 % after initial loading.
The differences betvve(~nspecimens under Lcadinq rates
0,005 rnrnzsec and O.COI mm/sec are between 7"0 <'.nd2?i in
the value of LPD - 0.01 mm and tensi Ie st ress 7 MPa
(which can be defined as yield tensile stress). From this
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point, the tensile stress starts to curve, which
maintains the same tendency even post peak. The
differences were within 2% and 7% between the values
under different loading rates (Fig.VII.8 and Fig.VII.9).
The peak values of tensile stress (tensile strength),
calculated from the above formula, were betweEm 13.82 HPa
and 14.43 MPa (average 14.13 MPa). These values were
compared with results from the Brazilian disk tests. The
results received for tensile strength from this test had
an average value of 13.44 GPa, which is a 4% difference.
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Tensile' stress dev.iation from s tr eae in test \-lith lc"dlng rate 0.01 mm/sec

The peak tensile stress shows different behaviour under
the different loading rates. ThA LPD standard values of
series one and two (two kind of sandstone blocks) for
different loading rates are as follows:
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Series - 1
Loading rate 0.010 mm/sec - LPD 0.0273 mm
Loading rate 0.005 rom/sec - LPD 0.0233 mm
Loading rate 0.001 mm/sec - LPD 0.0216 mm

Series - 2
Loading rate 0.010 mm/sec - LPD 0.023:3 mm
Loading rate 0.005 mm/sec - LPD 0.0229 mm
Loading rate 0.001 mm/sec - LPD 0.0197 mm

from a standard) of Series 2. After this with

The specimens, which were loaded with loading rate 0.01
-@/sec, have resistance zone with a length of Series 1 -
1.3E-02 mm (48.H; from a standard) and 1.1E-02 mm (47.8%

increasing LPD, tensile stress decreases. The specimens
under a loading rate 0.005 mITt/sec,have a resistance zone
of Series - 1 with length of 1.1E-02 mm (47.8% from a
standard) and 8.6E-03 mm (39.1% frem a standard) of
Series - 2, before fail ing. The specimens, under a
loading rate of 0.001 rnm/sec, have a resistance zone of
Series - 1 with length of about 9.25E-03 mm (42.9% from
a standard) and Series - 2 of 6.36E-03 mm (33.5% frCJm a
standard) before decreasing.

VII.2.3 Sandstone

The tensile strength of sandstone specimens were
estimated after using three diffelent kinds of sandstone.
The loading rates and graphs are shown in Figure VII.10,
where they are marked with numbs rr. 1, 2 and 3. The
loading rate of sandstone No 1 was O.o;~mm/ sec, where a
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Estimating on tensile stress of Sandstone specimens under different ioading rates
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value of loading is as suggested by ISRM so that failure
occurs within 10 sec and crack velocity is 0.001 m/sec.
For sandstone No 2, ~oading rates 0.022, 0.012 and 0.002
mm/ sec (Fig.VII. 10) were applied. For sandstone No 3
loading rates of 0.02 and 0.005 mm/sec (Fig.VIL10) were
used. The results from rock No 2 (Figure VII.11) were
used for analysing the sandstone tensile stress.

SAN D S TON E No 2

4.5
fIl 4fIl

~
3.5
3
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~ ~ 2
1-1 1.5
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FJ.gure VII. 11
Estimating of Tensile stress on Sandstone specimens

The first part of the graph for each loading rate is a
straight line, with specimens maintaining their elastic
behaviour. Yield stress can be defined, which is about
1.75 MPa (40% from tensile strength) for a loading rate
of 0.002 mm/sec and about 1 MPa for Load inq rates of
0.012 and 0.022 mm/sec. The differences between the graph
with loading rate 0.022 mm/sec (which is taken as
standard) and othecs in this part were from -20 % for
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loading rate 0.012 mm/sec to -95 % for loading rate 0.002
mm/sec. This can be seen in Figure VII.12.

SAN D S TON E

LOAD POINT DISPLACEMENT (rom)

Figure VII .12

Te"5ile stress devf.at.aon from st:ress in test lvlth Loadi.nq rate 0.01 lrun/sec

The differences decreas~ after initial loading. The
second part of the graphs start from the value of LPD
0.06 mm and tensile stress 2 MPa. The differences between
different loading rates decrease until -20% for loading
rate 0.012 mm/sec and -100% for loading rate - 0.002
mm/sec. The peak values of tensile stress (tensile
strength) in the third part, calculated from the above
formula, are between 3.80 MPa and 2.35 MPa (average 3.5
MPa). The average value was estimated including the other
tested specimen, of which the tensile strength value was
!J.24 HPa and loading rate 0.02 rom/sec, drilled from
sandstone block No 1 and those from block No 3. These
values were compared with results from Brazilian disk
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VII . 2 . It Coal

tests, from which results were obtained for t.ensi.Lc
strength with a value of 4.24 MPa, wh Lch has 14 %
difference.

The LPD standard values for different loading rates in
the third part of the graphs are as follows:

Loading rate 0.022 rum/sec LPD 0.1144 rum
Loading rate 0.012 rum/sec - Ll!D 0.0880 rum
Loading rate 0.002 rum/sec - LPD 0.0669 mm

The specimen, which was loaded with a loading rate of
0.002 rum/sec, has peak resistance zone with length of
2.68E-02 rum (40.1% from a st2ndard) and after this with
increasing LPD, tensile stress decreases. The specimen,
uno-rr loading rate of 0.012 mm/sec, has a resistance zone
with length of 3.22E-02 mrrt (36.6% from a standard) before
failing. The specimen under a loading rate of 0.022
rum/sec has a resistance zone with length of 3.65E-02 WID

(31.9% from a standard) before decreasing.

The tensile stress for Coal was estimated using a loading
rate of 0.015 rum/sec. On the basis of the Level I Coal
test (C4L1), tensile streFS was plotted versus LPD
(Fig.VII.13). The curve starts from the beginning of axes
and goes straight to about 0.32 MPa, which is about 53%
frail]the ultimate tensile stress or 0.014 mm LPD, which
is about 22% f rorn LPD of ultimate stress. On this basis
yield stress w::'tha value 0.32 M?a can De defined.
Compared to that of sandst.one , Coal's ultimate tensile
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strength is not very clear to determine from the graphs.
The graph shows that the tensile strength of Coal is 0.58
MPa.

