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ABSTRACT

In systems subjected to long-term loading, subcritical cgaaWth is the principal
mechanism causing the time-dependent deformation and failure kd. r8abcritical
crack growth is environmentally-assisted crack growth, wharhallow cracks to grow
over a long period of time at stresses far smaller thanfdikire strength and at tectonic
strain rates. The characteristics of subcritical cracbwtir can be described by a
relationship between the stress intensity factor and the crack velocity.

This study presents the results of studies conducted to validatenstant stress-rate
test for determining subcritical crack growth parametersCimconino sandstone,
compared with the conventional testing method, the double torsion tesestitis of the
constant stress-rate test are in good agreement with thésrewouble torsion test.
More importantly, the stress-rate tests can determine the paraxwveithra much smaller
standard deviation than the double torsion test. Thus the constantatectest seems to
be both a valid and preferred test method for determining theitscddccrack growth
parameters in rocks.

We investigated statistical aspects of the constant satestest. The effects of the
number of tests conducted on the subcritical crack growth parameterexamined and
minimum specimen numbers were determined. The mean and standatwulefidhe
subcritical crack growth parameters were obtained by randsetécting subsets from
the original strength data. In addition, the distribution form of ghbcritical crack

growth parameters and the relation between the paramatefA were determined.
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We extended the constant stress-rate test technique to thaaek Il subcritical
crack growth in rocks. The experimental results of the modeshdllll tests show that
the values of the subcritical crack growth parameters ardasitoi each other. The
subcritical crack growth parametewalue for Coconino sandstone has the range of 34 to
38 and the parametek has the range of 1.02x30o 6.52x1CF m/s. The effect of
confining stress, specimen size, and water saturation on subaritacdd growth under
mode Il loading has also been investigated.

Finally strength parameters for Coconino sandstone were deteriexperimentally,
including tensile strength, uniaxial compressive strength, cohestemal friction angle,
in-plane / our-of-plane shear strength and the fracture toughnessnoodie I, 11, and 1l

loading.
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CHAPTER 1

INTRODUCTION

Rock, one of the most common materials in the Earth’s crust, hasidesgtas both a
construction material and for structures for a long time. Mamt-made or fabricated
engineering materials are relatively homogeneous at maghe macroscopic scale.
However, rock materials differ from most other engineeringenas since they have the
following characteristics; discontinuities, heterogeneity, and anisotigpy [

Discontinuities are planes of weakness within a rock [2]. Discotiigwiary in size
from small fissures to huge faults. The most common discontisute joints, bedding
planes, planes of cleavage and schistosity, fissures and fauksodmeity is a physical
non-uniformity of a material. Rock is highly heterogeneous due toreliffaninerals or
grains, different bonding between minerals, and the existence of pmtenierocracks.
Anisotropy is when the properties of a material depend on thetidime An isotropic
material reacts identically to the same stress appliatiffierent directions, whereas an
anisotropic material such as shale behaves differently to the s&ess applied in
different orientations.

Despite all these problems with rock as an engineering alafieis possible to use
engineering analysis for problems involving rocks. In many casels,can be treated as
an ideal material (i.e. continuity, homogeneity, and isotropy) for ghgoses of

engineering design.
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In rock mechanics, conventional failure criteria such as the kmelvn Coulomb
criterion have been used to describe the failure of structmekgoapredict the failure
conditions of rock. The macroscopic failure criteria have been usedsaxtly in the
design of engineering structures in rocks. In order to take intmatancertainties in the
analysis of structures, a safety factor is employed td line calculated critical facture
stresses. This procedure of design has been successful for thetnuahyres for many
years.

However, in many cases rock failure cannot be adequately reegldy the
conventional failure criteria. For rock materials, once a caau/or discontinuity has
displaced, the state of stress in the vicinity of the ctgchks altered significantly, and
these criteria cannot deal with the fracture process and prtbéiadirection of crack
propagation in rock materials. For these reason, the disciplinaadfife mechanics was

introduced to rock mechanics and has led to the development of rock fracture mechanics.

