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ABSTRACT

Pri..=ad gspecimens from four types of rocks, namely
Qrartzite, Norite, Sandstone and Coal encountered in the
Jouth Africa mining environmunt were tested to determine
their fracture toughness confficients, using
International Scciety for Rock Mechanics {I5RM}
standards.

The tests were conducted using a MIS servo-controlled
testing machine in displacement corntrol mode.

Level I tests were ru.. under lgad control until the
specimen failed. The loading rate during the tests was
increasad gradually until failure occurred within 10
saconds of the initial load application or reached cr.uk
velocity of (.001 mm/sec. The average stress intensuty
rate during the tests was not legs than 0.25 MPa m sec.
The average fracture toughness coefficient of Quartzite,
calculated on this basis was 1.89 MPa m, of Norlte - 1.97
MPa m, or Sandstone - 1,40 MPa m and of Coal - 0.45MPa m.

Level II ['racture toughness tests were ran under axilal
displacemant {LVDT) cantrol. Template containing
procedures were set up for different stages of testing.
The stress intenslty rate during the test. The leading
rate of investigated rock specimens was 0,001 mm/sec.
Fracture toughness coefficient of Quartzite was - 2.20
MPa m, of Norite - 2,29 MPa m, «f Sandstone - (.34 MPa/m
and of Coal - 0.14 MPa m. Influence of a loading rate on
the tensile strength of specimens was confirmed.
Estimated vield and ultimate tensile strength can be used

for energy related investigations,
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The fracte graphic srtudies show different behavicur
betwean fatigue crack growth of investigated brittle rock
types. For example, the main crack in Quartzite specimens
occur thrcough the boundary of the quartz graing and keep
approxzimately straight direction in the core of specimen.
Fracturing in Norite specimens begins with clear fracture
process zone and the crack deoes not keep a straight
dirertion in th. core n»f specimen. The fatigue region
shows more evidaice of ntergranular cracking and grain
pull-ut, and © 2 quar' : grains appear dulled, possibly
by c.ack ~ovk m.

Yield and ultimzte tensile strength were estimated on a
basis of dewveloped ecuation for three point bending
tests. T-fluerce of a loading rate on the tensile
strength «f specimens was confirmed. For exampie, by
increasing tne loading rate of hard rocks, their tensile
strength alwo increased. With soft rock increasing the
loading rate decreases the tensile strength,

U::3 J-integral technigque shows its application in
determining »f fracture toughness coefficient in mode I.
The critical walues of J-lntegral (Jic), which were
estimated show thelr relation to [Kre. Backward
calculation of Ky from J¢ was with acceptable amall
deviation, compared to Ky estimated tests. Calculated
sguare deviation of K from Jye for Quartzite specimens
i8 between 0.9364 and 0.924, for Norite specimens between
0.9107 and 0.9007 and rfor Sandstone specimens between
£.900 and 0.8135.
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LIST OF NOTATIONS

a Crack length {(Major gemi-axis of an elliptical
crack)
Ag Critical crack length

A Crack surface area
b Uncracked ligament
B Specimen thickness

CMOD Crack mouth opening displacement

CTOD Crack tip opsning displacement

D Specimen diameter

E Yeoung's modulus

FP2 Fracture process zone

Fe Load at evaluation point

Py  Maximum load

G Strain energy release rate or crack driving force

Gz Strain energy release rate for mode I

G°eg Crack extension resistance in terms of energy
release rate

J J-integral

Jic Critical value of J-integral
Moment of inertia

K Stress intensity factor

e Critical value of stress intensity factor

- Stress intensity factor for mode I

Kz Fracture toughness for mode I

K:"™ Dynamic stress intensity factor

K™ Dynamic stress intensity factor at arrest

Kia®™ Static stress intemsity factor at arrest

Km Dynamic facture toughness

Kee Fracture toughness for mede I

K’ Critical wvalue of Eracture toughness for mode I

LEFM Linear elastic fracture mechanics
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LV Lin=ar variable differential traraducer

LPD Load peoint displacament

- Bending moment

p Nru-linearity correction factor

P Applied force

Pg Pore pressure

Pg Critical applled load

PPZ Plastic process zone

Ps Critical load corresponding to the 25% offset secant
line

Puax Maximum load

Qs Tensile fracture surface energy

Qs Thermedynamic surface energy

r Disteuce measured from the crack tip

5i The slope of linear part of the P-CMOD curve

58Y Small scale yielding

U Potential energy of tha system

w Strain energy density

wfe Total work of fractare
w Thickness cf specimen

Greek Syuools

o Ultimate stress
Cflew FiOW Stress
Gy Tensile stress normal to che crack surface

v Poisson’s ratio
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INTRODUCTION

The formation of deep underground openings in rock causes
redistribution of the stress, which cen Interact with the
exposad ruck ceusing it to fracture. The degree and
orientatliocn of fracturing within the immediate vicinity
of mine openings are the determining factcers in desigring
support syzatems for safe and economic mining operations.

While the rock wmass is of primary importance in
engineering rock mechanic desiygn problems, the rock
material itself becomes i1mportant in fragmeatation
processes such as drilling, blasting, tunnel boring,
cutting or crushing. Howaver, the two are closely related
and c¢onsequently fracture mechanics concepts have,
despite being primarily concerned with rock material,
made iImportant contributiona £o practical rock
engineering {14}. In recent years, these concepts have
recejved an increasing amount of interesi, both through
analytical studies and in ths area of fracture toughness
testing of rock [12].

In spite of extensive research undertaken worldwide, very
little i3 known about the mechanism of fracturing in
rock. Traditionally, the fracturing around mipne openings
has been a subiject of rock enrgincaring, Current studies,
however, tend to indicate that basic theories of Fracture
Mechanics can be used to describe at least some of the
modes, such as extension fracturing.

One of the important material parameters used in Fracture
Mechanics 18 the fracture toughness. The fracture

toughness pavameter for fracturing in tension is called
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Mode I (Kx). The value of Kie for rock types encountered
in South African mining conditions is not known (with
exception of Quartzite, investigated from Middlemass,
MSe, Wits, 1991).

The quantlty Kz has been shown to be an impertant and
useful parameter in rock engineering and is a property of
a rosgk indicating its fracture resistance to crack
propagation. A higher wvalue of K means increased
fracture resistance of crack extension. Kic can only be
determined by testing a properly prepared specimen with
a crack in it. The crack may be either pre-existing or
pre-fabricated. Sc¢ far, numercus testing methods
employing various specimen geometries have been used to
derive Kz for rocks.

With the development of the fracture {oughnesas
methodology  based on J, variocous  methods for
experimentalily determining J from a lead versus load
peint displacement tes. have been proposed. The goal of
these proposed methods ig to simplify the experimental
procedure and the data analysis in a Jp fracture
toughness  test. This dissertation describes an
experimental program conducted to evaluate the accuracy
of these estimation methods. Comparisen between the
values of K as calculatea by the encrgy rate definition
and those calculated by the estimation technigue for
three-point bend specimens are made.

This diswartation presents the results from a serlea of
tests carried out to determine the mode I fracture
toughness and J-integral studies of four different rock
types dominant in South African mining, namely Quartzite,
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Norite, Sandstcons and Coal. The tests were conducted
using a servo-cortrolled testing machine with a
specifically developed rde I testing fixture.



II. FRACTURE MECHANICS

Fracture nechanlcs is an engineering discipline where the
aim is to give a quantitative description of the
tranaformation by crack growth of an intact structural
component intc a broken one. In its most basic form it

relates the maximum permissible stress to the size and
location of the crack. It can alsc 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].

k. part of the intreduction to the subject fracture
mechanics concepts are given here under the following
headings: crack tip displacement modes, stress intensity
analysis, fractu.» Initiation and propagetion, J
integral, crack exten~ion laws, p. o0rs8s zone, crack tip
opening displacement, c¢rack arrest factor, dvnamic
fracture and evaluation ¢f fracture mechanics parameters
for specific crack systems.

II.1 Crack Tip Diaplacement Modes

There are three basic modes of £fracture mechanics
{Fig.II.1}).

A. Mode I, which is a.s¢ known as the opening mode,
is so called because tne crack tip is subject to a normal
stress and the crack faces separate symmetrically with
regspect to the crack front so that the displacements of
the crack surfaces are perpendicular to the crack plane.



¥Figura tI.1. Bchematic drawing illustratirg the three fundamental modes of
fracture. A: mode I, tensile or opening mode; B: mode II, in-plane shear or

#1iding mode; C: mode IXI, anti«plane shear or tearing mode (32]

B. Mode II is the edge sliding (or in-plane
shearing} mode where the crack tip is subjected to an in-
plane shear stress and the crack facea slide relatilve to
each other so that the displacements of the crack
surfaces are in the crack nlane and perpendicular te the
crack front {or leading edge).

C. Mode III is also called the tearing mode or anti-
nlane mede and, in this case, the crack tip is subject to

an anti-plane (or out-of-plaene} shear stress.

The crack face:: move relative to each other so that the
displacements of the crack surfaces are in the crack
plane but parallel to the crack front [17].



1I.2 Stress Intensity Analysis

The stress dirtribution in the crack tip region is
analysed on the assumption of McClintock and Irwin (1965}
that c¢lassical linear theory of elasticity 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 recognisad,
however, that aon-elastic effects are involved at ¢ .z
tits in many materials,

The X value for mode 1 can be further defined as

Ky =Hm/ o 2m)"? ] 1I.1

where oy is the tenszile stress normal to the crack
surface, Lawn and Wilshaw, (1975) have given a completely
general expression for the near field stress distribution
for any mode as

ov= Ko 2m) £ ,(8) I1.2

where £;3(6) is a well defined function of & and depends
upon the loading mode, and K; is the stress intensity
factor which embodies the loading confiqurations of the
crack system. The subscript L te K denotes the mode of
loading, L = I, II, III.



II.3 Fracture Initiation and Prcpagation

Instead of considering crack tip stress, an alternative
fractur.e mechanics approach to crack extension is to
examine the crack extension forca, G. The cracy extenslon
force, or straln energy release rate, is the loass of
energy per unil of new c¢rack separation arema formed
during an increment of crack extencion. In geomaterials
such as rock and concrete, Hardy, 1973; Hoagland et al.,
1973; Schmidt 1980:; etc., [32] this region is called the
crack tip microcraking zone. It is s0 called because this
microcraking zone is largely formed by the initiatien and
propagation of the microckracks near the crack tip, which
makes the material in this reglon behave plastically.

Trwin and Barenblett, 1948 [32] defined a small region
around the crack tip, in which the material behaves
plastically rather than elastically as usual assumed for
the creatment of fracture mechanics problems. This small
region is referred to as the crack plastic zone in
metallic materials.

Both the plastic zone in metals and the microcracking
zong in rock-line materials are discriminately called the
srack tip inelastic zone. Because G i1s calculated for
infinitesimal increments of new separation area it can be
applied to both stationary and running cracks. The strain
energy release rate 1s a rate with respect to crack

length and not with respect to time,




IT.4 J Integral

In recent years a considerable effort has been expanded
on the development of a methodolegy for J-integral to
characterize the £fracture behavior of structural
materizls employed at temperatures where they exhibit
elastic~plastic behavior. This effort has focused, to a
large extend, on the J-integral, first proposed by Rice
[40, 41] and later advanced as a failure critericn 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
materiali. Some work has been reported by Wilkening [49],
and Schmidt and wutz {501 where the J-integral is
determined by an energy rate interpretation.

Thus, J is equivalent to the potential energy release
rate. It Iis most widely used, however, for the
characterization of crack tip conditions in the case of
large scale yielding. In such applicationa the crack tip
is assumed to be nearly statlonary, strains are assumed
to incrzase monctonically 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.

Bowever, the optimun procedures of analyses have yet to
be conclusively defined and standardised.




II.7 Crack Extengion Laws

Griffith in 1924, {81 and Irwiln in 1960, [137, defined
that there are two types of crack extension laws in
fracture mechanics.

{a) Equilibrium laws, which specify that cracks may
extend stable or unstable at some critical wvalue of a
fracture mechanics parameter. This is because wvarious
energy diasipation processes operate at crack tips ia
many solids, other than those processes associated purely
with new surface formation (Atkinson [l1}. 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 laws, in which, at certain subcritical
values cof fracture mechanics parameiers, a crack can
extand.

Evans, 1972 [6], mentioned that this wvalues 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
governed by

G-20 =20 (I1.3)
where Q. is the ideal or thermodynamic surface energy.

Chemically active environments can reduce the
thermodynamic threshold for crack growth so as to allow
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subcritical crack growth by influencing Qs.

Lawn {1983} [15] has also shown that fracture mechanics
can be extended to cover the growth of atomically sharp
brittle cracks by ths sequential rupture of beonds through
various detailed microscopic mechanisms.

1T1.6 Procesa 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 polyerystalline 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 bonda.

At a more macroscopic level of study, rocks and ceramics,
show more complex hehaviour. On loading £he blunt,
machined notch in Fig.II.2 a few iscliated micro cracks
are formed, but the system behaviour remains linear. Cn
further loading the intenslty of micre cracking increases
and behaviour in the crack tip region becomes non-linear.
Finally, macro crack extension occ ~s because of the
linking of micro cracks in this non-liner - zone, known as
the process zone. The macrc crack prn, .uotes by taking
with it a cloud of damage contained ' -~he process zene.

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

10



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

A ::I oy

BF,-

<

—
=

Figure II.2 Echematic drawings illust -ating the develnpment of a process zone and
its infiuvence on macro crack growth. Simple tenaile deformaticn occurs across the
plang y=0. Streas Increases through drawings A te E. (A} Marhined notch with a few
isolated micre cracks induced by machining. (B} Miero crackipg begins. Micro
cracka mostly isclated and linear elastic behawlour is still observed. (C) Miere
cracking becomes more intepse. Seme micro cracks link up. N -lipear hehaviour is

chaerved. (D) Within the vow fuily

Schmidt and Lutz, 1879 [B8] 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 & 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 with no wall defined yield stress {(Goodman,
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1930; Labuz et al., 1985} [7,15] and here differe.® and
more complex schemes for estimating the process zene size
are required.

I1.7 Crack Tip Opening Misplacement (CTOD)

The crack tip opening displacement, i1s 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 bean attempted I1n past using double notch
specimen technigue {4], imfiltration method [5], etc. It
is, however, not practicable to measure CTOD directly in
fatigue cracked specimens. The clip gauge method {6] is
used to measure the crack mouth opening displacement
{(CMCD) in the fatigue cracked spscimens and the 7TOD is
evaluated from the measnred CMOD values at the original
crack tip [7]. Wells [8] converted CMOD into CTOD by
using plastic hinge model. DR 19 [9]1 provides the
necessary relation for the above conversion using a
nondimensional limiting wvalue of elastlc clip gauge
displacement. Some ambiguity with the elastic c¢clip gauge
displacement values has been reported in the recent past
[1037. ¥ew dralit for CTOD evaluation has been proposed
based on Daves work [11il through B3 5762 [12] whicn uses
dezp crack SEN bending specimen.

The current method for CTOD evaluatlon thus heavily
depend on the method of extrapolation of CMOD te the
physical crack tip with the heip of rotation factor. The
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effect of specimen and loading geometry on rotation
factor 1s not well documented. A raliable method for CTQD
evaluation 13 avallable only for deeply notched SEN
bending specimens. For other gecmetries large variation
in the CTOD values is exwpected depending upon the method
used for evaluat. un of rotation factor {51, 5H27.

II.R Crack Arreat Factor

For a running and arresting ocrack, the dynamic stress
intensity factor K" ls given as a function of time, and
is compared with the corresponding value K™ resulting
from the static formulas. Kalthoff, Beilnert and Winkler
[63] in 1981 defined influence of dynamic effects on
crack arrest in compact-specimens.

The wvalue of the stress intensity factor at arrest,
K™?, in principle, could be measured directly by use of
experimental stress analysis technigues. These methods,
however, in general, are too complicated for standard
engineering test.ng procedures. In order to gslmplify the
mezsurement procedire, two differsnt coiwcepts have been
devalored in the past.

Croaley and Ripling [54-58] introduced a purely static
concept. The dynamic effects are neglected and the static
value of thae stress intensity factor at errest, K", is
determined usiug static formulas, This wvalue 1s lower
than with d¢ynamic effect, but the error is tolerated
hecause of the simplicity of the procedure.