As the basis of the analysis on post peak behaviour of
the tensile stress, the value of LPD from the beginning
of loading till tne point of failure, was used 3.S a
standard,

and for the stress, a 2% decrease. The specimen, which
was loaded with a loading rate of 0.015 mrn'r=z , has a

C 0 A L

0.8

Ul 0.7
Ul 0.6~
Eo! 0.5
Ul

~~
0.4

H 0.3
Ulz 0.2
Iil
Eo! 0.1

0
0 0.20.10.05 0.15

LOAD POINT DISPLACEMENT (mm)

Figure VII. 13

Esi·_imating of Tensile stress of Coal specimens

Loading rate 0.015 mm/sec - LPD 0.0145 mm,

resistance zone with length of about 1.45!
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from etalon). After this as LPD
decreases.

r"ases, tensi~e stress

VII.3 J-integral studies

Critj cal J-integral data were det.ermi.ned using the J-
resistance curve techn i.que. The analysis shows the
results from the three kind of rocks (quartzite, norite
and s~ndstone). Guidelines recommended by the ASTM
Subcommittee E24.08 on Elastic-Plastic Fracture Mechanics
Termir,ology were used. The areas were estimated on L ~e
basis of load vs LPD displacement for these kinds of
rocks. 'l'odetermine the total work done on the specimen
the actual area ~, under the load vs LPD, the
displacement curve was modified slightly to account for
the energy stored at zer0 load due to crack closur~. The
energy values for eAch area of t rocks were plotted
against the cor respondt r.c crack length value, using
equation by Landes and Bergly (equation VI. 21), the
equation by Landes and Bergly with Srawley's correction
(P- Chapter VI, p.59) and the Merkle-Corten (equation
VI.22). This can be seen on figures VII.14-16. Equations
for the best fitted curvature parts from the graphs are
listed in table VII.l.

The slope of "blunting line" was estimated according to
equation VI.26 and the values are as follows;

For quartzite specimens: - 16.46E+06 IN/m)
For ~Jrite specimens: - 20.99E+06 (N/m)
For sandstone specimens: - 4.5E+06 (N/m)
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Figure VIT.16
E[;ti~lating equat.ion on curvature and critical value

J,. of J-ill~(,gral of Sandstone spec imens
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The values for yield and ultimate stresses were taken
from the previous chapter. For all practical purposes the
blunting line for U.ese tests can be considered as a
vertical line and JIC is the~ J-integral ~xtrapolated to
the zero qr owt.h condi tion. ThE~crack growth resulting
from a single loading cycle was determined from the crack
lengths calculated on the basi s of the compliance of that
loading cyc l e and the cycle Lrnmed iateLy followbq.

Crack growth that may occur du rLnq the unloading portion
of each cyc Le is Lncl uded here as necessary but, since
the J1C point is the value oxtra,« ,Le': ed to infinitesimal
crack qrowt h, the only cons"~qu,"n,·r would be,"a change in
t.hc scal e of the crack 9ro\-;t.,h '.. is with little effect on
VIC' A s inqLe values Of' LTICwhich \hlre determined for each
kind of rocks on the basis of equation VI.21, equation
Vl.21 with Srawley's correction and equation VI.22 as was



2.11 -4.1

mentioned in Chapter VI.3 (Figure VII.14-16) are listed
bello,",'.

Quartzite - ,Irc = 82.08 N/m
Norita - JIC =, 50.8 N/m

Sandstone - Jre = 2.65 N/m

The ini tial ~r estimation used methods by Landes and
Ber:gly, the equation by Landes and Ber:gly with Srawley's
correction and the Her'kle-Corten are compared in Figure
VII.17 in a don-dimensional form with the value of J as
calculated by the energj rate definition. It can be seen
t.hut:. equation VI. 22 most closely approximates the value
of J derived by ~quation VI.21.

ThE fracture toughness coefficients, KIT, were calculated
by equation VI.28 and ccmpared with results, which were
obtained from Chapter VII. 1. The comparison of KIC,

caLculat ed from fracture t.ouqhrie s s tests and from ,J IC

can be seen in Table VII.2
Table VII.2r-----------r-----.----~-----------r_----------r_~------------

rock

6

Average

Quart~~ite 2.20

Percent
Difference

Kind of
of data
points

KIC'

HPa/;n
HPa/m

Norite ?29 2.20 +3.9

Sandston,~ U.34 0.32 -5.9

All other val ues for t.he .T-inteqral calculation can be

se(m in Tables '1 - 3 (Appc"ndi;: :i).
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VIII.l.l Testing pro::::edure

VIII. DISCUSSION

VIII.l Fracture toughness tests

Fracture toughness tests as were shown in the previous
chapters were divided into two levels.

Level I tests were run under load control until the
specimen failed. The loading rate during the tests W2S
increased gradually till failure occurred within 10
seconds of the initial load application or reached crack
velocity of 0.001 mm/sec. The average stress intensity
rate during the tests was not less then 0.25 MPa m/sec.
When the sugge~ted speed of failing was reached, axial
LVDT was plotted versus applied load for estimating
conditions to Level II tests.

Level II Fracture Toughnes3 tests were ran under axi~l
ddsplacement (LVDT) control. Tempates containing
procedures were set up for different stages of testing.
The test template for Level II tests contains seven
loading-unloading cycles, which are sufficient according
to the ISRM suggestion that Level II tests should have a
minimum of 3 loading-unloadi Y19 cycles bc fore and '1

loading-unloading cycle after failing of specimens. The
f ive cycles bef'ore and two cycles after the load of
failing were used. All fracture toughness tests were ran
on room te:nperature (20IJC).

The estimated fracturE::toughness coefficients used values
of dlsp Lacement ratio -- p as follow. For quartzite,
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between 0.14 and 0.18 (average value of 0.16 with
standard deviation of 0.014); for norite, between 0.14
and 0.25 (average value of 0.18 with standard deviation
of 0.036); for sandstone, 0.1 and for coal specimens -
0.1. They are close enough to the suggested from ISRM
value of 0.2 for rock specimens. The condition, related
to the size of grains and specimen diameter (more than
1:10) is acceptable.

VIII.1.2 Quartzite

For calculation of fracture toughness coefficients two
cases were used. First when the two chosen lines span the
evaluation point and F* is not less than O.98Fl'lax
(specimens Q212, Q3L2, Q612 and Q6-5) acd second when the
two chosen unloading lines do not span the evaluation
point and F* is less than 0.98FmaJ' (specimens Q1L2, Q4L2,
Q5L2 and Q6-4) .

QUA ~ T ~ I T E

TES~' No

Figure VIII.1

r.oadanq rate, initial tangent, fracture toughness coeffl.Clent

and Young' s modulus var i at i.ons of quar t.a i t.e spec irnens
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value co craspond higher loading rate. From there 1·c·.,

As can be seel. from the figure VIII. 1, the relation 58
inverse proportional between loading rate and initial
tangent, .ch is involve in calculation on Young's
modulus. Hi']her initi2l tangent value correspond to lower
loading rate and vice versa, on lower initial tangent

coming a difference in calculation of Young's modulus,
which using a linear function in its estimating. Fracture
toughness calculations have smaller influence on loading
rate and lal tangent, which can be seen from abcve

.lre. Consequently, applied loading rate ismarrt ione.
acceptable for fracture toughness estimating, but not for
formal Young's modulus calculation. The fracture
toughness and Younq's modulus variation of quartzite
specimens can be seen on Figure VIII.2.