1.1 Basic concept of fracture mechanics

In linear elastic fracture mechanics (LEFM), the stretensity factoK describes the
magnitude of stresses in the crack tip region, the size and shé#pe crack tip plastic
zone or fracture process zone, and the strain energy for ttlepr@pagation. Since it is
able to correlate the crack propagation and fracture behavior, ¢ge Bitensity factor is
one of the most important parameters in LEFM. From linearieldstory, lrwin [3]

showed that the stresses in the vicinity of a crack tipcan be expressed as follows,
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— (1.1)

where, is a well-defines function of, r and are the cylindrical polar co-ordinates
of a point with respect to the crack tip (Fig. 1.1), & the stress intensity factor. All
stresses haverd’ singularity, i.e., they tend to infinity near the crack tip. &oiinfinite

plate with a central crack with lengla, the stress intensity factor K is

(1.2)

where, is the far-field applied stress.

Fig. 1.1 Stresses at a point ahead of a crack tip.

Equation (1.2) is valid only when a single crack is contained iata pf infinite size.
Usually the specimen is of finite size, and Equation (1.2) mustdpested. A general

form for a modified formulation is

— (1.3)

where,Y (a/W)is the geometrical factor, aMiis the finite specimen width.
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Cracks will propagate when the stress intensity factor reamhexceeds a critical
stress intensity factor.. The quantityK; is termed the fracture toughness and is
considered to be a material property. The fracture toughnesgusnétative expression
of a material resistance to failure when a crack is pre$aetfracture toughness can be
determined experimentally by measuring the fracture stoesslarge plate that contains
a through-thickness crack of known length.

Some particular applications for the fracture toughness of rock are gitf@ows [4]:

1) A parameter for the classification of rock materials.

2) An index of the fragmentation process such as tunnel boring and reodie

blasting.

3) A material property in the modeling of rock fragmentation saghock cutting,

hydraulic fracturing, and the stability analysis of rock structures.

According to the loading configurations, there are three basitife modes of crack
tip deformation, i.e. Mode | (or opening mode), Mode Il (or in-planersigganode) and
Mode III (or out-of-plane shearing mode). The three basic modegaofufe are
schematically shown in Fig. 1.2. Corresponding to the three crackaus, there are
three stress intensity factors known ks K, and Ky,. Also there are three fracture
toughnesseXc, Kic, and Kyc corresponding to the three cracking modes. All three
modes can occur separately or in any combination. A combinatiarydiv@® or more of

the three fracture modes constitutes a mixed mode of loading.
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a) b) <)

Fig. 1.2 The three basic mode of fracture: (a) Mbfgening mode); (b) Mode Il (in-plane sliding d®);
(c) Mode llI (anti-plane shear or tearing mode).

Of the three basic fracture modes, mode | is the most commormaoadtant in
fracture mechanics. However, fracture problems in rock structgués commonly
involve mode I, mode Il and a mixed mode of loading. Even thoughlamass may
be subjected to a pure mode |, mode I, or mode lll loading, due tmthplexity of the
geometry and the random orientation of cracks in rocks, the craekhgiaccurs in
mixed mode. For example, Fig. 1.3 shows a circular crack in antenfnedium under
shear stress. The edge of the x axis of the circular cpaehkt(A) is at the condition of
pure Mode Il. On the other hand, the edge of the y axis of the cialek (point B) is
the condition of pure Mode Ill. The mode Il and Il stress interfaitjors for the circular

crack can be expressed as [5]:

— (1.3)

. (1.4)

where, is a far field shear stressjs Poisson’s ratio, andis the angle measured from

the x-axis.
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L Mode Il
condition

Fig. 1.3 Circular crack in an infinite solid mediwsubject to a far field shear stress.

1.2 Shear fracturing in rock

Rock fracture under shear loading can be observed in the field laaswel the

laboratory test. Shear fracturing requires a high differentiess and such stresses are

commonly observed in deep fault zone or man-made structures includnegpillars,

mine shafts and underground openings.

In strike-slip faults, first an array of en echelon joints system of joints develops

perpendicular to the direction of minimum compressive stress. Téetidim of regional

compressive stress then rotates, causing slip across the jbisjoints grow and

coalesce, and a shear fracture occurs [6-9].
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Experimental studies show that a fault nucleates by locahatien between a few
microcracks and propagates into the unfaulted regions by inducing nemscrack
growth at its tip [10-15]. A cloud of microcracks forms a sheactéire extending along
the plane of shear fracture.