Hahn, Kannien et al. [59-63] take the dynamic effects

13



intoe consiaeration by application of a thaocrstical-
numescical analysis of the run-airest process. The
computation result in the sc-called Reference-Curves,
which are used to determins the crack velocity V and the
dynamic fracture toughnasss Kyp for the rupning crack. In
general, Kmp depends on the crack vel. -ity. The autors
assume that the crack arrests when Ky attains its
minimum value K which, consequently, represents the
crack arrest toughness.

IT1.9 Dynamic Fracture

In practice, running cracks can accelerate to significant
fractions of the velocity of sound. From purely inertial
congiderations the crack velocity cannot be greater than
the speed of Raleigh waves {approximately 0.9 of the
transverse sound wave velocity). In real solids, limiting
crack velocities observed commonly range from 0.1 to 0.6
of the sound wave velocity fIrwin, 19€0) [13]. An
increase in ¢rack driving Fferce (& or K) beyond that
necessary to drive the c¢rack at the limiting speed
results in crack branching and hackle formation on the
crack surfaces.



IT.10 Evaluation of Fracture Machanics Parameters
for Specific Crack Systems

Twe distinct methods are used to evaluate fracture
mechanics parameters for specific crack systems: (a}
stress analysis, and (b) dirert measurement using
compliance calibrations (Atkinson {[11).

For metals, certain well defined staendards, such as ASTM
E399 and E561, have existed for a number cf vyears. The
fact that the same approach has only recently been
appllied to fracture in rocks has hindered the wider use
of fracture mechanics in geophysics. Limitations to rock
fracture mechanics oxperimental methods are discussed by
Atkingon [2] and Ouchterlony [20]. Ouchteriony has
chaired a working group of the Commission 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 methnd for
determining the fracture toughness of rock (ISRM, 1988)
[12%.



TiT1. MODE I FRACTURE TIOUGHNESS TESTING

IIT.1 Mode I fracture toughness (K

Representative wvalue of the fracture toughness of
material fou mode 1 cracking {i.e. K} can be obtained
from fracture mechanics testing. A higher valus of K
means increased fracture resistance to crack extension.
Kz can only be determined by testing a properly prepared
specimen with & crack in it. The c¢rack may be either
self-produced (s.g. the indentation method and the
modified ring test) [31] or pre-fabricated. B¢ far,
numerous testing methods employing variocus sSpecimen
geometries have been used to derive Ko for rocks.

Some tests methods require the intreoduction of a V shaped
chevron notch, which causes crack propagation to initiate
at the tip on the ¥ shape. 'racture propagation is in the
notch plane along the rod axis and has stable manner
until the load reaches 1%s maximum walue PFux. Then
unstable crack prcpagation takes place.

I11.? Fracture toughness taesting methods

¥IT.2,1 The Chevron Notched S8hort Rod (SR)

The SR method was introduced by Barker, 1977, ({32]
{Appendix 1)} and to determine fracture toughness of rock.
This specimen is core-based one with a mechanical notch
aleng the load axis. .ne external load is applied to the
notch mouth to split the specimen into two ldentical

halves.
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When this geometry was Introduced for determining
fracture toughness, he provided an erplicit exprassion
for the stress intensity factor K; based on  the
relationship between strain energy releaze rate to
compliance and to stress intenaity factor.

I1T.2.2 The Chevron Edge Notched Round Bar in
Bending Short Rod (CB)

The CB specimen was developed by the Quchterlony and co-
worker ({Ouchterlony, 1980; OQOuchteriony and Sun, 1983)
[32] (Appendix 2), who used this geometrical 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 proceed in the chevroen
notch plane in a stable manner until the applied lcad
reaches its maximum value, which is 1u: 4 to evaluate the
level I fracture toughness.

I11,2.3 The Brazil Disk in diametral compression

The Brazilian disk test has besen often used to determine
the indirect tengile strength in the laboratory (Brown,
1981) [32] (Appendix 1)}. The tensile stress in the disk
results from the applied diametrical compressive load
(Timoshenko and Goodier, 1951; Hondros, 1959). It has
significant potential for application in fracture
toughness testing of rocks (Sun et.al., 1990}.

There are various methods t. derive frrsture toughness hy
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uging the Brazilian disk with diametrically orientated
crack cut in different ways, i.e. central straight-
through crack, central through chevron notch, single edge
crack, double edge cracks.

ITI.2.4 Radial eracked ring test (RCRT)

The xing is another method for determining tensile
strength of brittle materials (Chol et.al., 19288} [32)
{Appendizx 1}. It was proposed by Shirvaev and Kotkis
{1982) Lo determine fracture toughness.

I11.2.5% Modified ring test (MRT)

A medification to the RCRT has been made by Thiercelin
and Roegiers (1986) {Appendix 1). This test is more like
the grooved disk containing an edge crack propased by
Szendi~Horvath (19%80). Tt has been used to determine
fracture toughness of rocks by Thiercelin and co-worker
(Thiercelin and Roegilers, 1986; Thiercelin, 1987, 1989;
r3zj.

It is essentially based on a hollow Brazilian disk with
two diametrically cpposite flat loading surfaces. One of
the main features of this metaond is that when the
diametric compression is increased, two diametrically
opposite cracks will be initiated at the inner hole,
which propagate along the loading agis until reaching the
loading surfaces.



T1I.2.¢ 8ingle edge cracked half disc spacimen in
threa point bending {(EDB}

This test was developed by Chong and Kuruppu {1984) [32]
(Appendix 1). This is suitable for compact specimens
requiring duplicate samples to investigate varicus
parameters such as strain rsate, meisture content and
temperature, etc (Karfakis et al., 1986). It is suitable
tc study the effects of anisotropy on the fracture
toughness of rocks {Chong et al., 1987). They have
deveioped a formula for Ky by using both the strain
energy release rate method (Dixon and Strannigan, 1972)
and the elliptical displacement approach (Woo and
Kuruppu, 198Z). Both methods have yielded close results.

I1IT1.2.7 Round compact disc in tension (RCT)

This is & standard methed in E3%9 for metallic materials.
Sun (1983) and Ouchterlony [1986) (Appendix 1) have
adopted this method to determine fracture toughness of
rocks with the CMOD increased at a rate of 0.06 m/s
during loading in their tests, where the direct tensile
toad is applied to split the aspecimen [32].
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IIT1.3 Specimen zize reguirements

IIT.3.1 Ralgvance of crack tip non-linear region

Earlier rock fracture toughness tests followed the ASTM-
E399 [85] standard method suggested for metallic
materials. The size requirements to ensure the
measurements of fracture toughness In the plane strailn
condition {Kyx) are for specimens with large plastic zone
sizeg. The secant method of the ASTM (E396-74) for
linear-elastic fracture mechanics evaluation cannot be
applied directly at rock fracture mechanics. Sinse the
plane strain fracture toughness is a parameter of LEEM,
it requires that the crack tip nron-linear region is
sufficiently small in comparison with the smallest
dimension of the specimen being considered, that is, the
condition of small scale yielding (S8Y) must be
satisfied.

I1I.3.2 Fractura toughness dependency on specimsn

size

ASTM = E399 {65] has been shown that the £fracture
parameter Ky is specimen-size dependent, which can be
well explained from the formation of the crack tip non-
linear region. In order to easure that measured valuas of
fracture tcughness for a metallic materlal are a
constant, the rgplane 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 MPa/m they are
between 0.86 and 0.9%; for specimen size of 2W they are
between (.57 and 0.94; for sgspecimen size of W they are
between 0.54 and 1.0.

III.3.3 Plane stress and plana strain: influence af
test specimen

For rocks, however, the specimen thickness scgems to be a
less important factor affecting fracture toughness than
for metallic materials (Ingreffea and Schmidt) [10]. This
iz possibly mainly because of the distinct differsnce
between the Fracture Process Zone (FP2Z) in rocks and the
Plastic Process Zone (PPZ) in metallic materials. In
metallic materlals 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 causes a greater value of fracture toughness.

Schmidt {281 has bezn shown that in reock materials,
however, the FPZ is independent of whether the crack is
under plane strain or 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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III.3.4 Criticality of rock specimen thickness

Barton {3] peinted out that the thickrer= of a rock
specimen is not critical but must not be sma.. »r than the
widihh of the FPZ. The size reguirements for a wvalid
representative value of fracture toughness for a rock
specimen depend on the tensile strength and critical size
of the fracture process zone.

ITI1.3.5 Minimum crack length

Sun and Ouchferlony [2i] inferred, for Stripa granite,
that the minimum required specimen dimensions (suppose H}
for plane strain fracture toughhess testing can be found
by measuring the apparent fracture toughness, K,. For
specimens with constant other specimen dimensions, but
with differert H values to determine the point from which
Ky is indeusndent of H. Schmidt and Ingraffea [10] found
minimum crack length of 24:,=50 mm and minimum specimen
thickness of Wpn=100 mm for Indiana limestone.

Number of investigators have shown that the factor of Z.5
(specimen thickress over crack length) for the minimum
requlred ls somewhalt conservative zand a factor of less
than 2.5 has been found for most rocks. Chong and Kruppu
(1985} determined fracture toughness of oll shale by
using 2 sgpecimen configuration of a half disc and
proposed a factor of 2.0 for the minimum size
requirements.

Quchteriony [68] have calculated Young’s medulus walues
varlations with respect to notch depth. The E-values from
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33 valid tests, where 0<a/D<0.3% given as a mealy tests T
standard deviation, the results are
E =87.20; # 3.01 GPa when a/L =0
E = 0,02 % 2.63 GPa when 0.1<a/D<0.2
E = 85.60;3 ¥ 2.72 GPa when 0.2<a/D<0.3.

III.3.¢ Grack tip FPZ and rock grain size

Nolen~Hoeksema and Gordon [19] 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 the grain diamester in order to cbtain a wvalig
Kic value for the rock.

Traditionally in rock mechanics studler, a ratlo of
smallest specimen dimension te grain size of 10:1 has
been consldered to be sufficient to ensure that all the
measurements have been representative of the material.
When the influence of the crack tip FFZ 1s taken into
account, the simple ratio of 10:1 for the measurements of
fracture parameters of rock materials may not be
sufficient.

I11.4 Specinman Precracking Regnirements

ITI.4.1 Basic regquirements
ASTM -~ £399 [65] standard method was used from Brown,
Peng and Johnson [4,24] but with narrow saw-cut notches

without precracking to measure plane strain fracture
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toughness for wvariocus rock materials. The results, which
were cbtained, were toc low. The fracture toughness
results from subsequent tests were again found to be too
low and furtherw>ire dependent on notch depth. Even though
specimen prepa.xtion and test procedure were much
simpler, the fractire toughness results were again found
t” be too low and rurtheimore dependent on notch depth,
indicating an R-curve behaviour.

The requirements of specimen precracking essenci:lly aim
at achieving a "natural crack”, which is geometrically
wall defined and sufficiently sharp and is free from the
effects of reslidual stress, specimen boundaries and the
pre-fabricated notches.

I11T.4.2 Ciai. closure in concrete

Swartz and cc-workers [30] used both pre-notched and pre-
cracked concrete beams to determine fracture toughness.
They found that the naturally cracked beams yielded
higher failure loads and fracture toughness values than
rotched beams with the same crack lengths. For example,
the average Xz values for pre-cracked bear: were
approximately 38%, 77% and 96% higher than those for pre-
notched beams for dimenslonless crack lengths a/W of 0.3,
0.5 and 0.7 respectively.

Another explanation Zcr ithis given by 8ih and Go.outos
[29} is that since crack tips are in crystal grains which
usually resist crack propagation, more energy is required
to cause cross-grain {transgranular} crack propagation.
On the cother hand, wide notch tips contain structural
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weakness like grain boundaries and crack propagation is
usually along the grain boundaries to form intergranular
crack propagation.

iII1.4.3 Spscimen precracking

At ASTM, E399 [65] the preckraking was done with a
sinpusolidal tension - tension loading. Spacimen
precracking is notoricusly cumbersomu since it usually
requires expensive and sophisticated loading machines to
‘ceurataely monltor the load and displacement in order o
arreat any further propagation of the crack after it has
been initiated.

Traverg and Tharp (31] in order to awveid 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 preduced
a distributed Load on the bottom of the specimen during
loading and hence <oula reduce the degree of risk of
unstable crack preopagation.

IiT.4.4 Chavron-notched specimens

The fundamental principle of this method is that a V-
ghaped chevron-notch 19 used instead of a straight-
through notch and hence the length of the crack front is
generally increased as the crack propagates (Fig.III.1).

The test with chevron-notched specimens requires neither
crack length nor complicated fracture tovthness
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calculation technigques, but 3just the recording of the
maximum applied lcad and load point displacement {LPD)
f1z].

%
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Figure IIT.} Schematic interpretaticn of a chevron-notched spscimen showing
relaticonship between load and crack front position and linear and non-linear

behaywiour [32].

In E39%9 [&5], thers are other requirements for
precracking. These requirements are mainly related to
crack geometry, such as crack front straighkness, crack
plane tilt and final crack length. But these raquirements
have been shown to be unimportant in rock fracture
toughness tests and hence have been ignored in such
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I1TT.5 Testing Requirements

I1I1.5.1 Crack displacemsnt menitoring

The standard testing metnod JFor metallic specimens
requires that «xperimental results should be recorded as
a plot of the applied load P against the Crack Mouth
Opening Displacement (CMOD). Such a plet is used to
determine the critical load, Pg, which is then reguired
in the derivation of the apparent fracture toughness, Xp.

Ouchterlony [23] has alternatively used P wversus load
point dilsplacement [LPD) curves in his three-polnt
bending tests using round bar specimens with significant
success. In some cases where the load is not applied at
the c¢rack mouth, such as bending tests, P versus Load
Point Displacement {(LPD} is recorded, which is usually
used to directly detarmine the energy-related fracture
narameters by measuring the area under the curve of load-
point displacement versus locd, These parameters include
the strain energy release rate, the J-integral and the
fracture resistance curve {R-curve}.

IiI.h.2 Loading rate

ASTM-E399 (65] regquires for testing of metalllc speriimen;
the lecading rate K must be within the rate of 0.h3 to
2,75 MPaVm/s. For metallic specimens 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, howewver, the test could be finished
within cne second, since the apparent Fracture toughness
for most rocks 1is much lower than that for metals.
Usually it is not more than 3 MPaym/s.

Joycee and Gudas [69] calculated fracture toughness
coefficients on different kind of metals, used in US Navy
industry. They are as follow: for HY-130, K,=213 MPaym,
for 10 Nisteels Kie=174 wMPaym, for 17-4PHoteerr Kre=157
MPa¥m, for Ti-7Al-2Ch~1Ta, Kre=9%7 MPaym, for Ti-6Al-4V,
Kie=78 MPaym. Zhe-Ming {70] calculated fracture toughness
coefficients of metals. They are as follow: for No.45
steel, Kyp=71.9 MPaym, for 45MnCiV, K =B83.7 MPaym, for
34CrNi3Mo, Kie=121-138 MPaym.

Number of rock fracture investigators have followed the
E389 [65]) recommended rates, most rock fracture
researchers have used much lower rates resulting in the
fracture test duraticn of approximately one minute.
Schmidt (28] used loading rate of Kic = 0.022 MPayMm/s in
his three-point loading tests of Indiana limestone.
Ingreffea and Schmidt [10] used an even lower loading
rate of Ki = 0.0l11 MPaym/s for Indiana limestone,
Schmidt and Lutz [27] used a wide range of loading rates
of Kz = 0.01 -~ 0,03 MPaym/s 1in their fracture toughness
tests of Westerly granite.
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II1.6 ¥raoture Toughness Calculation
II1.6.1 Dependency of stress intensity factor

Swartz, Hu and Fartash [30] noted that for an infinite
cracked body the stress intensity factor 1s dependent on
the crack gesometry and the applied stress, i.e. Ky =
o/ma. 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 characteristic specimen
dimansion 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 wvalidity is
veriiied and denoted by E;) requires the critical applied
load, PF,, and the corresponding criticzl crack length,
i.e. the crack length at fallure, a..

ITI.6.2 Determination of the critical applied
lLoad

In E399% the test results should be reported as a plot of
1oad versus CMOD.

The procedures for determining B are as follows:

{1} A tangent, OA, te the ori “nal linear part of the P
versus CMOD curve iz drawn,
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{2} A second line, OB, with a slope of 5% less than the
slope of the tangent OA is drawn. The intersection peoint
of OB with the P versus CMOD curve is defined as Ps,
which corresponds to a 2% crack growth from the initial
pre-cracked crack tip induced by the crack tip non-
Linearity behaviour.