QUA R T ZIT E

III.:: 0.g rl 4
~ ......
III 'iii
j I<l~
0~

10

TEST No,

Fractur~ to'lghness coefficient :MPa/m)
Yo~ng's modulus iGPa)
Aver~ge fracture 't ou qh n e a.s coefficient :MPa/rn)
Average Young'r::l modulus (G~a)

Fl.gure VII!.2

Fracture toughness coefficients and 'ioung's modu l.us cortpa r ed to

av er .ge va , ... \e~-; of qua r t z i.t e ape c arncn c
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The average results frAn Level II tests (contains results
from 8 Level II tests) were compared with average results
from Level I tests (contains results from 4 Level I
tests). The average values are shown in Figure VIII.3.
The applied loads from Level I are 10 to 12 % higher than
those of Level II. This means that the Quartzite as a
rock is more stable on static loading while losing
stabili ty under fatigue loading with about 10 %. The
differences of the LPD values are higher from those of
the CMOD values (Figure VIII.4). The biggest differences
between LPD and GMOD from Level II tests appeared at the
beginning of the tests. In the elastic phase (excluding
i.nitial loading) the differences between LPD and CMOD is
within 11 15 % (Fi.gure VIII. 4). After this, the
differences increase in the plastic phase to 20 - 25 %.

103

Fractographic studies shows that the quartzite as a rock
forms a split crack in one of the both ends of the tip of
the V shape. The crack in the core of quartzite specimen
keeps straight direction. When the crack meets grains of
quartz in Quartzite specimens it is trying to pass
through the boundary of the grain. In other cases, the
crack passes the grain's boundary. The average angle of
secondary fracturing is 48° (mainly the angle is between
30° and 45°) in the quartz grains of quartzite specimens.
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VIII.l.3 Norite

For calculation of fracture toughness coefficients two
cases were used. First when the two chosen lines span the
evaluation point and F* is not less thar O.98Fmalt
(specimens N6L2 and N7-4) and second when the two chosen
unloading lines do not span the evaluation point and F*
is less than O.98Fmalt(specimens NlL2, N3L2, N4L2, N5L2,
N7L2 and N7-5) .

NORITE

1.::: (lE+01

1. llOE+ III

8.UO£+I)O

6.0IlE+OO

4. D LlE~' o r.

:~ • OOE-t

c.onF.+-cn

'rESTS No

Figure VIII. 5
Loading rate, init~al tangent, fr.acture toughness coefficient

and Young' 5 nodul.us variations of norite specimens

As can be seen from the figure VIII.5, the relation is
inverse proportional, between loading rate and initial
tangent, the same as quartzite tests, which is involve in
calculation on Young's modulus. Higher initial tangent
value correspond to lower loading rate and vice versa, on
lower init ial tangent value correspond higher loading
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rate. F~om there is coming a difference in calculation of
Young's modu lus , Fracture t ouc.hness calculations pctve
smaller influence on loading =ate and initial tangent,
which can be seen frem above mentioned f Lqnro .
Consequ:..ntly, applied loading ratE! is acceptable for
fracture toughness estimating, but not for formal Young's
modulus calculation, which gives lover r~ i~lts. The
variation of fracture toughness and YOUnlJ'S rrcnJ U"

norite specimens can be seen on Figur VI-I.6.

TEST No

Figure VIII. 0

Fracture tou1hness coefficients and Y0ung's modulus compared to
average values of norrt.o specimens

The average results from Level II tests (contains LefJults
from 14 Level II tests) were compared w i th che average
results from Level I tests (contains results from seven
Level I tests). The average values are 3hown in Figure
VIII.7. The applied loads from Level I are 12 to 15 %
higher from those of Level II. This mear.s chat the Norite
as a rock is more stable on static loading and loses
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1
I
Istability under fatigue Load inq hy about b ¥,. The

differe:lces on the Ct·10Dva Lues are higher for this LPD
(Figure VIII.8). The biggest diff'2>:'9nr:eson LPD and CMC')
from Level II tests appeared at the beginning of the
tests. In elastic s' ~e (excluding initial loading) the
differences between LPD's are within 0 - 5 % and between
CMOD's are within 11 to -20 % (Figure VIII.8).

After this, the differ:eIlces i.ncreas-' their values in
plastic state for LPD to 15 - 20 % aDd r.MOD to 60 - 80 %.
From Figure VIII.7 and Figure VIII.3 it can b seen that
LPD maintains the tendency to increase the difference
permanently, but in a very small interval. Th9 CMOD gauqe
also increases its differences in the elastic region from
+80 t~ -65 % a~d in the plascic region f~ ~ -65 to -80 %.

NORITE

D:::SPLACEMENT (mm)

--LPD - LEVEL II

.'- -CHOD - LEVEL I --CHOD - LEVEL_-_:_:======_:: ' J

Fi;JureVIII.7
Average ,hsplacement results of Level I and LeveL II tests
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Figure 'vIII.8
Percent disp::'acement deviation of Level II tests

Fractographic stuJy shows presentation on fracture
proce3sing zone in the tip of the V shape. The crack does
not keep straight direction in a core of norite
specimens. The crack crosses the grains of quart:3 at the
time of meeting, without chanq i :1g the direction of
fracture propagation. The avera~~ angle is 75° (mainly
the angle is between 70° and 900

) of the secondary
fracturing in the quartz grains of norile specimens.

VIII.1.4 Sandstone

For calculation of fracture toughness coefficients was
used the case, when the two chosen unloading lines do not
span th« evaluation po int;and F* lS less than O.9t1Fma):.
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Figure VIII. 9
Loading rate, inl~lal tangen' fracture toughness coetficiel ~

and Young's modulus variat~ons of sandstone specimens

As can be seen f rom the f iqur» VIII. 9, che re.'.al.~01, is
proportional between loading rate and initial tangent,
which is involve in caLcul.etLon on Young's modulus.
Higher initial tangent value corresponds to higher
loading rate. YOUTlg'S modulus follows the same tendency.
Fracture toughness calculations have smaller influence of
loading rate and initial tangent, which can be seen from
above mentioned figure. In tests with higher loading rate
and initial tangent, calculated fracture toughness has
lower value. Applied loading rate is acceptable for
f ract.ure toughness est Irnat.Lnqand for Young's modulus
calculation. The var iat i.on of fracture toughness and
Young's modulus of sandstone specimens can be seen on
Figure VIII .10.
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Figl're VIII .10

Fr-acture t.ouqnne s s coefficients an0 Young's modulus compared to

average va l.ue s of sandstone specimens

The average results from Level II te::;ts(contains results
f rora eight Level II tests) were compared with the average
results from Level I test (contains zesuLts from six
Level I tests). The average values are shown in Figure
VIII.11. The applied Loads from Level I are from 15 to 20

'6 higher then thoso from of Level II. This means tint the
sandstone as rock is more stable on static loading and
loses it3 stdbility under fatigue loading by about 18 %.
The differences in the LPD values are higher then those
of CMOD (Figure VIII .12). The biggest differences '"'etween
LPD and CMOD of Level II tests appeared at the bec;in:1ing
of the tests. In the elastic state (exc Ludi.nq initial
loading) the difference of LPD is betweer. -95 and -158 %
and CHOD is between 25 - 40 sb (Figure VIII. 12) . After
this, in the plastic state the diffel.ences of LPD tend to
be a stable, permanent value of about -160 The
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different CMOD values decrease their values in plastic
situation from 25 to 15%.

SAN D S T

DISPLACEMENT (mm)

Figure VIII. 11
Average displacement results of Level I and Level II tests
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Figure VII 1.12
Percent displacement dev1ation of Level II tests
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VIlLI. 5 Coal

For calculation of fracture toughness coefficients was
uSAd the case, when the two chosen unloadi~g lines do not
span the evaluation point and F* is less than O.98Fmax.

As can be seen f ror the figure VIII. 13, the initial
tangent for coal specimens, which is involves in
calculation on Young's modulus, is independent from
loading rate. for different ranges of loading rate,
initial tangent staying very stable (figure VIII.13).
From t.here Young's modulus follows the same tendency
without any significant differences.

C 0 A L

2.50E+Ol

2.00E+Ol

1.50E+Ol

1.OOE+Ol

5.00E+OO

o 1

TEST No

Loading rate (m/sec) *1*£+07
Inltlal tangent (N/sec) : l*E+O·l

Fracture toughness iMPa/m) rIOO
Young's Hodulud (GPa)

E'lgure VIII.l:'

Loading rate, -initial tangent, fracture toughness cce f f i.c i.ent;

and Young's modulus variations of coal spec irnens

This can be seen from figure VIII.14. Fracture toughness
calculations have smaller influence of loading rate and
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initial tangent, which can be seen from above mentioned
figures. App li.edloading rate is acceptahle for fr2'::ture
toughness estimat_ng and for Young's modulus calculation.
The varia'ion of fracture toughness and Young's modulus
of sandstone specimens can he seen on Figure VIII.14.
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a 20.jJ a
Q) til a M

til Q) OJ 15k (!I OM ><::l a 0 lJI.jJ
0 t OM Os a 10
111 Ij.j ::l
k ::l Ij.j ....... 0 50 Q) ro ><r.. .jJ 0

~0 0
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TEST No

Fracture toughness coefficient
modulus (GPa)

Figure VIII.14

oOr,cture toughness cce f f i c i.ent.a and Young' 5 modulus compared to

average vdlues of sandstone specimens

The average results from the Level II tests (contains
resul ts of 3 Level II tests) were conpa red with the
average result~ of the Level I tests (contains results of
3 Level I tests). The average values are shown in Figure
VIII.15. The applied loads in Level I were 50 % lower
then those of Level II (averages mayimum load 120 N for
Level I and 230 N for Level II). This means that the Coal
as a rock is more stable on fatigue loading and loses its
stability under static loading. The differences of LPD
values are Lower than CMOD (Figure VI I1.16). In the
elastic region the differencR of LPD is between 70 and 10
% and of Ct-lODis between 11 to -40 '.5. In the plastic
region, the differences of LPD and eNO;] t ncreased t no i r
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values to about -50 % \LPD) and -160 % (CMOD).
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Figure VIII .15
Average d1sp1acement results of Lev.l I and Level. II tests

C 0 A L
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Figure VIII.16
Percent displacement dev1ation of Level II tests
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VIII.2 Tensile stress and strength

The applied methodolo'JY for estimating of tensile stress
and strengt.h of different rock specimens shows
satisfactory results. The differences "hich were obt:ained
from Brazilian disk testing showed 1% deviation for:
quartzite specimens, 8% deviation for norite specimens
and 14% deviation for sandstane specimens. The bigger
deviation for sandstona specimens results from the
suggested crack velocity - 0.001 m!sec of ISRM for Level
I fracture toughness experiments. The tendency, which san
be seen :rom tensile stress calsulation, is t\at with
increasing loading rate the tensile strength also
increases in value for quartzite and norite, which are
brittle rocks (Fig.VIII.17).

QUARTZITE AND NORITE

o 0.005 0.01 0.015

LOADJ:NG B ,\TE (rom!sec)

Figure VIII.I?

'fensile strength tendency of Lnveat a.qat ed Quartzite and xer i t e spec imens
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Sandstone specimens ha~e a totally different tendency.
With i..creasing loading rate, the tensile strength
decreases. This can be seen on Figure VII!.lS.

SANDSTONE

4
3

2
1
o f------------+---- ----t-----

o 0.005 0.01 0.015 0.02 0.025

LOADING RATE (rom/sec)

I,---------------------~---~ I
i--+-- SERrE 2 -II-SERIE Iii

---------- -----,--~=.-:--:---:_:-==:".-=~::==:::==:=---,--- ~.:.=-=---~==--==--==-~.:_~=I ----__j

Figure VIII.IS
Tensile strengt~ tendency of inve~tigated Sandstone specimens

The comparison of brittle rocks and sandstone specimens
under static and dynamic loading shows that they are more
stable on static loading. Coal behaviour is different.
Coal specimens are more stable under dynamic loading and
lose stDbility under static loading. This can be seen
from the load of fail of Level I tests of specimens CIL1
- 140 N; C2L1 - 120 N and Level II tests of specimens
C1L2 - 225 N; C2L2 - 200 Nand C3L2 - 210 N.

The feature of the tensile et ress is the post peak
behaviour of the tesLed rock specimens. All tested
specimens show behaviour of decreasing of the resistance
zone with the increase of the loading rate (Figure VIII.3
and 4). This can be proved by the five test series done,
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which means test specimens from different block of rocks
(1 block for Quartzite, 2 blocks for Norite and 2 for
Sandstone), under three different loading rates. When
comparing the highest and lowest loading rates of all 14
tests of the different kind of rocks, it can be seen that
the peak resistance zone maintains this tendency.

Figure VIII.19

Length of post peak resistance zone of Quartzite and Nor~te specimens

SANDSTONE

LOAO!NG RATE (mm/deo)

Figure VIII.20

Length of post peak resistance 2o~e of Sandstone spec~mens

117

- --------- -----------------_._----



VIII.3 J-integra~ studies

The values of J fer the three point bending specimens
were calculated from the expression proposed b :
Herke] /Corten that is presently recomrnended by AST!JI,f ron,
ee" 'l.tion of Landes/Begley and from equation cf
Landes/Begley, after Srawley's correction. ,]-3:' cal
results calculated from investigated three kinds of~ rs
(Appendix 5, tables 1-3}, shows t hat in ar: elastic
region, where is calculate fracture toughness
coefficient, the equation of Landes/Begley (eq.V1.20,21)
and equation of Merkel/Corten (eq.VI.22) have similar' and
higher value, compared to the equation of Landes/Begley
after Srawley's correcti0n. Srawley's correction is
mostly applicable for brittle isotropi: materials, but
not for rocks. R.A. Schmidt and T.J. Lutz also had been
used Merkel/Corten equation for estimating of Krc and J1C

of Westerly granite [27,28J.

The other discussion element in J-integral studies, use
of Uhlunting line" for estimating of JIT js not
applicable for purposes of rock mechanics. Result::>,which
were calculated for estimation on slope of "blunting
line" shows that their values are very high and the lines
are very steep. Without any serious mistakes they can be
approximate as vertical lines, coincide with the Y axis
of figures V11.14-16.