{3] The determination of Py depends on the types of P
veraus CMOD curves:

a) If Fy; precedes the maximum load Pz &3 shown in
Fig. IIl.2{a}, P,is then defined as Ps. Moat rocks are of
this type of P versus CMOD records.

b} If pop-in (at some stage of Iloading, CMQOD
inereases rapidly while the load maintains at the same
level} occurs during the testing [see Fig. IIL.2(b)], Py
is also defined as Ps . Pop-in rock specimens are Known
to rarely take place,

¢) If Pmx precedes Pz as shown in Fig. ITI.Z2{c), Pg
is equal t0 Ppx - A number of rock specimena are known to
have this type of P versus CMOD records.

d} If a local maximum load Puwx instead of the
overall maximum load Pp.z precedes Ps, then Pp is defined
as Pluay. Rocks rarely have thils typs ¢f P versus CMOD
behavicur.

{4) Two horizontal lines are drawn at Py and 0.85 of P g
respractively [See Fig. ITI.2(a)]. The distance between
the tangent 0A and the P versus (MOD curve at Py and
0.85P are B3 and &: respectively, where & and &;
corraspond to the deviations from the linearity at Py
and 0.85 P o respectively. In E389 it is reguired that &
should not be greater than 25% of &, l.e. & 1 < 0.258.
This requirement pertains to the crack tip non-linearity
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and ensures that the condition of 88Y is satisfied. If 3;
> 0.258, 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 Py value is that
the ratio Pp./Pp must not exceed 1.1, i.€. Ppgx € 1.1P g,
If this requirement is not satisfied, there is a
possibility that Ky may nrot bear sufficient relation to
Ki;e for the test, or the material is extremely ductile.
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Figure ITI_ 2 Load versus CMOD recorda used te dekerxine the cratical load to

failure, ¥Q [32)

This approach has been known as the 5% second approath
and has frequently been used by most zrock fracture

mechanics investigators. For small specimens, however,
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this 3% second procedure gives a specimen size affect on
Ky even though LEFM conditions are satisfied.

Munz {18] accordingly proposed a variable secant, which
has a slope adjusted to the specimen size, to determine
Po.

III1,7 B¢ Determination

Ouchterlony [20] mentioned that XKy by itself has no
physical Iimportance 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 lnherently existing at
the crack tip upen unleoading. When K; is compared with
Kie, it is an interesting parameter since the degree of
influence of the c¢rack tip non-linearity can be examined.

ITI.8.3 Compatibility of fracture toughness values

In order to show the compatibility of the £fracture
toughness values gdetermined by different methods,
Meredith {171 has performed a series =f SR and double
torsion {(DT) tesus to evaluate the fracture toughness

values for a variety of rocks.

It must be emphasised that this method can well sxplain
the phenomenon of increasing Ky with craclk length and
specimen size, since the non-linearity correction factor

p ig always in the range 0 < p < 1, which leads to K, <«
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Kic. However, in ASTM - E399, K, cin be either larger or
smaller than K. The former is the case for thin
specimens where a plane stress state prevails.

Since p is dimensionless, this nonlinearity correction
only requires the displacement measurement eguipment co
be linear, not calibrated absclutely. Largs variations in
p betwaen the specimens in a test sample or a negative
value is probably an indication of unacceptzble errors in
the evaluation procedure. In rocks, there is evidence
that p < 0 and hence & > Kic {1C]. This 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, which leads K; < K. For p = { corresponds to
linear elastic behavicur where there are no residual
displacements upon unlcading, i.e. & = 0.

IIZ.9 ISRM Buggestad Mathods

Two 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 pleces
which then require little machining.

Method I uses a bend s7ecimen with a notch cut
parpendicular to the core axis. The specimen rests on two
support rollers and a compressive load is applied to
press apart the notch sides. This causes transverse
splitting of the specimen by crack growth 1in the
ligament, i.s. in the unnotched part, of the notched

cross section during the test.
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Method IT uses a specimen, called the short rn»d, which
has a notch cut paralle! to the core azxis. A tensile load
is applied to the specimen fo pull apart the notch sides.
Thig causes lengthwise splitting of it by crack growth in
the ligament of the notched section during the tast.

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

lLevel II testing requires continuous load and
displacement measurements to be made during the test.
Level II testing is clearly laboratory oriented and
relatively complicated to perform.

34




IV LOADING EQUIPMENT AND FIXTURE

IVv.l MTs - 815 rock and concrete tasting system

MTS8 rock and concreis mechanics testing systems {64] are
designed for laboratory experiments on materials rauging
from soft sandstone to high strength brit*le rock. The
high—-capacity, high-stiffness design of the load frames
coupled with high-response servo-hydrauvlics, digital
control technology, application software and ccorplete
accessory packages provide an extremely wvarsatile tool
for investigaticn ¢of the complete deformation behaviour
of rock over a wide range of festing cenditions.

A basic system includes a load frame assembly, an
hydraulic perfermance package, the TestStar II digital
controller, and complete system service.

IV.1.1 Model 315 leoad framsa asgambly

The Model 315 load frame aassembly is designed
specifically for uniaxial and triaxial rock testing with
particular attention to st:dies on post failure
behaviour. The assembly consists of a flxed crosshead
mounted on fwoe rectangular columns which result in an
extremely rigid, yet free standing frame. Integrated into
the base plate is a single-ended, double acting actuator.
This arangment provides a high lecading capacity in a
stiff, compact frame. Two feedback transducers are
included in a frame as3sembly. One is a differeatial
pressure ( P} transducer, which moniters the difference
in pressure on each side of the actuator piston and is
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calibrated to represent th2 force output of the actuator.
The other is an intern&l linear wvariable differential
transformer {LVDT) which provides control and measurement
ef the actuator displacement during testing and specimen

positioning.

Iv.l1l.2 Eydraulic performance package

These hydranlic performance packages reprasent the most
commonly used packages for testing soft and hargd reock.
Each package consists of an hydraulic power supply, an
actuator manifold, serve valves and hydraulic hoses.

. An hydraulic power supply (HAPS} is the fluid-power

source for servo hydraulic testing systems. It is
important that the fluid-power source has a high
degree of pressure stability, cleanliness, and
gafety. MTS hydraulic povwer supplies are designed to
meat these criteria, along with providing quiet,
trouble free operation with long life and minimum

maintenance.

. An actuator manifold functions as the mounting block
betwean the serve valve and the hydraulic actuator.
I »nrovides flexihility by offering a selection of
pressure controls, close-coupled accumulators,

single- or dual-gervo valve mounti,y and optional
fluid filtration in a compact package. The servo
valve functiens as the final control element in a
serve hydraulic test system by regulating the
direction and rate of flow of the hydraulic fluid to
the actuator. It iz important that the servo valve
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has a high frequency response and low conlamination
sensitivity to provide a wide range of troublie-free
testing capabilities.

. The TestStar II controller provides high speed servo
contrel of the loading system. The TestStar II
workstation conasists ¢f three major parts: the PC
Werkstation., the Digital Controller and the Load
Unit Cont Panel. These work together as an
integrated rstem to spend more time testing and
less tim. ser .ing up.

IV.? Fracture toughness configuration

The Fracture Toughness configuration (Figure IV.1} uses:
2 Pend Fixture, a Force Transducer, spacers and a strain
measurement kit. The fatigue-rated force tranaducer is
gized for the testing requirements. In addition to the
mechanical fixture for fracture toughness testing, the
model 790.63 Fracture toughness for Rock software is
provided to execute sowe of the most common fracture
toughness tests and analyse the resulting data.

The comnplete fracture toughness package includes:

o A Model 642.10 3-Point Bend Fixture (la - [Flgure
Iv.l).
The Model 642,10 rracture Toughness Fixture is
dagigned to  acturately  locate strain and
displacement transducers on the specimen in order to
cbhtain accurate, repaatable results when consacting
Method 1 type Fracturs Toughness tests on rooiu. A
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Mo ' 64Z.10 includes alignment hardware to
ac ately locate the clip-on displacement gauge and
dual LVDTs on the specimen, and correctly orient the
specimen on the fixture.

A selected Series 661 Force Tranaducer - calibrated
2 ranges {2a - Figure IV.1).

The Model €61 Force Transducers are designed to
regist the extraneous forces and moments inherent in
testing rock and concrete specimens. Itg fatigue
rated tension /compression transducers are designed
for through zero and monotoniec testing applications
making them ideal for both indirect tenslon and
dirszct tension tests,

An attachment kit to attach the fixture to the load
frame {(3a - Flgure IV.1).

The f£ixture and spacimen aligned tools ensure proper
and consistent mounting of the specimen in the bend
fixture and correct position displacement
measurement fixture on the specimen,

A Model 632.02 Clip-on Gage - calibrated in 2 ranges
{lbh - Figure IV.1]}.

The Model ©32.02 Clip-on Displacement Gauge is a
double - cantilevered, displacement-type gauge used
in  fracture mechanics studies. The Clip-on
Displacement Gaugea senses crack-cuoening
displacements and can monitor crack growth during
fragture mechanics tests. The gauge uses precision,
resistance type strain gauges bonded to the
cantilever armms to form a Whaatstone bridge circult,
The arms of the Clip-on Gauge are mounted bhetween
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twe knife edges attached to the specimen. Deflection
of the specimen 2zt the crack mouth causes movement
at the ends of the arms. This movement causes the
arms to bend, straining the bonded gauges, changing
thair resistance. This change in resistance
unbalances the Wheatstone bridge circuit causing a
change in electrical output trat is proportional to
the displacement of the cantilever arms.

. mwo 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 fixture and alignment tools for
fizture and specimen alignment (2 -~ Pigure IV.1}.

. Dual LVDTs {linear variable differential
transformers} with averaged outpit for load point
displacemant measurement - calibrated in Z ranges
{3p - Figure IV.1).

" rour signal conditloners,
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Figure IV.2
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V EXPERIMENTAL METEODOLOGY

V.l Bstimating paramefers of V shaped notch

For a better understanding of events and proceassing in
three point bending specimen the {irst task was to
e.tablish the parameters of tihe V shaped uotch from
cylindrical cpecimens. The different investlgators used
cdifferent shaped specimens in practice for Fracture
Toughness tests. According to the “Suggestad Methods for
Frac re Toughnesas” of ISRM cylindrical specimens with
established parameters of V shape must be used. Tne
parameters of a V shape are related to the diameter's
size {Appendix 2). 8o, fr - different dismeters there will
have different sizes ot a V shape. In the present work
41l Fracture Toughness tests used specimen diameters of
53 mm for Quartzits and Norite, and 54 mm for Sandstone
and Coal. The following chapters will establish centroid
and moments of inertia of the V shaped cross section.

The V shaped cross section was divided into two parts,
with form of triangle iat the bottom} and form of
circular segment (at the top) and is symmetric with
raspect to the g aunis. Then the moment of inertia of the
cross=sectional area with respect to y axis is the sum of
these two parts, The neutral axis passes through the
controid of the cross section. Then, the moment of
lnertia of the cross sectional area with rasgspect to the

y axis is

7--12d4 (V.1)




The normal stress in the specimen can be related to the
bending moment from applied load from the expression for

oy vielding

oy = (v.2)

M
I
This equation shows tha! the sitresses are proportional to
the bending moment M and inversely to proportional to the

moment of inertiz. The normzal stresses calculated firom
this formula are called bending stresses.

The maximum tensile and compressive stresses ir 3
srecimen occur at polints located farthest from the
peutral axis. Let ¢; and o denote the distances from the
neutral axis to the extreme #lements in the positive and
negative z directions, respectiwvely (Figure V.1).

Then the maxlimum normzl stregses are

V.3}
(o} 7 S; {
and
Me: M
L AW {(Vv.4)
G: I s
in which
(4] 153
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Figure V.1 Relaticnship betueen signs of bending moments

and signa of normal stresses [39]

V.2 Determination of Tensile Strass

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 clrcular segment (calculation of
inertial moment of figure can be seen in Appendix 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 specimens
from cylindrical specimens. The different investigators
of fracturs toughness used different types of specimen
shapes. Cylindrical specimens with fixzed parameters of
the V shape must be used according to “Suggested Methods
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for Fracture Toughness” of ISRM. The parameters of the V
shape depend on the size of the specimen’s diamscter
(Appendix 2). Obviously, different diameters will give
different sizes of V shapas. The centroid and moment of
inertia of the cross section of V shaped specimens was
established and can be seen in Appendix 4. The tensile
stress of the specimen op, is calculated by the following

general formula:

L 14h34.P

ar 7
D

Where P is the Icad (N} and D is the diameter of the test
spacimen {m). The resultant tensile strength is in Pa.

A seanonrp zZoNE ZONE OF RESISTANCE
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LOAD POINT DISPLAOGEMENT
Figure ¥.Z

Methodolagy for determintation of “F:ak Resistance zone™.




The grapha created using the above equation can be
divided into three parts. The first part is from the
beginning of leading to the onset of vielding and
consists of elastic behaviour. The second part is from
the yielding point to the 2% offsef before ultimate
stress and includes plastic behaviour. The third part is
frem 2% offget before ultimate stress to its 2 % decrease
in post-peak region (Figure V.Z2}.

In the following Chapter VII.2 will he present a more
detailed aralysis of the tasts regarding tensile stirength
under different loading rates.

V.3 Egtablishing of Jrc value from J-integral studies

The J-integral proposed by Rice as an analytical teel for
elastic-piastic crack tip field analysis has been
successfully used by Begley and Landes [33,34] as an
elastic-plastic fracture criterion. The method developed
by Rice [26] for measuring J on bend-type apecimens
offered the simplest single specimen technigue for
measuring . For this technique 3 bend-type specimen is
loaded to the distance of interest and J is determined as
a function of displacement from the expression,

24
= e V.6
JbB (V.86)

where A is the area under the load-displacement curve
taken at the displacement of interest, B 1is the
thickness, and b is the uncrackazd ligament. Critical
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values of J were labelled Ji and taken when crack
extension was first encountered., This method for
determining a critical J value was patterred after the
Kic measurement technique.

V.3.l Experinmental procadure

Specimens were tested in an MTS servo-controlled testing
machine where loading displacement was controlled. Load
vs CMOD and LPD was measured from clip-gauge and LYDT
sensora and monitored on real time plots on the screen.
Specimens were loaded to the desired axlal IVDT
displacement and then unloaded. This is shown
schematically in Figure V.3.
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]

~U.005 a 0.005 ¢.01 0.215 0,02 0.025 90.03 0,035

LOAD POINT DISPLACEMENT (mm)

Figure V.3 Description of the graphical evaluation

of J from Load vs LPD record
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Specimens were subsequently cut after unliocading, so that
the fracture surface could be examined. The crack
extension on the fracture surface was measured under a
binocular micrescope with magnification of x50. The
specimens were lcaded with the same Joading rate under
he same conditions. Crack extension was taken from the
tip of a V shaps to the end of the crack. Maximum
ertenslon generally occurred about mid-thickness.

V.3.2 Analysis Techniques

The data was analysed by plotting the wvalue of J as a
function co©f crack extension. During investigation a
series of different methods were used for determining of
J values, in order to choose the most appropriate value
for different rock types. J should always be
overestim ted as a result of the area under the Ilcad
displacement curve being overesi’mated. Consider the case
where the non-linear part of the load displacement curve
is «caused only by orack extension (nco plastic
deformsi.ion), Figure V.4. The nonlinear curve has an
original crack length of a;. On loading to the polnt
show , assure that the crack extends to length a:. The
actual J value corresponding to the displacement shown at
crack length a; should be a function of the area under
the lianear curve in equation V.6. The calculated value 0f
J will correspond to the area under the nonliaear curve.
The area between these two curves is a measure of the
overestimate in J. Figure V.4 shows the same problem for
the c¢ase with crack growth from a3 to &g where
nonlinearity 1is caused by the c¢rack growth and
piasticity. The curve on the left has the advancing crack

48




and is originally steever with more nonllnearity at the
ioad. The curve at the right shows what the curve should
wae with no crack uxtension. Hence, the area under this
correspends to the actual J value, and the area between
the curves corresponds to the overestimate in J.

o & O v

Y

Linear Plastic Deformation (mm}

Figute V.4 Descriptian of the crack growing [33]

The data were plotted in the form o.J an R-curve by
plotting vs measured LPD.
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VI CALCULATIONS

VI.1 Caleulations for Fracture Toughness ¢f the rock
type tested

All caleculaticns lu this chapter are wased on “Suggested
Me‘hods for Determining the Fracture Toughness of Rock”
of ISRM {Commission on testing methods) [12].

v1.1.1 Caloulation of loading rate

The displacement rate in displacement controlled testing,
which 1s referred to as Level I and Level I¥, exceeds the
followina calculated limit value:

CMOD  0.006 Keg (END jm sec (Vi.1}

Here Keg is the fracture t.ughness defined for Level 1
testing and E is the Yourg’s moduius of the material. The
prefactor 0.006 in above the equation has the dimensaicns
m/sec since it contains the minimum required crack speed
0.001 m/sec as a factor. If it is more convenient to
express CMOD or Axlal 1LVDT in mm/sec, for example, then
the prefactor 6.0 should be used instead.