From figure VIII. 21 can be seen that w i th increasiEg of
the cxack length in investigating kind of rocks, the
apparen~ fracture toughness increases in value and reach
its critical value when the material separation begins.
AD was mentioned in Chapter VI. 3 critical value of J-
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integral is in a point from where begins real material
sepa.rat.Lon in a form of crack. Slope value that was
calculated from fracture toughness tests for different
kind of rocks best-fit sLopo lin'3s of quartzite specimen
between fourth and fifth cycles, for nor' te specimen
between fifth and sixth cy~les and for sandstone
specimens between first and secolld cycles. In a previ us
cycles missing real mat.erLa.lsepar.ati.cnand cal culated J

values are not included in Jrc estimated graphs because
they belong to crack tip blunting zon2. This points have
steeper slope ir the graphs of figure VIII.21.

Applied rr.ethodology can J: e used when the necessary
resul t s are in term of wo rk done or applied energy.
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IX CONCLUSIONS

IX.l Fracture toughness tests

The following conclusions can be made fr it the estimated
values of fracture toughness tests.

1. Calculated value for Mode I fracture toughness
coefficient is KIC "" 2.20 MPa/m for Quartzite, K1C :=

2.29 MPa/m for Norite, Kro 0.34 MPa/m for
Sandstone and KIC = 0.14 MPa/m for Coal.

2. Calculated value for:Young's modulus of Ouartzite is
E 49.6 GPa, for Norite E = 93 GPa, for Sandstone
E 41 GPa and for Coal E = 2.72 GPa.

3. The appropriate loading rate for Level I tests fer
Quartz; .e is 0.01 rnrn/sec,for Norite - 0.01 rrun/sec,
f or Sar.dstone - O. O? mm/sec and for Coal - 0.015
rom/sec.

4. The appropriate loading rate for Level II tests for
Quartzite, Norite and Sandstone is 0.001 mm/Gee. For
Coal - 0.015 rom/sec.

S. The maximum loads which v.rerereached from Level I
tests, compared with those fro'TlLevel II tests, for
Quartzite were within 10 - 12 % higher, for Norita
- within 12 - 15 % higher and for Sandstone within
10 - 15 % higher. This mea' that these rucks are
more britt le under dynamic loading. comparee! to
static loading.

6. The maximum loads which were reached from Coal Level
I tests are 45 ~~ lower than those from Level 1.1.
tests. Thi~ means that Coal is more brittle under
static loading, than under dynamic loading.

7. The Qua rt zi.te specimens maintain elasticity for
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Level I and Level II tests for about 30 % of the
failure load.

8. The Norite, Sandstone and Coal specimens maintain
elas.ti.cLt y for Level II t.ests for 45 '6 from failure
load, and for Level I tests for about 50 % of the
failure load.

9. The differ"3nces J..nelastic phases for LPD and CMOD
between Level I and Level II tests are within 11 -
15 % for Quartzite specimens, and +5 to -5 % for
Norite specimens.

10. Sandstone spac lrnen differences in elastic phases
between Level I .::ndLevel II tests for LPD are
within -100 to -150 % and for CMOD 10 to 25 %.

11. Coal specimen differences in elastic phases between
Level I and Level II tests for LPD are within 10 and
70% and f~r CMOD 11 to -5 %.

12. The differences :n plastic phases for LPD and CMOD
b~tween Level I and Level II tests are within 20 -
25 % for Quartzite, -10 to -15 % for Norite, -25 to
-150 % for Sandstone and -50 % to -160 % for Coal
sp2cimens.
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IX.2 Fracturing

The f cl.Lowi nq conclusions can be made from the
comparisons of the fracturing on investigated rocks.

1. Qu ar't.zite forms split crack in the tip of the V
shape. Norite forms fracture process zone.

2. Quartzite maintains t ho st ra iqht din~cti\'-I o f
fra;.~turepropagation in contrast to Nor i te wh i.ch
fractures in a zlgzag.



3. Quartzite forms secondary fracturing with smaller
angles, compared to Norite, oocur rlnq within the
quartz grains.

IX.3 Tensile stress and Tensile strength

The following conclusions can be made from the estimated
values of tensile stress and tensile strength on
investigated kind of rocks.

1. The tensile stress of the specimens cr" can be
calcu Lated by the following general formula, :

l.J,.Jl.P
])2

Where P is the load (N) and D is the aiameter of the
test specimen (m).

2. Tensile stress is dependant on applied loading rate.
Tensile strength decreases with decreasing loading
rate.

3. The peak resistance zone also depending on the
loading rate. A zone Lncreasas j ts length with
decre&sing on loading rate.

4. The average tensile strength, which is calculated
for Quartzite is 11.~b MPa, for Norite 13.45 MPa,
for Salldstone 5.24 HPa and fOI Coal 0.58 HPa. The
crack velocity on fracture toughness tests was
higher then 0.001 m/sec.

5. The averaqe yisld tensile f'tresswhich is calculated
for Quartzite is 5 MPa, for Norite 7 MPa, for
Sandstone 2.3 MPa and for Coal 0.32 MPa. The crack
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velocity on fract lre toughness tests was higher then
0.001 'IJsec.

The fcllowing conclu3ions can )e made from the
comparisons of the est Imat.ed values of J and the values
of J as determined from equation VI.20.

1. Most accurately in this investigation was a
variation of the Merkel-Ccrten technique given by Eq
VI.22 for estimating of JIC from three point bending
specimens.

2. The stretch zone line J = 2 c flO\~ Lla is not necessary
for the rock specimens because this line is very
steep and in gener"'llwill absent from a stretch
zone.

3. JIC must be taken as the intersection between fitted
curve to the J versus crack extension points and the
axis of J-integral values.

4. Critical value of J-integr&l standing between the
cycles whe re is calculated KIC.

IX.S J-integral calculations

From the evaluaticn of load-displacement curves and from
experiments on three different kinds of rock, the
following conclusions can be drawn for three-point bend
specimens:
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1. From th8 diffe~ent equations for ,I-integral
determination from load-displacement curve, the
relation of Merkel and Corten yields the best
results.

2. Crack extension begins below the J-value determined
with the extrapolation method. This method can be
ap~lied only for specimens if data points beyond
maximum load are Luc Luded in a case when fracture
with material 9aration begins under load nearby
the load ok ~ailing (for example as Norite
specimens) .

3. Equation VI. ';.7can be '.18efor calculation of Krc by
means of J1C with admissible accuracy.
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X RECOMENDATION FOR FUTURE WORK

Future studies on fracture toughness of rocks should
consider the elements of both a Jrc and Krc approach. Jrc

testing appears to be less restrictive of specimen size
and needs less verification due to a nonlinear stress-
strain behaviour. Krc measurement, on the other hand,
requires feweL tests to be performed and datd reduction
follows a simpler procedure. However, an analysis by
Ernst indicates that a complete J versus crack growth
curve can be determined from a single load - displacement
record with absolutely no measure of crack length.

One other aspect of rock fracture that needs f urt.her
attention is the micro mechanics of crack propagation.
Speculations of micro crack zones need direct
substantiation in order to understand fully the rock
behaviour. Crack front configurations need to be examined
to understand the effects of plane stress and plane
strain. Perhaps the most important reason for micrc
mechanjcs models is that guidance is needed when
extrapolating data from one or several rock types to the
various rocks encountered in a particular application.

The main application of the fracture toughness
coefficients is in the field ,'f' numerical modelling. One
of the problems is t r,e presence of micro cracks in
specimens, as mentioned above. At the present stage, l'-1ode
I fracture toughness tests don't give a successful
evaluation of the percentage of cracks in tested
specimens, unlike in ceramics, metals and other
homogeneous materials. For future investigations three
point bending specimens should be combined with three-



axial compressive stress tests, which is possible with
the HTS - testing machine. The three-axial compressive
stress tests must be terminated at predefined stress
levels and then spec: -ms should be tested to determine
the fracture toughness coefficient. Then the rock might
have different Krc values for different percentages of
micro cracks and different pressures.
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APPENDIX 1

Schematic presentation of the Chevron Notched
Short Rod (SR) specimen (not to scale)

€i3~'LPD

~~~ t k--

"-
~

D/2 I D/2

Notch

Notations:
a - Crack length
a - Chevron tip distance
D - Specimen diamete::
P - Applied load
W - Specimen height

Schematic presentation of the Single Edge Not.ched
Round Bar in Bending Short Rod (CB) spocimen

(not to scale)

LPD
D

r --- ~ -1

n;,.
~

Notation:
D - Specimen diameter
1 Loading span
L - Specimen length
a - Crack length
P - Applied load
t - Notch width
CNOD -~Crack mouth opening

displacement
LPD - Load point displacement
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Schematic presentation of the Brazil disk
in diametrical compression (not to scale)

Notation:
p:. i.pplied load
B - Specimel. thickness
D - Specimen diameter
a - Half crack length

Schemat cresentqtion of the Radial cracked
r cj test (RCRT) (not to scale)

a

p -0- ,
p

136

Notation:
p-::' Applied load
a - Half crack length
.; - The inner radius
r - The onter radius



Schematic presentation of the Modified
ring test (NET) inot to scale)

Notation:
b - Loading surface width
B - Specimen thickness
r - T;le outer radius
r - The inner radius
P - Applied load

Schematic presentation of the Single edge cracked
half disk specimen in three point

bending test (not to scale)

Notation:
P - Applied load
I - Loading span
a - Crack length

P/2 P/2

Schematic presentation of the Round compact
disk in tension test (not to scale)

w

Notation:
P - Appli -"j load
a - Crack length
D - Specimen diameter
1 - Distance between

axes of disk and
holes

W - Specimen width
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APPENDIX 2

Botlom

[ I J
Side

Parameters of the V shape

D = 53 mm D = 54 mm

AS ""AC == 0.6aD 36.04 36.72

AO = 0.35D 18.55 18.90

BC :::: 0.96D 50.88 51. 84

DO = 0.14D 7.42 7.56

CO -= 0.480 25.44 25.92

DE = O.3GD 19.08 19.44

AD '" 0.490 25.97 26.46

BEC = 1.29D 68.37 69.66

OF '" 0.2SD 13.25 13.50

AE= 0.85D 45.05 45.90

< BOC = 163.9 deg. or 1. 43 rad.
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Table I-b

APPENDIX 3

QUA R T ZIT E
Results from fract.ure toughness calculations

B=O.053 m; K·,,=1.886 MPa/m
Table l-a

Eq.No Q1L2 Q2L2 Q312 Q412-
Loading rate (rom/sec) I VI. I 5.9E-04 1.1E-03 1.1E-03 9.7E-04
Initial tangent Sit (N/m) VI. 2 1.01E+05 8.65E+04 8.95E+04 8.95E+04
Slope value Sc (N/m) VI. 6 9.64E+04 7.11E+04 6.53E+04 7.36E+04

I Displacement ratio p (-j VI. 9 0.17 0.16 0.18 0.14
f--=-; -c- lculated F" (N) N/A 810 N/A N/A 1930
Younq/ s modulus E (GPa) VI.13 54.33 46.91 48.52 48.52
En. ReI. Rate G>:a (J/m) VI.15 91.40 107.77 110.19 95.72
Frac. Tough. K',,,, (MPaVrn) VI.12 2.21 2.22 2.26 2.13

Eq.No Q5L2 Q6L2 Q6-5 Q6-4
Loading rate (rom/sec) VI.1 8.5E-04 6.7E-04 9.3E-04 8.9E-04
Initial tangent Si' (N/m) VI. 2 -9.42E+04 9.92E+04 9.12Ef04 8.52E+04
SJope value Sc (N/m) VI. 6 7.14E+04 7.42E+01 8.27E+04 7.62E+04
Displacement ratio p (-) Vr.-g -- 0.17 0.15 0.17 0.15
Calculated Fe (N) N/A 1750 N/A N/A 1870
Young's modulus E (GPa) VI.13 50.81 52.44 49.35 46.30
En. ReI. Rate G'c£' (J/m') VI.15 95.44 93.20 104.04 107.31
Fe. Tough. K C£, (MPaYnl)--r-vr:-12 2.18 2.19 2.24 2.20

.._

Average fracture toughness coefficient:
Standard Deviation:
Variance:

2.20 MPdVrn

0.043
0.002
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NORITE

Results from fract1Jre toughness calculations
8=0.U53 m; K,=1.974 MPa!m

Table 2-a

Load
Eq.No NIL2 N3L2 N4L2 N5L2

ing rate (rnm/sec) V1.1 5.55E 04 4.92E-04 6.29E-04 4.77E-04
ial tangent s· (N/m) V1.2 1.81E+05 1.92E+05 1.73E+05 1.89E+05 I

.'" '.~U1 ~!C '" IN/rn) VI.6 1.49E+05 1.58E+05 1.42£+05 1.!:J3E+05
lacernent ratio p h 1 VI.9~ O.2\)

I
0.~R 0.19 0.14

ulated F.. (N) N/A 2190 T 2114 2344 - 214t.

g's modulus E (GPa)
Vr.I3 H".5 87.9 96.0

ReI. Rate r' (J/rn) VI. f.s-~52~8 50.76 53.46 42.72.;r

Tough. K (MPayIii) VI. 12 2.31 2.34 2.28 2.13
- ....L..__ .-

Table 2-b

Disp
Calc
Youn
En.
F.rac

r----- Eq.Nu N6L2 ~ N7L2 N7-5 N7-4
1-=------_._-Loading rate (IT~/sec) VI. 1 6.06E-04 5.64E-04 5.24E-04 6.72E-04
Ini tial tangent s· (N/rn) VI.2 I 1.84E+05 1.79E+05

I
1.85E+05 1.87E+05

Slope value s (N/r1) V1.6 1.57E+05 1.47E+05 '1..;':lE+051.58E+05
Displacement ratio p (-) VI. 9

I
I) .15 0.15 o, ? s 0.1~

CalCulated F (N) N/A N/A 2210 1875 N/A
I-c-:---- ---.- -94.0{oung' s modu lus E (GPa) VI.13 93 :3 -~- 95.0
1-=----.

G (Jim) VI.l5 51.25 t----46•82 56.31'- - 52.~En. ReI. Re t e
f-:::.--. : VI.f2" - ~ 17 2.42 2.34I Frac. 'I'cuqh , K (MPaViii) 2.30 "-
_------------

Variance:

2.29 MPaVrri
0.094
0.009