50




VI.1.2 Calculation of slope values
The slope of a straight line, s, 1s defined as
s = tan(angle between line and CMOD axis). {(VI.Z)
The initial tangent siope 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).

VI.1.3 Calculation of Fracture Toughneass

For Level I testing, the fracture toughness of the
apecimen shall be calculated by the foliowing formula:

Kes = Avio Funex/ DV (VI.3)
where
Ay = [1.835+ 7,159 D+ 9.85(uy D ) JSD (VI.4)

With the failure load, Fpaxr in kN and the specimen

diameter, D, in cm the fracture toughness will be in

MpalVm or MN/m'-®. The factor Amn 1S dimensionless. A notch

angle value within the tolerance limits must be less than
% variation in the computed K cs value.

51

e .MM.ﬁam.»..__@wﬁ_(-MMMMJ




Vi.l.4. Correcotion of fracture toughnaas fox

nonlinearity

a! For Level II testing, the evaluation starts by
calculating the fracture toughness as in 3 above. Then a
nenlinearity correction factor shall be evaluated in the
load vs OCMOD record according te the graphical
construction methods shown in figures.VI.la-c.

b} Draw a straight line for each unloading-reloading
¢ycle, in the sense specified below. Each line is defined
by two points, H and L. The high point {H) is where CMOD
gstarts to decrease on the unloading part of the cycle and
the corresponding leoad is dencted by Fy (Flg.V1. u}). The
low point (L) lies on the reloading part of the cycle and
is defined by the load level:

Fr=05Fy (VI.5)

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

¢} The extent of hysteresis centred about Fy in the
unlcading~releoading cycle is defined by the vertical
distance AF [(FPig.V¥I.la). The final straight line for =ach
cycle shall then be obtained by translating the initial
line vertically downwards by an amount 0.5 AF. 1t shall
intersect the CMOD axls.

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

o1
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value:
Se= [1.05-2.100-D+4.21{ ao "D }* ] Siusascngent (VI.6)

The pc * corresponding to the unloading slope s. on the
load vs €MD curve is where the fracture toughness should
be evaluated.

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

The evaluation point can still be obtained. Should it lie
before the final lines, then the initial tangent iine and
the first final line shall be chosen as the twoe lines
which span it and the calculations proceed accordingly.
In this case F. in equaticn (11) will be the
interpolation between Fy' and Fs.

e} Thethese two chosen linearized unloading lines define
the residual displacements in the unloaded state, 8; and

82, and the horizental distance (Fig.VI.lb};

Xu =270, (VI.7)

A smooth approximation of the load vs CMOD curve is drawn
bs=tween these unloading lines, ignoring the unloading-
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reloading dips. Next find the intersection points between
the unlecading lines and the smoothed curve. Denote thelr
loads by Fy and ¥y, the average lcad is found to be

F'=(F+F3)2 (VI.3)

If the unloacd.i:g lines span Fraxr then the greatest of
and F; shell be rerlaced by Fupax. Then draw a horizontal
load line at this 1level (Fig.VI.lbh). This defines
displacements of two matching loaded states along the
linearized unloaded lines, The difference between these
displacements is designated x;. Then let the displacement

ratiao

P=xe X (VL. 9}

define the “degree of nonlinearity”, p.

f) If the twe chosen unloading lines span the evaluation
point and if F* is not less than 0.98Fmx then the
nenlinearity corrected facture toughness value shall be
calculated as

Kéw = JI1+p(I-pl] Kes (VI.10)

The superscript {c) denotes a corrected fracture

toughness value.

g} If the two chosen unloading lines de not span the
evaluation point, or if F* is less then 0.98Fny, then by
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linear *~terpolation or ezxtrapo. ation draw the unloading
line with slope s;. The procedure shall be bhased on a
constant amount of reccvered displacement {CMCD}, i.e.
the heorizontal distance x; [Fig.VI.lc).

h} First, along the unloading line through F;, find the
point F,' which has the same amcount of displacement
recovery upon unloading as an unloading from Fp along the
second unlcading line, i.e. the amount x;. Then draw a
straight line through F:' and F; and find the point on
this line whose load is

Fe= 832 {VI.11)

Next draw a straight line through this point which leads
te a recovered displacement %z upon unlcading. Its slope
will then by definition be s.. Finally, find the load at
+;.s+ evaluation polnt, F. , as the intersection between
this line and caliculated as

Kip =@~ D) (P-DF:' FensKes (VI.12}

This correction of 4 does noht require the material to
be isotropic.

53




VI.1.5 Calculation of additional quantities

VI.1.5 1 Caleculation of Young’s modulus

If the initial tangent slope is known in absclute terms
then the Young’s medulus in bendinc of the specimen
material, E, may ove calculated by using the following
equation

E:gnsw.lw D (VI.13}

where

g,= 208+ 194a, D+ [42.3(ap D J (VI.14)

With Sinitial tangeat given in kN/mm and D in mm the resuiting
Young’ s modulus value can will be in GPa which is the
recommended unit. A support span variation within the
tolerance limits will cause less than 2% variation in the
computed E value.

V¥i.1.5.2 Caleculation 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 temms, MPa¥m Lo crack
extension resistance in terms of energy release rate:
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Gig~=(1-v* ) Kén ) E (VI.i5}

The recommended unit of Ge® 15 J/m°. The v-value is not

esgential. Since v i3 less then 0.3 for most competent
rock, it may either be guessed with sufficient accuracy
or assumed to be zere iFf this is stated clearly.

VI.1.5.3 Calcoculation of total werk

If the load vs CMOD recording is followed through until
the specimen has wvirtuaily no residual strength, then the
total work of fracture Wes®, which is required to separate

Wiz = [ FA(CMOD) (VI.16)

the notched specimen intc ftwo halves may be calculated as
Relating We to the ligament area of the notched
specimen, A, one then obtains the specific work of
fracture :

R =Wk A (VI.17}

The dir-azsion of Res 13 J/m® and its value should
corre .:.e -losely with that of Gg°.

The {(projected) IiTament area of the chevron bend
specimen is given by
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A=0.25[arcsin 8~ B(I- 204 D)] D? (Vv™.18}

where

B=0.51-2g,D +J(I+4ayD-4(apDJ)]  (VI.19)

V1.2 Calgulationz for J-intagral

Different approximate o2guations were developed to
determine J from one loai-displacement curve [35]. For
compact specimens these equations are as follows.

1. Landes and Begley [34]:

2U
=— VI.20
J =2 ( }

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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24
J e VvI.21
Bb ( }

where A is the area under the lcad vers s load point

digplacement curve.

2 number of authors hav: reported tnat problems exist
when using equation VI.2? for bend specimens.

Srawley {661 shows that there is a consiaarable
difference when using the total energy as compared with
the energy due tc the onresence of a crack. To further
illustrate this point, the estimation equation VI.21 was
compared with the strain energy release rate Gr in the
elastic regime. In order to demonstrate this comparison,
the constant 2 in equation V1.22 is replaced by the
variable P. For a one-to-one comparison between J and G

in the elastic region, P will be 2.0.

The values of P for three-point bend specimens with a
span to width ratic of 4 are listed in Tabkle 3 and are
plotted in Figure 4 of vgvaluation on Estimation
Procedures Used in J-integral Testing” [33].

2. Merkel and Corten simplified [36]:

Critical J-integral data were determined by the J-
resistance curve technigue [37] with the Merkel-Corten
correction fagctors for the compact specimen geometry.

Using guidelines recommended by ASTM on Elastic-Plastic
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Fracture Mechanlcs Terminology, the J-integral data were
reduced using

24 2P3
J = gt gr—— VI.22
*Igp * Bb { )

@i, oz = Merkel-Corten coefficients,

A = the area under the load wvs load-line
displacement curve,

= thickness,

remaining ligament,

= final load wvzlue, and

LS v B+ R v
Il

= final displacement wvalue.

In the above equation, Merkel-Corten’s coefficients are;

fva) afl-20-g7)
(I+a’)  (1+e°)

o (VI.23)

_ofl-2a-gf)

o —'(T:";); {VI.24)
o

where

€0




a - 2yfab ) fab) - 0.5-2(ab + 0.5)

where
a = crack length
b = uncracked ligament

Te determinate the total werk done on tha specimen the
actual area, A, under the 1load versus load-line
digplacement curve, was modified slightly to acvount for
the energy stored at zere load due to crack closure.
Since crack closure prevents a complete relaxation of
stress from ocourring, the actual area used is in the
shaded area of Figure VI.3.

VI.3 Defining of Jic

The progress of fracture beginning from a sharp crach
[71] is separable into four regimes: (1) crack-opening
stretch or crack tip blunting by plastic flow at the
crack tip, (2} crack growth initiation, (3) stable crack
growth by material separation at the crack tip, and (4)
unstab. 2 crack propagation. These four events determine
the shape of the R-curve. £ these four regimes, crack
tip blunting and stable crack extension pradominate
during the Ffracture process described by an R-curve.
Crack initiation occurs owver a short interval and
unstable crack propagation usually begins at some point
bevond where the useful R-curve terminates (Figure VI.2)
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J-integral

Linear Regression
' Crack Extenslon line

“-— Crack Ianitiation

<~ Crack Tip Blunting

— S,

Crack axtension

Figure ¥I.2
Schemat.c repyesentation of crack extension

during the initiation regime

To establish a Jre measurement point [38] it is dssirable
to pick a point where crack extension has taken place by
actual material separation rather than by crack front
geometry change. Under coensideration is taken an absclute
amount of crack extension but not a relative amount of
crack extension as in the Kic test. An cobvious point
would be where the curve from crack extension intersects
the stretch zone line (klunting line} J = 2 Ongw Aa,
which is linear function of appiied stress and crack
extension. This point has sewveral drawbacks. At this
peint no actual crack ertension due to material
gseparation has occurred. Also the stretch zone may not

develop strictly as a function ¢f J / Opiow » wWhere

O flow = -;-(0',.*-‘0'.,) (VI 76)
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Aa - crack extension
Oelonw ~ L£low stress
oy, - 0.2 percent offset yield stress

gy - ultimate stress

The Ji« measurement point will be where a best £it line
to the crack extension points intersects the line J = 2
Gsow Aa. Using this technlque Jic wil. be calculated for

each specimen.

1. caieulate J values from the load versus LPD using J =
2A/bB, where A is the area under the ..rve up to the
point of unloading (Fig.VI.3al, b is the uncracked
ligament measured f£rom the and of the fatigue crack and
B is specimen thickness. In measuring +he area under the
curve do not subtract cut the area due to elastic
unloading. The right-haad side of the area measured
should be a vertical line at the unloading displecement.

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

3. Construct the line J = 2 Onew A2 {(Fig.3¢) as

calculated above (Equation VI.28}).

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

should fall a’ong the line J = 2 Ofiow Ad.

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

Fit of Data Point

A 4

(a) A
L
o
d
|
i
I .
PIsplaceneant -
(b} { ¢}
A A =gha
+
+
+ n
Jic
+
P
Aa aa

Figure Vi.3 Progedurs for JIC measturement

{a}Load specimens to varicus diaplacements,

(b¥calenlate J for each specimen and

plot area ve 4, {ciComstruct two curves for JIC measurement.

When linear elastic behaviour predominates, Jic is

1-v2)
JIC '::( P‘:’I)KI{'

{(vr.z7;




or

L (VI.28)

With this miud, (eguation VI.28) values will present in
table for comparison wlth average Ky values from the
compact specimen, Siress intengity factor will be
calculated with following equation proposed by R. Singh
and B. Wnittaker [32].

K= 1.120Jm (VI.29)

A single walue of J was determined for each specimen
from a curve such as Fig.VI.3c.
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VII RESULTS

VII.1 Tests for Fracture Toughness

The tested specimens were of diameter 53 mm and length
212 mm for quartzite and norite and of diameter 54 mm and
leugth 216 mm for coal and sandstone. The V shaped notch
wagd 7.9 mm deep and 1 mm wide.

VIL.1.l Quartzite

The Level I Fracture Toughness fests were run under
ioading 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 0.0l mm/sec was cheosen for Quartzite
specimens.

A test template was used with a final wvalue of 100 N
during thz Level I tests, as the specimens failed between
2250 and 2170 N. The limit load was s8et to 50 N teo
prevent specimens from fracturing. The initial tangents
had values between 7,906E+04 N/mm (for specimen Q3L1) and
6.7668+04 N/mm (for specimen Q1L1}. The Young’s modulus
was calculated on this basis, and were between 40.5 GPa
and B52.2 GPa. Average level I fracture toughness
coefficient of Kep=1.886 MPaym was calculated.

The axlial displacement for the level II fracture
toughness tests were 0.023, 0.046, 0.069, (0.0082, 0.1153,
1)
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Figure VII.1

Load vs LPD displacement record of specimen Q3L2




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 Q5LZ 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 inltial tangents values obtainged from
the tests were between 1.01E+05 N/mm and 8.52E+04 N/mm.
The calculated displacem nt ratio was between (.14 and
0.18. The caleulated wvalues of f£racture toughnass
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 890 ¥ and stress intensity factor of {(.678 MPaym,
which is 20% - 35% from maximum load). Calculated slope
values 8¢ {average sg = 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 Ioads of the cycles
enclosing the sg line were within 98% from the maximum
loads {for example specimen Q3L2, Fig. VII.l1l). The
fracturing began when the applied load was about 200 N.
From this load Quartzite began to lose its elasticity and
rlastic behaviour started appearing.

The estimated average fracture toughness coefficients are
with standard dewviation of 0.043 and average Young's
modulus values (standard deviation of 2.73 for Quartzite

specimens are as Follows:

Fracture Toughness Kre (MPavm): 2.20
Young’s Medulus E {(GPa): 49.63
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Al} other calculated values are shown in Tabkle 1 {a and
b}, Appendix 3.

VII.1.2 Norite

The Level I Fracture Toughness tests were run under a
loading rate of $.081, $.005 and 0.001 mm/sec and reached
loads from 2200 N to 2721 N (specimens N3ILI and NOLi},
The stress intensity factor was 2.34 MPaym. The times of
failure of specimens under the above loading rates in
seconds were between 5 and 10 sec. A loading rate of 0.01
mm/sec was chosen for Norite specimens. The load limit ip
the test template was 50 N.

The Level I test template uvsed a final value of 100 N.
The initial tangents had values between 1.598E+C5 N/mm
{spec. N4Ll} and 1.672E+05 N/mm {spec. N5BLl}. The
calculated average maximum lead of falling Fp.x was 2310
N with standard deviation of 78.17. Level I fracture
toughness ccefficient of Keg=1.974 MPa¥m was calculated.

The axlal loading displacements were determined on the
basis of the results from Level I tests. The final
“ilues, estimated for each loading cycle, were as
follows: G.02, 0.04, 0.06, $.CB, 9.10, 0.12, 0.14 mm. The
loading rate was 0.0C¢l mm/sec. The maximum lcads reached
were between 2150 N and 2450 with stress intensity factor
of 2.3% MPaVm and initial tangents s;c between 1.73E+05
and 1,92E+05 N/mm.
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Figure VII.2

ioad vy LPD displacement record of specimen N712




The first two or three cycles (for which the load was
abou- 1250 N}. all Norite Lewvel II tests are very
close 1o the initial tangent. From these loads Norite
bagan to lose its elasticity and started to show plastic
behaviour.