Avera.Je f ract.ure toughness coefficient:
Standard Deviation:
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SANDSTONE

Resul ts from fract ,Ire toughness calculations
B=O.O;:', K =0.822 MPa/m

Table 3
'-' !",q.No 5314L2 13ST5L2 55T6L2 SST7L2
Loading rate (rnrn/sec) VI. 1 ,t.3E-D8 4.5E-08 4.7E-08 4.4E-08
Initial tangen..:s,' (N/m) VI. 2 7.93E+04 ,.82E+04 8.42E+D4 8.18E+O~
Slope value s,- (N/m) VI. 6 C. 7E+04 6.4E+04 6.9E+D4 6.9E+oTI Df.ap Lacernen t; zat i o p 1-] VI. 9 0.1 D.: 0.1 0.1

N/A 282 268 352 318Calculated F, (N)
Young's moduli''''E (GPa) VI.13 40.26 39.71 42.75 41. 53
En. ReI. Rate G (J/m) VI.15 3.38 2.14 2.26 2.94
Frac. Tough. K-" (:t-'lPa/m) VI.12 0.38 0.30 0.32 0.36

AV6Lage fracture toughness coefficient:
Standard Deviat7on:
Variance:

0.34 l"lPa/m
0.037
0.001

C 0 A L

Results from fracture toughness calculations
B=0.054 m; K:=0.152 MPa/m

Table 4
- Eq.No CIL2 C2L2 C3L2 C4L2

Loading rate (rnrn/sec) VI.l 7.91E-07 ! 1.99E-06 1.16E-06 9.tl5E-07
Tnitial tangent s,. (N/m) V~ .2 2.44E+04 I 2.S6E+04 2.53E+04 2.47E+04
Slope value (N/m) VI. 6 9.3SE+03 -:/.71E+03 t---c:-._-- 8.42E+03s 6.43E+03
Displacement ratio (-) - VI.9 0.1 0.1 0.1 0.1P
Calculated F. (N) .- N/A 128 150 145 137
Young's modulus E (GPa) VI.13 ~ 2.44 3:01 2.85 2.59
En. ReI. Rate G (J/m I VI.IS 1.27 1.52 1.40 1.49

Frac. Tough. K (MPa/In) I V I._=-t_. 0.134 0.150 0.143 0.146
- ---'

Averaqe -r ';,ctu:re toughness coefficient:
Standard Deviation:
Variance:

0.143 MFa/m
0.1)0'1

4.62E-05
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APPENDIX 4

Calculation on the moment of inertia
Of intersection

1. Circular segment

a 1,43 radians (a < n/2)

r = D/2

• calculation of the area on circular segment

AI /(a-sina.cosa) (D /.(l ...f3-sinl.-I3.cosl.-I3) O.323.d
2

calculation of the moment of inertia

Jr 3J; -.(3a-3sinacosa-2sin acosa)
12

./" If '3.1...f3-3.sinl ...f3.cosl.-13 -2.sin31 ...f3.cosl ...f3) O.OI0D.f
19.
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calculation o~ the centre of he axis

)l1C
2r.( s.in3a ) D( :,in31,-I3- ) ~~lD
3 a-sma.cosa 3 l,.J3-sinl,-I3.cosl,-I3

Y YIC - aD 0,251.D - 0,14.0 O,l11.D

2. Triangle part

• calculatior of the area

0,96D.O,-I9D
2

O,235d

e calculation of the moment of inertia

O,..tcJD.(O,96D/
0,009 Il

-18

• calculation on the centre of the axis
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Y.:e !_.Iz !_.O,..f9D (J,I63/)
3 3

3. Defi~ing of the nSJLLa: axis

.
Y

AJ'Y- A~·Y.:('
AI A:

0,323 D:.O,I11D-I'J,235 d.(),163J)
(l,3231i 0,235 Ii -O,OO..fD

new "y" coordinates cf figures are;

DE -. v: O,36D - (-O,004D) O,364D

AD + y' 0,49D - O,004D O,486D

4.Calculation of sectional ITlodules

J .llc' .l.:c· 0,019 Jr' 0, ()()!J Il 0,02Hi/

• COITlple~U1V(: st ress

0,028 d
O,36..f/)

0,077 j)l

L4 4



E

r

Compressive stresses

M
x

bending moment

Tcnsilt stresses

y

Figure A.l
Figures for calculation of moment of inertia



• Tensile stress

O,02R 1/ 0,058 Ii
O,.J86JJ

5. Calculation of stresses

• bending moment

AI
1'.3,33])

.J
O,832.1'.D

• COITLpreSSIve st ros..

AI O,832.1'.lJ J(),8I.P
0'(' o,o77.d Ii.\'J

• Ten:-'illc;stn"ss

Ai O,832.P.D l.J,3.J.P
0'1 ---

Ii,<';J O,05R.li
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APPENDIX 5

QUARTZITE
Values for J-integral calculations (Table 1)

2.20 (H?avrn); E = 49.63 (GPa); v = 0.200.053 m; KB

'2 5-1 Q 5-4Q 5-2 Q 5-3

0l.174E-03 1.087E-02 1.Si1E-02B.82E-03Cracked Ligament a (m)

3. ;::2E-02 3.588E-02 3.418E-02 2.934E-02Uncrac ked Ligament b (m';

alb ~"• ..::-:-;!: 0.26 0.32 0.53

L:)ad (N) 700 1050 1650

8.2SE-06 2.44E-052.38E-06 1.(7E-OSLFI) (m)

~'Jc,rk Done (N.m} 3.57E-04 4.4BE-03 1 ..91E-02 4.48E-02

Fil.o J_ Load iN: 100 100 IOU 100

Final LPD (m: 7.31E-07 1.84E-06 3.51E-Oh 4.98E-06

1.92E-03 1.90E-03 1.5SE-03I.8IE-1)3B.b

a/W 0.16 0.17 0.21 0.30

1 ..53 3.57 5.36 8.42cr (HPa):j
'i1;1
'II,

II
I
!
I
I
I
i

j
'I

K (r·1Pav-m) ..255 0.678 1.109 2.09

J (IJ/m! - Landes, E8rgley C'.37 4..72 21.10 62 ..40

J_ (N/m)-Landes, Bergley 0 ..26 3.33 56.1117.D9

J "Uml - !{erkel, Corten 0.42 5..27 23.25 72.55
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NORITE
Results fer J-integral calculations (Table 2)
B O. Ci53 Ini K:, ~ 2.29 HpaVffii E x: 93.31 GPai V 0.31.

l;1
\

\
!
!
I
I

,I

'\
I
1
I
I
j
\ J IN/m! - Herkel, Corten 1.44 4.08 10.49 58.16 I 174.39

~ I I I 14~: I

(IT:.)

Cracked Liga:r.ent (ill) (a)

Ur:;.crackej Ligam. .m: (b)

a/b

LCia.d (iJ)

LPD (m)

vJork done IN.m:

Fi:-i.s,l Load (l\"l'1
" J. ~ I

Fir~al LFD

J _ (N/rn)-Landes,Bergley

B.b

a/W

cr rHP2;

K (",?aVml

J:iN/m)-Landes,Bergley

:-J-2 N-3 N-4 N-5-1

B ..91E-(13 9.79E-03 1.08E-02 1.34£-02
---

4 •.';lE-02 4.33E-02 4.22E-02 3.96E-02

.2 0 ..23 0.2b D.34

750 1250 1800 1950

3.9CE-06 7.20E-06 1.15E-05 1.83£-05

1.27£-03 4.14£-03 1.03£-02 2.34E-02

100 l'JO 100 100

2 ..75£-07 5.94E-07 9.29E-07 2.12£-0;:'.

2 ..30E-03 2 ..30E-(;3 2.20E-03 1.19E-03

.17 0 .. 15: 0.20 0.25-

3.82 6.38 3.19 9.66

0.72 1 ..2::, 1.82 2.22

l ..li) 3.tSC 9.36 62.22

0..78 2.;:'6 7.82 62.32

N-5

2.89E-02

1.41£-02

1.20

1650

3.55E-05

5.65E-02

100

6.90E-05

0.70E-03

0.54

8.42

2.84

161.43

161. 43

N3L2

4.44E-02

8.55£-02

5.19

1250

5.36E-05

8.23£-02

100

6 ..3£-05

0.4:::,E-03

0.:34

6.38

2.E,7

365.78

365.78

379.56

N-7

5.04E-02

2.65E-Cl3

19.02

650

9. 92E-1J5,

1.2IE-ell

100

6.9£-05

0.14E-03

0.95

3..32

1.48

1728.57

1728.57

1134.20



SAN D S TON E
Values for J - integral calcJ~ation