The slope of each final line was calculated and two lines
were found. The slope with average value of 5 . =
1.53E+05 N/m (standard deviation of 0.066) was
calculated. Slope values were between the lines of the
fifth and the sixth c¢yecles arcund the maximum load.
Calculated load Fp, is bevond maximum load F g, wWhich can
be seen from Figure VII.2. Egquaticn VI.12 was used to
calculate Fracture Toughness values, which can be seen in
Table.2, Appendix 3.

The estimated average fractur oughness coafflcient wau
with standard deviation of €.0%4 and average Young's
modulus values (standard deviaztion eof 3.05}) for Norite
are as follows:

rracture Toughnes: Ky {MPay m}: 2.29
Young’s Modulus E {GPa}: %3.31

All other calculated wvalues can be seen in Table.2,
Appendix 3.
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VviI.1.3 Sandstone

The Lewvel I Fracturae Toughness tests for Sandstone were
rur. under a loading rate of 0.02 mm/sec and reached load
10600 M or stress intensity factor of 0.56 MPaym (the
other results of sandstone Leval I tests are given in the
chapter on tensiocn 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 gpecimen 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 average maximum load of failirg for level I
fracture toughness tests was Fpax=990 N with standar

deviation of 41.83, Fracture toughness coefficient which
was calculated, had value ¢f Kes=l.40 MPaym.

Level IT Fracture Toughness tests had following exial
displacements for each ieading cycles: 0.026, 0.052,
0.078, 0.104, ©0.130, 0.156 mm and & final loading 0.182
mm. The loading rate was 0.00% mm/sec. Maximum loads
potween 684 N (spec. S§85T512) and 918 KN (spac. SSTTLZ)
woere reached. Duration of the tests was between 318 sec
(spec. S$6T5L2} and 543 sec (spec. §87T7L2) with stress
intensity factor of 1.62 MPayf. Initial tangent.s on tests
were between 7.82B+04 N/mm (spec. S8T5HL2) and 8.42E+04
N/mm {spec. 8ST6L2) with Young's modulus between 39.71
GPa and 42.75 GPa (average E = 41.0¢ GPa with stundard
deviation of 1.36). The displacement ratio was 0.1.

sandstone fracture toughness tests kept elasticity during
the first and second cycles. The calculated slope value,
3¢ laverage S¢ = 6.72 N/mm with standard deviation of
0.24) gave the most span lines petween the first and
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second loading. For calculations, equation VI.12 was used
because Fp appeared t¢ be between the maximum wvalues of
first and second c¢ycles (Fig.VII.3). The fracturing began
at an applied load abput 200 N. From this load Sandstone
hegan to lose its elasticity and started appearing to
behave plastlcally.

The estimated average fracture toughness with standard
deviation of 0.037 and Young’s modulus wvalues for

Sandstone are as follow:

Fracture Toughnesas Ky (MPay m}: 0.34
Young’s Modulus E {(GPa}): 41.06

All other calculated wvalues can be seen in Table 3,

Appendix 3.

VII.l.4 Coal

Fracture Toughness Level 7 tests were run under a loadlng
rate of 0.015 mn/sec. and reached loads of 121 N - 150 N.
The times of failure of the specimens were between 8 and
10 sec. The load limit pod in the template was fixed at
20 ¥ and a firnal value of 40 N. These values were chosen
mainly for two reasons. The first wags on the basis of
structural cracks in the specimens. The other reason was
the maximum leoad of failing {about 140 N).

Axial leoading displacements for level II tfests were

determined on the basis of results from the Level T test,

The flnal values ware astimated for sach leading cycle,

which were as follows in mm: G.035, 0.070, 2.105, 0.140,
74




COAL
Load vs Displacement

- 250 -
)

200 —
g 150 -
-
a 100 . SN
Ei ff“"'J/ 4 ,/;/ y
g 50 L. e a v
o, R -
E 0 S

0 0.02 0.04 0.06 0.08 0.

LOAD POINT DISPLACEMENT {mm)

Figqure VII.4

; Load vs LPD displacement record of specimen C2Ly




0.175, 0.21% and a final loading of 0.245. The lecading
rate was 0.001 mm/sec and maximum loads were reached at
170 N (spec. C3L2)}, 175 N for specimen C2L2 (Fig.VII.4)
and 202 N {spec. Cl1L2). Tests duration were between 338
sec and 433 sec and displacement ratics were betwsen 0.27
and 0.30.

Initial tangents values were between 2.44E+(04 N/nmm and
2.568+04 M/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 deviatiocn of 0.2&.

The slopse values were calculated for each loading-

unloading cycle. Calculated slope value sc mostly span
lines betweer the +third and fourth loading cycles and

have average value oOf Sc¢=7.98E+(4 N/mm with standard
deviation of 1.231. The methodclogy 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 for Coal are as follows:

Fracture Toughness Kpz (MPa/m): 0.143
Young’s Modulus (GPa): 2.12

All other calculated values can be seen In Tab.g.4,

Appendix 3.




VII.l.h Fractography

The fracture surfaces were studied using a Nikon stine
microscope. Selected photos can bhe seen in Appendix 6.
Tnere appear to be big differences between fatigue crack
grcwth of the lnvestigated brittle rocks {Quartzite and
Norite} and Sandstone, which will be discussed in this
chapter. The fatigue region shows more evidence of
intergranular cracking and grain pull-out, and the quartez
graing appear dulled, possibly by crack working.

VI 1.5.1 Fracturing in Quartzite

Fracturing in Quartzite specimens begins with individual
cracks at the tip ¢f the V shape (Appendix 6, Pictures Q-
1,2). A common 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 wvalue.
The fracture propagation has a split form in this zone.
Fractures with straight linear forms, according direction
of mine crack, can be observed.

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

For example, in picture Q-5 the crack comes from the feop

through the boundary of the grains and joins the tip of

the grain at the centre of the plcture. Then it splits
11




again and joing when passing the grain.

Table VII.1
Picture Dascription and angle of secondary
Nos fractuvring
0-3 30°,parallel - grain in top left part of the
picture;

45" - grain in central right part of the nicture.

o-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;
90°, 45" ~ crack in central part of the picture:
45" - grack in bottom part of the picture.

Q-7 307, 45° - crack in central part of the picture.

Q-8 30",45% ~ grain in left szide of the crack;
45%,90" - grain in right side of the crack.

Q-9 45" - grain in middle right part of the picture.

Q-10 45" - grain in right side of the crack.

0-11 45" - grain in top part of the picture;
35",40° - grain in central part of the picture.

Q-12 70" - grain in top part of the picture;
45" - 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 picture Q-6 it can be seen that the crack comes Lrom
the top of ihe picture, in the centre it turns left
around the other grain and continues in the previocus
direction. In the bottem left side of the picture it can
be seen to be in the process of meeting 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 coiours. In the
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picture Q-11, 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 behavicur can be
geen in picture Q-14 as well., Here the crack comes from
the top, goes inside the guartz breaking up the corner of
the grain, jumps to the right and continues through the
boundary of grain. The angles of secondary fracturing of
quartz gralins are given in Table VII.l. The main crack
can be seen in pictures Q-12 to 14 going through the
grains of quartz, In this case, the crack also creates
zecondary fracturing and the angles of seconaary
fracturing of gquartz grains are given in Table VII.Z.

VII.1.5.2 Fracturing in Norite

Fracturing in Norite apecimens begins with a clear
fracture processing zone (Appendix &, Pictures N-1,2).
The fracture propagation hag a chaotic distribution in
this 2one. Fractures with circular and linear forms
according to the direction of main crack can be observed.

This zone exists arcund the whole tip of the V shape and

creates twe cracks, which go in th: core of specimen.

I general, the crack does not keep a straight direction
in the cors of specimern. The main crack, which can be
geen in pictures N-3 to 8, runs throughout the boundary
of the grains. This c¢rack createa secondary fracturing
{as a result of the tensile stress) to a different degreeo
in the quartz grains. The angles of secondary fracturing
of quart? grains are given in Table VII.Z.

79




Table VII.2

Picture Description and angle of secondary fracturing
No:
N-3 20° - 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;
80" - grain in middle richt side of the picture;
B0° - grain in bottom left half of the picture.
N-5 80 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
ricture;
90" and parallel — grain in right side of the
picture.
N-7 B0, 90" - grain in middie left part of the
picture:
80", parallel - grain in central part of the
picture;
80" - grain in bottom left part of the picture.
N-8 80" - grain in top half of 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-10 90°, paraliel - grain in bottom left part of the
plcture.
N-11 80" - grain in top half of the picture;
60" - grain in bottom half of the picture.
N-12 80" - grain in middle right of the picture,

The main crack, which can be seen on pictures N-9 to 12,

runs throughout the grains f quartz. In this case, the

crack aizo creates secondary fracturing ard the angles of

secondary fracturing of quartz grains are given in Table

VIz.z.
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VII.1l.5.3 Fracturing in Sandstone

Fracturing in Sandstone begins with a fracture process
zu: . but to determine this is wery difficult, because
Sandstone is a sedimentary rock and connection between
the grains is very slight. This =zone can be seen in
plctures S-. and 2. The fracture propagation starts from
there as bundle. This can be seen in pictures 8-3 to 5-6
(Appendix 6).

VIiI.? Estimation of Tensile Stresa

One of the difficulties in comparing the results from
each rock type is the difference between the slopes of
the initial tangents. This results coming from
differences in the distribution of grains, their size and
formation of micro c¢racks in specimens. To eliminate this
the length of LPD from the beginning of leading till 2%
offset before load of failing was used. As a comparison,
a length of LPD from the 2% offset befor tensile strength
until 2 % decrease of tensile stress after peak, which

can be named “peak resistance znna” 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 tests (Norite
specimens! of about 2500 N - 2700 N, The test template
recorded load values on every 50 N, which is about 2 %
from load of failing.
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VII.2.1 Quartzita

The tensile strength of quartzite specimens was estimated
after using three different loadlng rates, as shown in
Figure VII.5. The first loading rate was 0.01 mn/sec,
where a wvalue ¢f leading was suggested by ISRM that
failing must occur within 10 sec and the necessary crack
velocity of 0.001 m/sec. The other loading rates were
¢.005 and 0.001 nm/sec.

QUARTZITE

{
% o W i i

@0 12 .
R
Pomg g : ‘“aﬁx ——
L e ==
- 4
! i i
B 2y | :

o 02 ﬂﬁ4 .06 ais 01 12

LOAD POINT DISDIACEMENT ({run)

l ——LOADING RATE - 0.01 mm/sec
| ———LORDING RATE ~ 0.005 mm/sec
IL «—LOADING RATE - §.001 mm/SEC |

Figure VII.5
Estimating of Tensile stress on Quartzlte specimens

The first part of a graph for =sach loading rate is a
straight line, where specimens keep elasticity. From this
part vield stress can be defined, which is about & MPa
{42% from tensile strength). Differences between the
graph with a loading rate of 0.0 mm/sec (which was taken
a8 standard} and others in thils part are from +14 % to -
i1 %. This cac bie seen on Figure VII.&. This event
results from the graing in the tip of a V shape, where
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fracturing <tarts. The differsnces decrease after initial
loading. For the LPD value of 0.0l nmm and tensile streas
cf 5.2 #Pa (which 1s vyield tensile stress), tLhe
differences ketvsen the specimens uncer different loading
rates are between =2 and =5%, From thiz point, the
tengile stress starts to curve. 7o : .fervences of the
values in plastic behaviour of specimens were within 0 to
-2 %. The ultimate tensile stress (tensile strength) was
calculated at the lead of fajilure (Fig.VII.Z and
Fig.VI¥.8). The differerces ilncrease In wvalue around the
failure lgad till 13 =z¢ 16%. The dJdetermined tenslile
strength was between 10.7 MPa and 12.2 MPa (average 11.56
MPa), calculated from the above formula. Thess values
were compared with the results fror the Brazilian disk
tests. The results received for ternsile streng.sn have
average value of 11.45 GPa, which has of 1 % difference.

QUARTZITE

% DEVIATION

LOAD FOORT DESTLACEMENT (mr)

Figurs VII.e
Tensile stress deviationi from stress in test with loading rate (.01 mm/ges
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The “peak resistance zones” ghow different behaviour
under the different loading rates. The LPD standard
values for different loading rates are as follows:

Loading rave 0.010 mm/sec - LPD 0.0481 mm
Loading rate 0.005 nm/sec - LPD 0.0378 nam
Loading rate 0.001 mm/sec - LPL 0.3334 am

The specimen, which was loaded with a loadi te 0.01
mm/sec, has a resistance zone with length 1..68-02 mm
{32.5% from a standard}. After this with increasing LPD,
tenslle stress reduces. The specimen, under a loading
rate cf 0.005 mm/sec, has a resistance zone with length
of about 1.41E-02 mm (37.2% from a standard) before
failing. The specimen, under & loading rate of 0.001
mm/sac has resistance none with length of about 1.34E-02
mn (40.2% from a standard) before dropping down.

VI1.2.2 Morite

The tensile strength of Norite specimens was estimated
after using four different loading rates, as shown in
Flgure VII.7. The first loading rate was (.01 mm/sec,
where the value of loading was as suggested by ISRM so
that failure occurs within 10 sec xnd crack velocity is
0.001 m/sec. The nther rates were 0.01%, 0.005 and 0.001
mm/sec. For easler analysis, the average resuits frcm
loading rates 0.01, 0.005% and 0.501 mm/sec were plotted
on Figqure ViI.B. The graphs with loading rate of (.015
and the last with ‘loading rate of 0.00% mm/ser ars
axcluded from the analysis because the first has too high
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Figure VIT.7
Estimating onr tensile stress of Norite specimens under different loading rates




a leoading ratz and the second has preliminary loading
tili 400 N. This is the reason for the low value of
tensile strength and the leng resistance zone.

NORITE

TENSILE STRESS
{MPa)

LOAD POINT DISPLACEMENT {mm}

T —LOADING RATE -"ﬁ?ﬁﬁé'ﬁﬁ)ééé"”]
LCADIKG RATE ~ 0,01 mm/sec !
LOADING RATE - 0.001 mm/sec !

Figure VII.B
Estimating of Tensile stress on Horite specimens

The first part of the graph for each loading rate is a
straight 1lilne, where specimens maintain elastlc
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 (vhich I take as
standard) and others in this part is frem -5 % to -9 3.
This c¢an be seen in Flgure VII.9. The differences
decreased in value until 6 to 14 % after initial leoadlng.
The differences between specimens under leoading rates
0.005 mm/sec and 0.001 mm/sec are between 7% and 2% in
the wvalue of LPD - 0.0l mm and tensile stress 7 MPa
(which can be defined as yield tensile stress). From this
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point, the tenslile stress starts to ocurve, 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 wvalues of tensile stress [tensile strength),
calculated from the above formula, were between 13.82 MPa
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 1s & 4% difference.

HRORITE

... 0.08 Q.07 ¢.pa

LOAR POINT DISPLACEMENT {mm)

I LONDING RATE - 0.005 mm/oec

LOADING RATE ~ 0,001 mm/sec !

iqure ¥II.9
Tensilv stress deviabtlon from stress in test with loading rate 0.01 wwm/sec

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

Series - 2
Loading rate 0.010 mm/sec -~ LPD 0.0238 mm
Loading rate 0.005 mm/sec - LPD 0.022% mm
Loading rate 0.001 mm/sec - LPD 0,.0197 mm

The specimens, which were loaded with leading rate 0.01
~m/sec, have resistance zone with a length of Series 1 -
1.3E~02 mm (48.1% from a standard) and 1.1E-02 mm (47.8%
from a standard) of Series - 2. After this with
increasing LPD, tensile streas decreases. The specimens
under a loading rate 0.005 mm/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 failing. The specimens, under a
loading rate of 0.001 mm/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% from a
standard) before decreasing.

VIT,2.3 Sandstone

The tenslle strength of sandsteone speclmens were

estimated after using three diffeient kinds of sandstone.

The loading rates and graphs are shown in Flgure VII.10,

where they are marked with numberse 1, 2 and 3. The

loading rate of sandstone No 1 was 0.02 mm/sec, whera a
88




e

. SANDSTONE

I. 8 1.. ,.,_.-.-d...-.uAM.__......._._u,,.lru,_.u_v,_.___.,_.-__g...___._. e J— i

i 1 |

e = |
i |
: - | !
B 1] i o H

i m B - i

s g s

& —

- :

B - |
k: g .....
? o ;
H i H !
‘; T e s B |
: b |
-
; o 0.05 0.4 0.15 02 025
i LOAD POINT DISELACEMENT {mm) i
4 i = LOADING RATE - 0.00Z nim/sec i |
¥ i i - LOADING RATE - 0,012 mm/sec ! i
: : - LGADING RATE - (.022 mmisec l :
3 | i - ~ LORDING RATE - 04.005 mu/sec I
5 ; : --——1 - LOADING RATE - 0.02 mm/sec i !
? j | ---- 34 ~ LOADING RATE - 0.02 mm/sec ; i
‘
Efl Figure VII.IOD
E BEstimating on tensile stress of Sandstone specimens under different ioading rates




value of loading is as suggested by ISRM so that failure
gceurs within 10 sec and crack velocity is 0.001 m/sec.
For sandstone Ne 2, ‘oading rates 0.022, 0.012 and 0.002
m/sec (Fig.VII.1l0) were applied. For sandstone No 3
loading rates of 0.02 and 0.005 mm/sec {Fig.VII.l0) were
used. The results from rock No 2 (Figure VII.1l) were
used for analysing the sandstone tensile stress.
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Flgure YII.11
Eatimating of Tensile gtress orn 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 tensila strength} for a loading rate
of 0.002 mm/sec and about 1 MPa for loadiny 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 otherss in this part were from -20 % for
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loading rate 0.012 mm/sec to =95 % for lecading rate 0.002
mm/sec. This can be seen in Figure VII.1Z2.

SEANWNDSTONE

% DEVIATION

LOAD POTNT DISPLACEMENT (mm)

LOADING RATE - 0.002 mm/ssc

Figure VII.1Z
Tensile stress deviation from stress in tegt with leoading rate 0,01 mm/sec

The differences decreass after initial leading. The
second part of the graphs start from the wvalue of LPD
0.06 mm and tensile stress 2 MPa. The differences between
different loading rates decrease until -20% for loading
rate 0.01%2 mm/sec and -100% for leading rate - 0.002
mm/sec. The peak walues 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
b.24 MPa and loading rate 0.02 mm/sec, drilled from
sandstone bleck No 1 and these from block No 3. These
values were compared with results from BrazZilian disk
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tests, from which results were obtalned for tensile
strength with 2 wvalue of 4.24 MPa, which has 14 %
difference.

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

Leoading rate 0.022 mm/sec - LPD 0.1144 mm
Loading rate 0.012 mm/sec - LrD 0.0880 mm
Loading rate 0.002 mm/sec - LPD 0.0669 rmm

The specimen, which was loaded with a loading rate of
0.002 mm/sec, has peak resistance zone with length of
2.68E~02 mm (40.1% from a stendard} and after this with
increasing LPD, tensile stress decreases. The specimen,
uncker loading rate of 0.012 mm/sec, has a resistance zone
with length of 3.22E-02 mm (36.6% from a standard} before
failing. The specimen uander a loading rate of 0.022
mm/sec has a resistance zone with length of 3.65E-02 mm
{31.9% from a standard) before decreasing.

Vil.2.4 Coal

The tensile streas for Coal was estimated using a loading
rate of 0.015 mm/sec. On the basis of the Level T Coal
test (C4L1l), tensile strers was plotted versus LPD
(Fig.VIT.13}). The curve starts from the beginning of axes
and goe= straight to about 0.32 MPa, which is about 53%
from the ultimate tensile stress or 0.014 mm LPD, which
is abcut 22% from LPD of ultimate stress. On this basis
yield stress with a wvalue (.32 MPa can pe defined.
Conmpared to that ¢f Sandstone, Coalfs 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.
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i C2L1 - LOADING RATE - 0L.015 mm/sec

Filgure VII.13
Eat.imating of Tensile stress of Coal specimens

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

Loading rate 0.015 mm/sec — LPD 0.0145 mm,

and for the stress, a 2% decrease. The specimen, which
was loaded with a leoading rate of 0.015 mm/e~z, has a
reslistance zone with length of about 1.45 . mm {19%
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from etalon). After this as LPD r2ases, tensiie streas
decreases.

VI1.3 J-integral studies

Critical J-integral data were Jetermined using the J-
rasistance curve technigue., The analysis shows the
results from the three kind of rocks [quartzite, norite
and sandstone). Guidelines recommended by the ASTM
Subcommittee E24.08 on Elastic-Plastic Fracture Mechanics
Termirology were used. The areas were estimated on L e
basis of load vs LPD displacement for these kinds of
rocks. To determine the total work done on the specimen
the &actusl area 13, under the lecad wvs LPD, the
displacement curve was modified slightly to account for
the energy stored at zero load due to crack closurs. The
energy values for each area of t rocks were ploited
against the correspondirg crack length wvalue, using
equation by Landes and Bergly {equation VI.Zl), the
equatlon by Landes and Bergly with Srawley’s correction
(B - Chapter VI, p.52) and the Merkle-Corten (equation
VI.22). This can be seen on figures VII.14-16. Equatiocns
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 wvalues are as follows;

For quartzite specimeng: - 16.46E+06 (N/m)
For riorite specimens: - 20.99B+06 (N/m)
For sandstone specimens: - 4.5E+06 (M/m)
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Table VI1i.1

Equation of Jquare
Hesulits calculated from equetion axponential deviation
of line R’
CUARTZT™1E

Merkle and Corten Y=R2,0674%e 0.9364

Landes and Bergly P73, 349%p7 T 0.9206
Landes and Bergly atter correction | Y=13,348%g L o~ 0.9824 "

NORITER

¥erkle and Gorten Y=B1, {8g™ 0.83107 |

Landes and Bergly Y=36,98%g """~ 0.9015

Landas &nd Bergly after corrertion | Y=36.08%g T- 77 0, 9007
SANDSTONE .

Merkle and Corten Y=2.7052%g " 0.8000

Landes and Bergly Y=1,2237%e 7™ 0,8138

Tandes and Bergly after Correction | Y=1.zadita —o 0.8B135

The values for yield znd ultimate stresses were ftaken
from the previcus chapter, For all practical purposes the
blunting line for these tests can be considered as a
vertical line and Jy is then J-integral exXtrapolated to
the =zero growth condition. The crack growth resulting
from a single loading cycle was determined from the crack
lengths calculated on the basis of the compliance of that
loading cycle and the cycle immediately followindg.

Crack growth that may occur during the unloading portion
of each cycle is included here as necessary but, since
the Jio point is the value extra.claied to infinitesimal
arack growth, the only conseguenc- would be a change in
the scale of the ¢rack grow.h o ls with little effect on
Je. B 2ingle values of Jxe which ware determined for each
kind of rocks on the basis of eguation VI.21, equation
¥1.21 with Srawley’s correction and eguation VI,22 as was
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mentioned in Chapter Vi.3 (Figure VII.14-16) are listed
bellow.
Quartzite -~ Jy = 82,08 N/m
Norite = Jze = 50.8 N/m
Bandstong - Jig = 2.65 N/m

The initial J estimation used methods by Landes and
Bergly, the equation by Landes and Bergly with Srawley’s
correction and the Merkle-Corten are compared in Figure
¥II.17 in a non-dimensional form with the value of J as
calculated by the etergy rate definition. It can be seen
that eguation VI,2Z most closely approximates the valus
of 7 derived by nsguation VIL,Z1.

The fracture toughness coefficients, K, were calculated
by egquation V1,28 and compared with results, which were
obtained from Chapter VII.1. The comparison of K,
caloulated from fracture toughness tests and from J o
can be seen in Table VII.Z

Table VII.Z

KIC= l}ff.’E
Kind of Number Average ]~y Percent
rock of data Kicy Difference
, MPa/m
pointa MPa/m

Quartzite & 2.20 2.11 -4.1

Norite ] 2.29 2,20 +3.9
Sandstona 1 .34 0.32 -5.,9

All other wvalues for the J-integral calouwlation can be
seen in Tables 1 - 3 (Appemndiz 5}.
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VITI. DIBCUSSION
VIiI1l.1 Fracturs toughness tests
VIII.1.l Testing prozedure

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

Level I tests were run under lcad control until the
specimen failed. The loading rate during the tests was
increased gradually till £failure occurred within 10
geconds of the initial load application or reached arack
velocity of 0.001 mm/sec. The average stress Ilntensity
rate during the tests was not less then 0.25 MPa m/sec.
When the suggeuted speed of falling was reached, axial
IVDT was plotted versus applied load for esstimating
conditions to Level 11 tests.

Level I1 Fracture Toughness tests were ran under axinl
displacement (LVDT} control. Tempates containing
procedures were set up for different stages of testing.
The test template for Level I1 tests contains seven
loading~unleoading cycles, which are suffilcient according
to the ISRM suggestion that Level II tests should have a

minimum o©f 3 Jloading-unloading cycles before and 1
loading-unleoading cycle after failing of specimens. The
five cycles beafere and two cycles after the load of
failing were used. All fracture toughness tests were ran

on room temperature (20°C).

The estimated fracture toughness coefficients used values
of displacement ratic - p as follow. For guartzite,
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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 9.25 (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
1:190} is acceptable.

VIII.1.2 Quartzite

For calculation of fracture toughness coefficlents two
cases were used. First when the two chosen lines span the
evaluation peoint and F* iz not leas than 0.98Fn
{specimens Q2L2, Q3L2, (6L2 and Q6-5) ard second when the
two chosen unloading lines do not span the ewvaluation
point and F* 48 less than 0,98Fn (specimens Q11.2, Q4L2,
Q512 and Q6-4).

alOE+ UL -
l.husst} -

B, DOE«1d

Fra G40 -

E IPLUR CER BV R LI SYSeT

JadEedn .

y TLE 4l

TEST Ho

E:.:..____._....I.I.‘_._; T T TR Y TR R
e weIndtle) ¢

Figure VIIT.1

Loading rate, initial tengent, fracture toughness ccefficient
and Young's modulus wvariations of quartzite specihehs
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As can be seel from the figure VIII.1l, the relation is
inverse proportional between lcading rate and initial
tangent, ‘ch is invelve in calculation on Young's
modulus. Higher initial tangent value correspond to lower
loading rate and vice versa, on lower initial tangent
value corrazspond higher loading rate. From there is
coming a difference in calculation of Young’s moedulus,
which using a linear function in its estimating. Fracture
toughness calculations have smaller influence on loading
rate and .al tangent, which can be seen from abcve
mentione are. Consequently, applied loading rate is
acceptable for fracture toughness estimating, but not for
formal Young’s modulus calculation. The fracture
toughness and Young’s modulus variaticn of quartzite
specimens can be seen on Figure VIII.Z.

QUARTTZITE ;

(GFe) f 10

Toungts modulus

ecefficiant (MPaym)

|
- Toung's modulus (GPA)
o AyErage fracture tauqghneas cosfficlent [MPa/m}|
Average Young's modulus (Gea) 4

Figure VIII.Z2
Fracture toughness coefficients and Young's mudulus coppared te

aver.ge va.ses of guartoite specimens
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The average results from Lewvel IT tests {contzins results
from 8 Level II tests) were compared with average results
from Level 1 tests (contains resulis from 4 Level I
tests). The average wvalues are shown in Figure VIII.3.
The applled loads from Level I are 10 to 12 % higher than
those of Level II. This means that the Quartzite as a
rock 1ls more stable on static loading while losing
stabiiity 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 CMOD from Lewel II tests appsared at the
baginning of the tests. In the elastic phase (excluding
initial loading) the differences between LPD and CMOD 1is
within 11 -~ 13 % ({Figure VIII.4}. After this, the
differences increase in the plastic phase to 20 - 25 §.

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 gquartzite 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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Figure VIII.3
Averade displecement results of Level I and Lewvel II tests
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Figure Y¥III.4
Percent displacement of Level II tests
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VIII.1.3 MHorite

For caliculation of fracture toughness coefficients two
cagses were used. First when the two chosen lines span the
evaluation point and F* 1is not less thar 0.98Fp.
(specimens N6L2 and N7-4) and second when the two chosen
unloading lines do not span the evaluation point and F*
iz less than 0,98F,: {specimens NiL2, N3L2, N4L2, NBLZ,
N7LZ and N7-5).

1,20B407 4e e -
1.DUE+NL -

8,00E+00 — R I T -

G ONEHDE § e b I

4. 00E+00
L NOE+ L

C.ONEsD

PEITE No

cw— Loading fate fwmfrec) 2l.E+04
——1Initial tungent {HFfm) ¢ 1,Ex03

——Fractuyre voughnesa (HPasm)

———TYoung's Moduluae (GMa) 4 10

Figure VIII.5
Loading rate, initial tangent, fracture toughness coefficient
and Young?s rnodulus 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 invelve in
calculatien on Young’s modulus, Higher initial tangent
valug cérrespond to lower loading rate and vice versa, on
lower initial tangent value correspond higher loading
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rate. From there is coming a difrference in calculation of
Young’s modulus. Fracture toughness calculations bave
smaller influence on loading rate and initial tangent,
which can be seen frem above mentioned fiqure.
Consequintly, applied loading rate is acceptable Ffor
fracture toughness estimating, but not for formal Young’s
modulus calculation, which gives lover re #'1ts. The
variation of fracture toughness and Younyg’s mcalue
norite specimens can be seen on Figur- Vi~ I.6.

Fractura
teughness

TEST NHo

ceotf Lient fHMPasnd |

©ofvacrure tolthHass Swbfiolent (MFasdm)

Flgure YIIT.G
Eracture toughneas woefficlents and Youny's modulus compared to
average values of norite specimens

The average results from Level IT tests {contains results
from 14 Level IT tests) were compared with the average
rasulits from Level I tests {contains results from seven
Level I tests). The average values are shuwn in Figure
ViII.7. The applied loads from Level 1 are 12 to 15 %
higher from those of Level Il. This means chat the Norite
as a rock is more stable on static loading and loses
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stability wunder fatigue lcading hy about 15 %, The
dlfferences on the CMOD wvalues are higher for this LPD
{Fiqure VIII.8}. The bigjest differences on LPD and CMCW
from lLevel Il tests appeared at the beglnning of the
tests. In elastic s* te (exeluding iniiial loading} the
differences between LPD's are within 0 - 5 % and between
CMODf s are within 1l to -20 % (Flgure VIII.8).

NORITE !

2006 -
Z 1500

g 1000 -

500

0 0.0:5 0. 0ms 0.02 0.025
DISPLACEMENT (own)

" LeD - LEVEL T LED - LEVEL II
!ie wnCMOD - LEVEL I ——CMOD - LEVEL II

Figure YIII.7
Awverage displacement results of Level I apd Level II tasts

After this, the differences increase their wvalues in
plastic state for LPD to 15 - 20 % and CMOD to 60 - 80 %.
From Figure VIII.7 and Figure VIII.8 it can b seen that
LPD maintains the tendency to increase the difference
permanently, but in a very small interval. The CMOD gauge
also increases its differences in the elastic regien from
+80 tn -65 % arnd in the plastic region fr m -65 to -80 %.
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Flgure VIII.B
Percent displacement deviation of Leavel II tests

Fractographic stuldy shows presentation on fracture
processing zone in the tip of the V shape. The crack does
not keep straight direction in a core of norite
specimens. The ¢rack crosses the gralns of quartz at the
time of meeting, without changing the direction of
fracture propagation. The avera~? angle is 75 (mainly
the angle is betwsen 70° and 90°) of the secondary
fracturing in the quartz grains of norite specimens.