Table 3

B 0.054 m; K 0.34 HPaVm; E 41.06 GPa; v 0.24.

SST-2 33T-3 SST-4 SST-5

Cracked Liqam. (m) (a) 0.0217 0.0258 0.0343 0.0455

Uncrack. Ligam. (m) (b) 0.0313 0.0277 0.0187 0.0075

a/b 0.69 C.93 1.83 6.07

Load (N) 450 550 650 750

LPD (m) 1. 58E-05 3.38F:-05 4.20E-05 5.33E-05

Work done (N.m) 0.OD55 0.0152 0.0231 0.0346

Final Load (N) 100 100 100 100

Final PLD (rn) 4.99E-fJ6 1.27E-05 1.JOE-05 2.16E-05

B.b 1.66E-03 1.44E-03 9.91E-04 3.98E-04

a/W 0.41 0.49 0.65 0.86

rr (MPa) 2.30 2.81 3.32 3.83

- 1--
f\ (MPaViU) 0.67 0.90 1.22 1. 62

J: (N/m) - Landes, Bergh'y 6.32 21.11 46.62 173.87

J._ (N/m) - Landes, Bergley 6.32 21.11 46.6:2 17.).87

,J (N/m) - Merkel, CGrten 7.17 22.25 48.24 176.69

1 • n

Stress Lnt.ensi ty f act.o r is calculated on a

basis of equation:

I<r 1.12z m:SQRT (ax rr)



APPENDIX 6
Legend

Zone of in~e~est
Ma in fracture

Featuring of Quartzite specimen

Figure A-Q-l
Crack initiation of Quartzite



Figure A-Q-2-a

Figure A-Q-2

Figure A-Q-2-b

Crack initiation of Quartzite specimen in the
tip of the V shape

A-Q-2-a Magnification x sO
A-Q-2-b Magnifi~ation x 25
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Figure Q1
Crack initiation in the left

Side of the V shape of Quartzite specimen

~ \

\

~---

Figure Q2
Crack initiation in the right

Side of the V shape of Quartzite specimen
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Figure Q3

30, parallel- grain in a top
left part of the picture.

45 - grain in central right
part of the picture

Figure Q4

45, 90 - grain in a central
part of the picture.

45 - grain in a middle top
part of the picture
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Figure Q5

45 - grain in the left
part of ~he picture

30 - grain in the top right
side of the picture
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r L ];:'" I .;;::~~: . ""'6f-;:.:::J
,
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\,::~l/
rr<

,)

Figure Q6

45' - crack in the top
part of the picture

90',45' - ci aok in tne central
part of tne picture

45' - crack in a bottom part
of the picture

154



~"~Ea""p"p~-Ma"""

Figure Q7 Figure Q8
30,45 - crack in a entral

part of the picture 30,45' - grain in a left side
('Ifthe picture

90,45 - grain in a ri1r side
of the picture

,
I _
I

I
)

,i
it
d
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Figure 011 Figure Q12

.;S - grain in a top part of the
pi ct ur e 70 - grain in a top part of the

picture
45 - grain in central part of

the pictt.re

35 ,4D - grain in central part of
the picture

Ih~JI
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Figure Q13 Figure Q14

45 ,90 - grain in a right part
of the picture

45 ,90 grain in a bottom half
of the picture
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FRACTURING OF NORITE SPECIMENS

r
h

Figure lJl Figure N2
Fr~cturlng in the tip of the V shape

of lJorite specimens under poldrised light Fracturing in the tip of the V shape
of lJorite specimens under bottom light
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Figure N?

20 - grain in a rnidd.Le top par t
of the picture

20 ,40 - grain in a middle part
of the picture

Figure N4

60 - grain in a top left part
of the picture

90 - grain in a middle right
side of the p i ct u, '.

80 - grain in a botto. ~Gft
half of the picture
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Figure N5

60 - grain in a center of
the picture

80 ,90 - grain in a top left
corner of the picture
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Figure N6

60 - grain in top and bottom lef~
part of the picture

90 ,parallpl - grain in a right side
of the p i ct.ure

Figure N7

80 ,90' - grain in a middle left
part at the picture

90,parallel - grain in a cen~ral
part of the picture

80 - grain in a bottom left part
of the picture
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Figure N8

90 - grain in top half of
the piC'ture

80 ,par~llel - grain in a center
and bottom part of the picture
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Figure N9

80 - grain in a top half of the picture
parallel - grain in a bottom left si~e

oE the pictt.:re
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Figure N10
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«,' _,"S"
!

90 ,parallel- grain in a bottom left part
of the picture
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Figure NIl

80 - grain in a top half ~f the picture
60 - grain in a bottom half of the picture

i

r "... ~'X'..: -- J~- = ':r·. .". _ ,'4+'"" ,,';.'·,.········:~f"",·
.:~-
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Figure N12

80 - grain in a middle right of the picture

163



FRACTURING OF SANDSTONE SPECIMENS

r-~-~-~-;~~'~' "~~'e-
I
I
I
1::

."'-........"

~_ ••." .V7".' C>: ,.,':
,', , ~

Figure 51 Fig;Ire 52

Chaotic fracture distribution in fracture process zone in the tip of the V shape
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Figure 83 Figure 84

Can be seen shied of cracks from the left
to the right side of tne picture

Can be seen shied of cracks from the left
to the right side of the picture

uith joins between them
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Figure S5 Figure S6

Can be seen shjed of cracks from the left
to the right side of the picture

Can be seen shied of cracks from the left
to the right side of the pIcture with

joins betweel them
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