VIII.l.4 Sandstone

For calculation of fracture toughness coefficients was
used the case, when the two chosen unleoading lines do not
span thr evaluation point snd F* 1s less than 0.98Fpx.
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Flgure VIII.H9
Loading rate, ini.ial tangeh* fracture toonghness coefficiet .
snd Young' s modulus variations of gandstone specimens

As can be seen from the Iigure VIII.Y, che relation is
proportional between loading rate and initial tangent,
which ig involve in calculztion on Young’s mocdulus.
Higher {1nitlal tangent wvalue corresponds to higher
loading rate. Young’s modulus follows the same tendency.
Fracture toughness calculaticns have smaller influance of
loading rate and initial tanuent, which can be seen from
above mentloned figure. In tests with higher loading rate
and initial tangent, calculated fracture toughness has
lowar wvalue, Applied loading rate is acceptable for
fracture teoughness estimating and for ¥Young’'s modulus
calculation. The wariation of fracture toughness and
Young’s meodulus of sandstone specimens can be seen on
Figure VIII.1O0.
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Figvre VIII.10
Fracture touganiesd ccefficlents amd Youhg's modulus compared to
averaye walues of sandstone specimens

The average results from Level IT tests (contains results
from eight Level II tests) were compared with the average
results from Level I test [contains results 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
% higher then those from of Level TI. This means rhat the
sandstone as rock is more stable on static loading and
loses its stability under fatigue loading by about 18 %.
The differences in the LPD values are higher then those
of CMOD {Figure VIII.1Z). The bigoest differences Metwsen
LED and CMOD of Level I¥ tests appeared at the beginning
of the tests. In the elastic state (execluding initial
leading) the difference of LPD is between -9%5 and -150 %
and CMOD is between 25 - 40 % (Figure VIII.12}. After
this, in the plastic state the differences of LPD tend to
ba a stable, permanant value of about -160 %. The
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different CMOD values decrease their values in plastic
situation from 25 ro 15%.
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Figure VIII.11

Average displacement results of Levsl I and feval Il tests
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Figure VIII.12
Percent displacement deviatiop of Level II tests
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VIII.1.5 Coal

For calculation of fracture toughness coefficients was
used the case, when the two chosen unleading lines do not
span the evaluation point and F* is less than 0.98Fgax.

Ag can be seen frer the Ffiqure VIII.13, the initial
tangent for ceal specimens, which is invelves 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 there Young’'s modulus follows the same tendency
without any significant differences.

2.50E401 . . - .- oo e e e e

2.00B+GL Fo .

1.50E+01 -

1.00E+01 -

5.00E+0D

0.00E+00 —. f i

TEST Wo

R

ol Loading rate im/seci *1vE07 ';
-----Initial tangent {Mfaea} 13 1*E+D-§i
- - Fragtura toughness (MPa/m) <100 ! i

Figure VIII.13
Loading rate, initial tangent, Eracture toughness coefficient
and Young's modulus variations of coal specimens

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. Applled loading rate is acceptable for freoture
toughness estimat.ng and for Young’s medulus calculation.
The varia'ion of fracture toughness and Young's modulus
of sandstone specimens can be seen on Figure VIII.1d.
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i —— Average fracture toughness cogfficient (MPa/m} !
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e e i e A DI S I TI T bl jerty e d i

Figure VITI.14
Fragture toughpess coefficients and Young's modulus comparsd to
average values of sandstons specimens

The average results from the Lewvel II tests {contains
results of 3 Level Il tests) were corpared with the
average results 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 marimum 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 OMOD (Figure VIII.1€). In the
a@lastic region the difference of LPD is between 70 and 10
8 and of CMOD is betwsen 11 to -40 %. In the plastic
region, the differences of LPD and CMOD increased thelr

113




values to about -50 % (LPD) and -160 % {CMOD] .
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Figure VIII.1S
Average displacement results of Lewl I and Level II tests
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Figure VIII.lé
Percent displacement deviation of Level II tests
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VIII.2 Tensile stresas and strength

The applied methodolegy for estimating of tensile stress
and strength of different rock specimens shows
satisfactory results. The differences which were obtained
from Brazilian disk testing showed 1% deviation fozx
guartzite specimens, 8% deviation for norite specimens
and 14% deviation for sandstone specimens. The bigger
deviztion for sandstonz specimens results from the
suggested crack velocity ~ 0.001 m/sec of ISRM for Level
I fracture toughness experiments. The tendency, which can
be seen Jrom tensile stress calrulation, is that with
increasing loading rate the tensile strength also
increases in value for quartzite and norite, which are
brittle rocks (Fig.VIII.1l7).

J——

QUARTZITE AND NORITE

20 o

TENSILE
STRENGTH (MPa)
|l
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LOADING F\TE (mm/sac)

A QUARTZITE )
¥ NOPITE - SERIE 1

! —4—NORITE -~ SERIE 2

Figure VIII.1lV
Tensile strength tendency of investigated Quartzite and Yorite specimens
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Sandstone specimens have a totally different tendency.
With i.creasing loading rate, the tensile strength
decreases. This can be seen on Figure VIIT.18.

e —
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l

Figqure VIII.1iB
Tensile strengkh tendency of investigated Sandstone specimens

The comparizcon of brittle rocks and sandstone specimens
under static and dynamic loading shows that they are more
stable on static loading. Cozl behavicur is different,
Coal specimens are more stable under dynamic loading and
lose stability under static loading. This c¢an be seen
from the load of fail of Level I tests of specimens CiLl
-~ 340 N; C2L1 - 120 N and Level II tests of specimens
ClL2 - 225 N; C2L2 - 200 ¥ and C3L2 - 210 N.

The featurse of the tensile stress is the post peak
behaviour of the tested rock specimens. All tested
specimens show behavicur of decreasing of the resistance
zone with the increase of the leocading rate {Figure VIII.3
and 4). This canr 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 Noriie 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.
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Figure VIII.l1%
Eength of peat peak resisteance zone of Quartzite and Norite specimens
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Figure VIII.Z0
Length of post peak resistance Zome of Sandstone specimens
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VIII.3 J-integral studies

The values of J fcr the three point bending speclmens
were calculated from the expression proposed b
Merkel/Corten that is presently recommended by ASTM, from
ecr-ation oFf Landes/Begley and from aguation cf
Landes/Begley, after Srawley’s correction. J-in ral
results calculated from investigated three kinds of .. <3
(Appendix 5, tables 1-3), shows that in ar elastic
region, where is calculate rracture toughness
coefficient, the equation of Landes/Begley {eg.VI.20,21)
and equation of Merkel/Corten {eq.VI.22) have similar and
higher wvalue, compared te the equation of Landes/Beagley
after Srawley’s correction. ESrawley’s correction is
mostly applicable for brittle isotropi- materials, but
net for rocks. R.A, Schmidt and T.J. Lutz zlso had been
used Merkel/Corten equation for estimating of K and Jic
of Westerly granite [27,281.

The other discussion element in J-integral studies, use
of “hlunting 1line” for estimating of Je I8 not
appllicable for purpcses ¢f rock mechanics. Results, which
ware calculated for estimation on slope of “hlunting
line” shows thaet their values are very high and the lines
are very steep. Without any sericus mistakes they can be
approximate as vertical lines, coincide with the Y axis
of figures VII.14-16.

From figure VIII.21 can ke seen that with increasing of
the crack length in Investigating kind of rocks, the
apparent fracture toughness increases in value and reach
its critical value when the material separaticn begins.

Ao was mentioned in Chapter VI.3 critical value of J-
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integral is in a point from whare begins real materxial
separation in a form of crack. Slepe value that was
calculated from fracture toughness tests for different
kind of rocks best-fit slope lines of quartzite specimen
between Zfourth and fifth cycles, for norite specimen
between fifth and sixth cycles and for sandstone
specimens between first and second cycles. In a previ us
cycles missing real material separation and calculated J
values are not included in Jxc estimated graphs because
they belong to crack tip blunting zonza. This points have
steeper slope ir the graphs of figure VIII.Z1.

Applied methodoleogy can te used when the necessary
results are in term of work done or applied energy.

il9




-

[T B T
i i
3
i

] "J ;
0.00E+0 5.00B- 1.00E- 1.50B- 2,00B- 2,508~
¢ 03 az2 0z 02 0z

factor (HPaYT)

5
g
;

Crack length (m)

fm o m e m s mmEan et en D o e e e e e s e

NORITE

- SRS SN P —

S .

G.00B+ 1.QUF- 2,008~ 3,008~ 4. 008~ 5. 20B- . 00B~
¢ 0z o2 0z 0z 02 424

Crack length {m)

g
M -
E S 1

SANDSTONRE

feator (MEald}
—
[=] [+ Lol wn A

H [
i ESNUN PR S W,

Figure VIII,21

Variation of stress lmtemsity factor according to crack length in
Quartsite, Norite and Sandstone specimens



I¥ CONCLUSIONS

IX.1l Fracture toughness tests

The following coenclusions can be made fr..u the estimated

values of fracture toughness tests.

Calculated wvalue for Mode I fracture toughness
coefficient is Ky = 2.20 MPa/m for Quartzite, Kic =
2.29 MPa/m for Norite, Kp = 0.34 MPa/m for
Sandstone and Ky = 0.14 MPa/m for Coal.

Calculated value for Young's modulus of Quartzite is
E = 4%.6 GPa, for Norite E = 93 GPa, for Sandstone
E = 41 GPa and for Coal E = 2.72 GPa.

The appropriate loading rate for Lewvel I tests feor
Quartz! . e is 0.01 mm/sec, for Norite - (0.0 mm/sec,
for Sandstone - 0.02 mm/sec and for Coal - 0.015
me/sec.

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

The maxzimum loads which were reached from Level I
taests, compared with those from Level 1I tests, for
Quartzite were within 10 - 12 % higher, for Norite
~ within 12 - 1% % higher and for Sandstone within
10 - 15 % higher. This mea - that these rucks are
more brittle under dynamic loading, compared to
static loading.

The maximum loads which were reached from Coal Level
I tests are 45 % lower than those from Lavel I1
tests. This means that Coal is more kbrittle under
static loading, than under dynamic loading.

The Quartzite specimens maintain elasticity for
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Levael I and Level IT tests for about 30 % of the
failure load.

8. The Norite, Sandstone and Coal specimens maintain
elasticity for Level II tests for 45 % from failure
load, and for Level I tests for about 50 % of the
failure load.

9. The differ=ences :n elastic phases for LPD and CMOD
between Level I and lLevel Il tests are within 11 -
1% 8 for Quartzite specimens, and +5 to -5 % for
Norite specimensg.

10. Sandstone specimen differences in elastic phases
between Level I :snd Lewvel II tests for LPD are
within ~i00 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£Hr CMOD 11 to -5 %.

12, The differences in plastic phases for LED and CMOD
betwean Level I and Level IT tests are within 20 -
25 % for Quartzite, -10 to -15% % for Norite, =25 to
=130 % for Sandstone and -b0 % to ~160 § for Coal

spacimens.

IX.2 Fracturing

The following conclusions <¢an be made from the
comparisons of the fracturing on investigated rocks.

1. Quartzite forms sgplit crack 1n the tip of the V
shape. Norite forms fracture process zona.

2, Quartzite maintains the straight directicen of
fracture propagation in contrast to Norite which

fractures in a zig:zag.
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Quartzite forms secondary fracturing with smaller
angles, compared to Norite, occonrring within the
guartz grains.

IX.3 Tensile stress and Tenasile strength

The following conclusions can be made from the estimated

values of tensile gtress and tensile strength on

investligated kind of rocks.

1.

The tensile stress o©f the specimens o., can be

calculated by the following general formula, :

Where P 1s the load {N) and D is the aiameter of the
test specimen (m).

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

The peak resistance =zone alsc depending on the
loading rate, A zone increases its length with
decreasing on loading rate.

The average tensile strength, which is calculated
for Quartzite is 1i.Lv MPa, for Meorite 13.45 MPa,
for Sandstone 5.24 MPa and fo:r Coal {.58 MPa, The
crack wvelocity on fracture toughness tests was
higher then $.001 m/se:.

The average vicld tensile stress which is calculated
for Quartzite is 5 MPa, for Norite 7 MPa, for
Sandstone 2.3 MPa and for Coal 0.32 MPa. The ¢rack
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velocity on fractire toughness tests was higher then
0.001 ©/sec.

I¥ 4 Pafining of Ji¢

The fellowing concluzions can »e made from the
comparisons of the estimaned values of J and the values
of J asg determinea from equation VI.Z20.

1. Most accurately in this iInvestigation was a
variation of the Merkel-Corten technigue given by Eg
VI.2Z for estimating of Jyc from three point bending
specimensa.

2. The stretch zone line J =20 aq, A2 i8 not necessary
for the rock specimens because this line is wvery
steep and in general will absent from a stretch
zone,

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

4. Critical wvalue of J-integral standing between the
cycles where is calculated Kic.

IX.5 J-integral calculations

From the evaluation of load-displacement curves and from
experiments on three different kinds of rock, the
following ronclusions can be drawn for three-point bend
specimens:
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From the diffe.ent eguations for J-integral
determination from Jload-displacement curve, the
reiation of Merkel and Corten vyields the best
results.

Crack extension begins below the J-value determined
with the extrapolation method. This method can be
apnlied cnly for specimens if data points beyvond
maximum lecad are ilucluded in a case when fracture
with material paratlon begins under load nearby
the 1load of Iaillng (for example as Norite
specimens}.

Equation VI.Z7 can be uge for calculation of Kye by
means of Jy with admissible accuracy.
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X RECOMENDATION FOR FUTURE WORK

Future studies on fracture tcoughness of rocks should
consider the elements of bhoth a Ji¢ and Kz approach. Jio
testing appears to be less restrictive of specimen size
and needs less wverificatien due to a mnonlinear stress-
strain behaviour. ¥y measurement, on the other hand,
requires fewer tests to be performed and data reduction
follows & simpler procedure. However, an analysis by
Ernst indicates that a complete J versus crack growth
curve can be determined from & single icad - displacement
record with absolutely no measure of crack length.

One other aspect of rock fracture that needs further
attention is the micro mechanics of crack propagation.
Speculations of micre crack zones need direct
substantiation in ordexr to understand fully the rock
bshaviour. Crack front configurations need to be examined
to understand the effects of plane stress and plane
strain., Perhaps the most Iimportant reason for micre
mechanics models is that guldance 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. Cne
of the problems is the presence of micro cracks in
specimens, as mentioned above. At the present stage, Mode
I fracture toughness testsg don't give a successful
evaluation «f the percentage of cracks in tested
specimens, unlike in ceramics, metals and other
homogeneous materialas. For future investigations thres
peint bending specimens should be combined with three-
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axial compressive stress tests, which 13 possible with
the MTS - testing machine. The three-axial compressive
stress tests must be terminated at predefined stress
levels and then spec! «ns should be tested to determine
the fracture toughness coefficient. Then the rock might
have differant Kye values for different percentages of
micro cracks and different pressures.
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APPENDRIE 1

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

P P
‘- P

_dt L

4.

Notach

n/2 I D/2

N el e el

Notatinong:

a - Crack lenath

a, - Chevron tip distance
D - Specimen diameter

P - Applied load

W - Specimen helght

Schematic presentation of the Singla Edge Nohched
Reund Bar in Bending Short Rod (CB) specimen
{not to scale)

Neotation:

0 - Specimen diameter

-~ Loading span

~ Bpecimen length

Crack length

Applied load

t ~ Notch width

CMOD - Crack mouth opening
displacement

LPD ~ Load point displacement

o
i
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Schematic presentation of the Brazil disk
in diametrical compression (net to scale)

. Notation:
P - fpplied load
B - Specimer. thickness
D - Specimen diameter
a - Half crack length

Schematic presentation of the Radial cracked
r'-yg test (RCRT) {not t¢ =ecale)

Notation:

P - Applied load

a - Half crack length
o - The inner radius
r. — The outer radius




Schematic prasentation of the Modified
ring test (MRT) (not to scale)

Notation:

b - Loading surface width
B - Specimen thickness

r - Tae outar radius

r; — The inner radius

P - Applied load

Schematle presentation of the Single edge cracked
half disk specimen in three point
bending test {not to scale}

Notation:

P - Applied load
1 - Leoading span
a - Crack length

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

Notation:

P - Applizd load

- Crack length

I - Specimen diameter

} - Distance between
axes of disk and
holes

W - Specimen width

w
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APPENDIX 2

Bottom

Side

Chevron Face

-

Parameters of the V shape

D = 53 mm D = 54 mm
AB = AC = 0.68D 36.04 i6.72
AD = 0.35D 19.55 18.90
BC = 0.96D 50.889 51.84
Do = 0;140 1.42 7.56
CD = 0.48D 25.44 25.92
DE = 0.3¢D 19,08 19.44
AD = 0.485D 25.97 26.46
BEC = 1.28D 68.37 62.66
CF = 0.258D 13.25 13.50
AE = 0.85D 45.05 45,90

< BOC = 163.9 deg. or 1.43 rad.
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APPENDIX 3

QUARTZITE

Results from fracture toughness calculations

B=0.053 m; K.-~1.886 MPa/m

Table 1-a
Eq.No QlLZ2 Q2L2 Q3L2 04t2
Loading rate (mm/sec) VI.1 5.98-04 1.1E-03 1.1E-B3 9,.7E-04
Initial tangent s;, (N/m) VI.2 1.01E+05 B, 65E+04 8,95E+04 | 8.95E+04
Slepe value s: (N/m) VI.6 9.64E+04 7.11E+04 €.338+04 | 7.36E+04
Digplacement ratio p (-} vi.® 0.17 0.16 0,18 0.14
Cr leulated 7. (N) N/A 810 W/ N/A 1930
Young's modulus E {(GPa) VI.1l3 5433 46,821 48.52 48.52
En. Rel. Rata G (J/m) VI.15 91.40 107.77 110.19 95.72
[ Frac. Tcugh., K.g (MPaym) VIi.iz Z2.21 2.22 .26 2.13
Teble 1-b
Eq.No Q5L2 geL2 Q26=5 Q6-4
Loading rate (mm/sec) vi.l B.5E-04 6, TE~04 9,3E-04 §79E-00 |
Initial tangent 5, (N/m} vIi.z 2. AZ2E+D4 9.92E+04 9.12E+04 | 8.52E+04
Slope value s- (N/m) VI.é T, HE+04 T.42E+01 8.27E+04 | 7.62E+04
Displacement ratio p (-) vi.9 0.17 0.15 0,17 06.15
Caleulated Fo (N) W/A 1750 N/A N/A 1870
Young®s modulus E (GPa} vI.13 50,81 52.44 49,35 46.30
En. Rel. Rate Gop (J/m) VI.18 95.44 53,20 104.04 107,31
]‘?rac. Tough. Ko (MPaym) | VI.12 3718 2,19 754 2.20
Average fracture toughness coefficient: 2.20 MPavm
Standard Deviation: 0.043
Variance: 0.002
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NORITE

Ragults from fracture toughness calculations

B=0.053 m; K-=1.974 MPa/m

Table 2-a

Eq.No NiL2 N3L2 N4LZ N5L2
Loading rate (mm/sec) vi.1 5.58E-04 4.92E-04 6,298-04 | 4.77E-04
Initial tangent s.. (N/m) V1.2 1.81lE+05 1.92E+05 1.73E+05 | 1.89E+05
Sloupe valug €. (N/m} VI.6 1.49E405 { 1.5BE+0b | 1.42E+05 | 1.53E+05
Displacement ratic p (-, VI.9 | §.20 a.1A8 3.19 5.14
Calculated F. (N) N/a 2199 2114 2348 T Ziuce
Young’s modulus E (GFa) vI.13 9i.9% 87,54 87.9 96,0
Fn. Rel. Rate G - [J/m} Vi.1l5 52.4¢8 50.76 53.4¢6 12,712
Frac. Tough. K . [MPayi} VI.1Z2 I 2.31 2.34 2,28 2.13

Table 2-b

Eg.No Ne&L2 NTL2 NT-5 N7-4
Loading rate (mm/sez) VIi.i 6. 06E~04 5.64E-04 5,24E-04 | 6.72E~04
Initial tangent s.. {N/m} VI.2 1.84E+05 1.19E+05 1.85E+05 | 1.87E+0%
Slope value s (N/m) vi.a 1.57E+05 | 1.47E+05 | 1.41E+(35 1 1,08E+05
Displacement ratio p (-) VIi.9 7.15 0.15 .25 5.17
Calcuiated F. (N} N/A N/A 2210 1875 N/A
Toung' 5 modulus E (GPa) Vi.13 933 50.9 84.0 95.0
En., Rel. Rate G-, {J/m) VI.l5 51.25 46,82 56.31 52.10
Frac. Teugh. K'. (MPaym} VI.12 2,30 2.1% 2.42 2,34
Averaje fracture toughness coefficient: 2,29 MPaym
Standard Deviation: 0.094
Variance: 0.009
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BEANDSTONE

Rezults from fracture toughness calculaticns

B=0.05 ¥.=0,822 MPa/m
Table 3
Egq.No SET4L2 38T5L2 SBTSL2 53TTL2
Loading rate {(mm/sec) VI.1l 4,35-08 4.5E-08 4,7E-08 4,4E-08
Initial tangen.: s:. (N/m) vi.2 7.93E+04 T.EZE+04 | 8.42E+04 | 8,1BE+O4
Slope value s- {N/m) VIi.6 E.TE+04 6. 4E+04 6.9E5+04 6.95+04
Displacement ratio p (=} VI.9 2.1 0.2 0.1 0.1
Calculated F. (N} N/A 282 264 352 318
Young’s modulv= E {GPa) vI.lz 40.26 39.71 £2,75 41.53
En. Rel. Rate G-+ {J/m’} Vi. 1B 3.38 2,14 2.26 2.94
Frac. Tough. K. (MPa/m} Vi.lz 8.38 .30 G.3Z .36
Average fracture toughness coefficient: 0.34 MPa/m
Standard Deviation: 0.037
Variance: 0,801
COAL
Results from EFracture toughness calculations
B=0.054 m; K.=0.152 MPa/m
Table 4
Eg.No C1iLn2 C2L2 Cc3L2 C4L2

Lpading rate (mm/sec) VI.1l T.21E-07 1.99E-06 1.16E~G6 | 9.uBE~07
| fnitial tangent s.. {N/m) 1.2 2.44E+04 2,.56E+04 2,B3E+04 | 2,47E+04
Slope value s- (N/m) “Vi.® 9,35E+03 YLTIE+DS f B 43E+03 | 8,42E+03
Displacement ratic p (-} Vi.a 0.1 6.1 0.1 6.1
Calenlated F. (N} H/A 128 150 145 137
Young’s modulus E (GPa) ¥I.13 Z2.44 3.01 4.85 2.5%
En. Rel. Rate G- {F/my VI.15 1.27% 1.52 1,40 1.49
[ Frac. Tough. X . (MPa/m) 0.134 0.150 G.143 0.146

[ vI,12

Average ‘- noture toughness coefficient:

Standard Deviation:
Variance:
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LPPENDIX 4

Calculation on the moment of inertia

Of intersection

1. Circular segment

P

¢ = 1,43 radians {& < w/2)
r=D/2

. calcilation of the area on circular segment

A F(a-sina.cosa) - (%))3.(1,43-sin I,43.cos1,43) - 0,323.1°

. calculation of the moment of inertia

of
Jyo ;—2 (3a - 3sinercosa - 2sin’ @cosa )

y2

Sy G 73.1,43-3.sinl,43.cosl,43 - 2.gin’ ] 43.cos1,43) 0019

u
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. calculation on the centre of the axis

2 sin’a )- D sin’ 1,43
37 a-sing.cosa’ 3 1,43-sind.43.cosl 43

Ve ™ J=0251.0

Y = Yie - OB = §,251.D - 0,14.D = §,111.D

2. Triangle part

- calculatior of the area

e % @%ﬂ’;ﬂ 0,235

. calculation of the moment of inertia

kb 049D.0.96D )

0,009
T 48 D

. calculation on the centre of the axis
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1,1
Yo ph 30490 01630

3. Defining of the ned.ral axis

o ApY= Aoy 03231F.0,111D-0,235°.0,163D
’ Art A 0,323D°% 0,235

- (NO04D

new “y” coordinates ¢f figures are;

2
=
I3

DE - y*

]

0,36D - (~0,004D} = 0, 364D

il
i

Ca AD + y* 0,49D - (,004D = 0,486D

4d.Calculation of sectional modules

JooJe T OO19pF 000407 00281y

. Compressive atress
0
s, L BB hrn gy
¢, 3647
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Compressive skreusey

i =
c, + M
47 0 ‘\ x
.‘-47 D - Positive bending moment
G
l G
0.15 D
¥
Tensilt stresses
Yy
Figure A.1l

Figures for ealculation of moment of inartia




Tensile strass

Compregsive stres:

_‘EL
Y]

Tenrile stress

M

agr  —
&5

o

0,028y

8y o e - D058
52 . 486D b
. Calculation of stresses
bending moment
M ‘_3;32 0,832.P.1)

083220 I08LP

00771 D

0832.0D)  M54P

0,058 p° n
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B = 0053 m K

APPENDIX 5

QUARTZITE
Values for J-integral calculations {Table 1)

= 2.20 (MPal m); E = 45.83 (GFal); v = 0.20

2 B-1 o 5-2 Q 5-3 Q 5-4 g 5-5 0 max
Cracked Ligament a (m) 8.528-03 9.174E-(3 1.G87E~02 1.571E-02 1.714E-02 1.978E-02
Uncracked Ligament b (mi 3L EZE-DZ 3.586E~02 3.418E-02 2.934E-02 2.791E-02 2.527E-02

a/t 0.24 0.26 0.32 0.53 0.61 0.8

Load {N) 200 700 105¢ 1650 1900 2050
LED (m} 2.38E-06 H.Z5E-06 1.67E-05 2.44E-03 3.96E-95 4.25E-05

fiork Deone (N.mj 3.57E~04 4.48E~03 I.R1E-G2 4.4BE-02 c.1151 0.1990

Fingl Load (N) 1440 100 io0 100 100 100
Fipnai LPD (m) 7.31E-07 1.84E-06 3.61E-04 4.98E-0é 9.32E-0¢ 1.28E-05
B.b 1.82E-33 1.90E-03 1.81E-03 I1.558-03 1.48E-03 1.34E-03

a/w .16 0.17 0.21 0,30 G.32 0,37

o (MPz} 1.53 3.57 5.3% §.42 9,76 19.46

K. iMFal ) 0.285 3.a78 1.108 2.00 2.52 2.92

J. {M/m) - Landes, Beraley 1.37 4,72 21.1¢ e2.40 155.54 297.01
J_ . (N/m)-Landes, Bergley D.26 3.33 17.09 56,11 143,10 285,13
J. iWfmy - Merkel, Cocrten 0.42 5.27 23.28 72.5% 164,22 310,55
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Resuits for J-integral calculaticns (Table 2}

B = 0.053 my K. = 2,29 Mpalfy E = 93,31 GPa; v = 0.31.
N-Z N-3 N-4 N-5-1 N-5 N3L2 N-7
Cracked Ligament(m) {a} 8.91E-03 9,79E-03 1.08E-02 1,34E=~02 2.89E-02 4.448-02 5,04E-02
Tneracked Ligam. mi (b) 4.491E-02 4.33E-02 4.22E-02 3.5;6E—02 1.41E-02 B.5ZE-02 2.65E-03
a/b b.2 89.23 0.2e 0,34 1.20 .19 19.02
Load (I 7E0 1250 1360 1350 150 1250 650
LPD {m) 3.90E-0E 7.20E-06 1.15E-08 1.833E-05 3.55E-05 E.36E~08 9,392E-05
ferk done (N.m) 1.27TE-03 4.14E-03 1.03E-02 2.34E-02 £.6hE-02 a.23E~02 1.21E-01
Final Load (N} 100 100 100 104 100 100 ing
Final LPFD (m} 2.75E~D7 5.94E-D7 9.28E-07 2.12E-9%8 €.90E-045 6. 2E~05 6.9E-05
B.b 2.30E-03 2.30E-03 Z2,20E-03 1.1SE-33 0.70E-03 0.48E-03 0.14E-03
a/w 0.17 0.1% d9.20 0.25 0.54 0.84 0.95%
o (MPa} 3.82 €.38& 3.19 a.6d 8.42 6.38 3.32
K. {MPa¥ml 0.7z 1.2 1.22 z.,22 2,84 2. 87 1.43
J. {8/m) ~Landas,Bergley 1.10 3.0 9.3¢ 62,32 161,43 365.78 1723.57
J-. :: {N/m) -Landes, Bergley 0.78 2,86 7.82 62.32 161,43 365,78 1728.,57
J {N/m! - Herkel, Corten 1.44 4.08 10.4¢ 5g8.16 174.39 379.5¢ 1734.20
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SANDSTOQNE

Values for J - integral calcu.ation

Table 3
B = 0.054 m; K., = 0.39 MPa¥ m7 E = 41.06 GPa; v = 0,24,
5872 3873 S8T-4 S5T-5
Cracked Ligam.{m} (a) 0,0217 ¢.0258 0.0343 G.0455
Uncrack. Ligam. {m} (b} 0.0313 0.0277 0.0187 0.0075
a/b 0.69 .93 1.83 6.G7
Load (W) 450 550 650 750
LPDY (m} 1.58E-05 J.38FE-05 | 4.20E-05 | 5.33E-05
Work done (N.m} 0. 0055 0.0152 00,0231 0,0346
Final Load (N} 100 100 1090 100
Final PLD (m} 4,98E-N6 1.27E=05 | 1,30E~05 | Z,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
G (MPa) 2.30 2.81 3.32 3.83
K. {MPaVm} .67 0,90 1,22 1.62
J. {N/m) - Landes, Bergley 6.32 21,11 16,62 173.87
d-_.. (N/m} - Landes, Bergley 6.32 21,11 46,62 174,87
3 (N/m} - Merkel, Corten T.17 22,25 48,24 176,69

Stress intensity facter iz caliculated on a

basls of equation:

Kr = 1.12x o=z80ORT (ax w}

L Nl

R



APPENDIX 6
lLegend

[ 7] Zone of interest

Main fracture

Featuring of Quartzite spacimen

Figure A-Q-1

Crack initiation of Quartzite
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Figure A-Q-2-a Figure A~Q-2-~b

Figure A-Q-2

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

A-Q-2-a Magnification x 30
A-Q-2-b Magnification x 25
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Filgure I
Crack initiation in the left

Side of the V shape of Quartzite specimen
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Figure Q2
Crack initlation in the right

Side of the V shape of Quartzite specimen
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Figure Q3 Figure D4

30, parallel- grain in a top 45", 90- grain ia a central
left part of the picture. part of the picture.

45" -~ grain in central right 45" - grain in a middle top
part of the picture part of the picture
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Figure Q85

45" - grain in the left
part of the picture
30 - graip in the top right
side of the picture
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Figure Q6

458" ~ crack in the top
part of the picture
90", 45" - ciack in tine central
part of tne picture
45" - crack in a bottom part
of the pictura




Figure Q7 Figure QB
30°,45 - crack in a entral

30°, 45" ~ grain in a left side
part of the picture

of the picture
80,45 - grain in a rigr  side
of the picture
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i Figure QL1 Figure Q12
! 43" - grain ﬁ?i:tsgs part of the 70 - grain in a top part of the
: 35,40 - grain in central part cf Fletare
, ~ 1 , L
; 45 - grain
the picture grain in central part of

the picture
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Figure D13

Figure Qi4

45,90 - grain in a right part 45,90 - grain in a bottom half
of the picture of the picture
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Figure N1

Fracturing in the tip of the v shape
of llorite specimens under polarised light

OF NORITE SPECIMENS

Figure HZ

Fracturing in the tip of the ¥ shape
of Horite specimens under bottom light




t
:

Ly - .
"'%nr“_-!'u alal

Fi NS
Figqure N? Figure N4 Lgure
L \ : . 60" - grain in a center of
20 - grain in a middle top part 80 - grain in a top left part g the picture
of the picture of the picture - . iy
. : R P . R . 1 . BCG , 80" - grain in a tep left
20,40 - grain in a middle part a0’ - grain in a middle right corner of the picture
of the picture side of the pictu.-

80 - graln in a botte.. .eft
half of the picture
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Filgure N5

€0 - grain in top and bottom lefc
part of the picture

90 ,parallel - grain in a right side

of the picture

Figure N7

80,90 - grain in a middle left
part or the picture
9(¢t',parallel - grain in a cencral
part of the picture
B0 - grain in a bottom left part
of the picture
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Figure NB

90" — grain in top half of
the picture
80',parallel - grain in a center
and bottom part of the picture
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Figure N2

86" ~ grain in 2 top half of the picture
parailel - grain in a bottom left side
of the picture
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Figura N10

80, parallel- grain in a bottom left part
of the plcture
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60

Figure Nil

~ grain in & top half =f the picture
- grain in a bottom half of the picture
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Figure Ni12

80" - grain in a middle right of the picture
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FRACTURING OF SANDSTONE SPECIMENS

Figure S2

Figqure 31

Chactic fracture distribution in fracture process zone in the tip of the ¥V shape
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Figure 53 Figure 54

Can be seen shied of cracks from the left Can be seen shied of cracks from the left
to the right side of the picture to the right side of the plcture
with joins betwoen them
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Figure 55 Figure 358

Can be seen shied of cracks from the left Can be ssen shled of cracks from the left
tc the right side of the picture to the right side of the picture with
joins betwee:. them
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