The field observations and the experimental results suggest thshehe fracture
forms through the interaction and coalescence of microcracks whercaheentration
reaches some critical level [14,15]. Even though the growth of sheeks is a complex
process that usually involves the growth of tensile microcracks, modeck growth

alone cannot adequately describe the phenomenon of shear crack growth in rocks.

1.3 Crack growth in brittle rock

Rocks are a heterogeneous mixture of various solid minerals, g, pores, and
cracks. Microstructure interactions such as crack initiapoopagation, and coalescence
underlie the macroscopic mechanical behavior of rocks. Usualtk gr@wth in rocks
can be classified into two types; one is a stress-inducekl graath and the other is an
environmental-assisted crack growth. Under an applied load, micros&iuéeatures
such as voids, pores, and cracks act as local stress concentriagéolscal initiation of
microcracks occurs at these defects due to mismatches tic @asperties [16]. With
increased loading, more and more microcracks activate andngxisticrocracks
continue to grow. When the size and the number of microcrakcs reaitica point, the

interaction between microcracks leads to crack coalesc&hea.crack propagation and
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localization result in final macroscopic failure. Fig. 1.4 showseseohematic examples

of microcrack initiation mechanisms under an applied load [17].

. \v/

N

—
T

-

Fig. 1.4 Schematic examples of microcrak initiatnachanisms under an applied load [17]: (a) miecicr
growth from flaws within mineral grains; (b) wedgiof one grain between neighbors with grain boupdar
sliding; (c) lateral extension of soft grain proe®track growth in adjacent stiff grain; (d) slfpreclined
flaw induces wing cracks.
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The environmentally-assisted crack growth takes place over éoiogle of time and
the crack velocity is very slow. This phenomenon is called sutadricrack growth. It
has been found experimentally that cracks can propagate slovayvalue of stress
intensity factor that may be lower than the critical valugeological materials, due to
processes such as stress corrosion or other chemical reiactioe environment [18].
Subcritical crack growth must be considered for the time-depenoemavior of

structures in rocks.

1.4 Subcritical crack growth

In the classical fracture mechanics, cracks will propaghen the stress intensity
factor reaches or exceeds a critical stress intenadioif, K.. In systems subjected to
long-term loading, however, the classical fracture mechanics appdizes not work,
and crack growth can occur at a value of stress intenstiyr fdat may be substantially
lower than the critical value. This phenomenon is known as subcitiaek growth.
Several possible mechanisms have been suggested for subcrdidalgrowth. These
mechanisms are stress corrosion, dissolution, diffusion, ion change,ienoglasticity
[18, 19]. All of these are influenced by the chemical effects of pore water in rocks

It is believed that stress corrosion is the main mechanismbafitical crack growth
in rocks. The reaction between strained bonds and the environmenttlpagguces a
weakened state which can then be broken at lower stresses thaiwtekened bonds

[18]. For silicate rocks, the hydrolysis of strong Si-O bonds produeakened hydrogen
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bonded hydroxyl groups linking the silicon atoms [20-23]. This procedsssribed by
the following chemical reaction.
H-O-H +[ Si-O-Si] 2[ Si-OH]

Fig. 1.5 shows the schematic crack velocity/normalized stresssity factor diagram
for subcritical crack growth in rock [18,19]. The transition fromioadl to region 2 and
from region 2 to region 3 for rocks are more rounded than in oth&rialg, such as
glasses and ceramics. In region 1, the intervaK@.2 K 0.8K,, the velocity of crack
growth is controlled by the rate of stress corrosion reactmesack tips [18,19,24]. In
region 2, the velocity of crack is controlled by the rate afigport of reactive species to
crack tips. Region 2 behavior is observed in some glasses andosebainis rarely seen
in rocks [18,19,25]. In region 3, crack growth is mainly controlled byhaweical rupture
and is relatively insensitive to the chemical environment.

Subcritical crack growth can be expressed by the empirical dawerelationship

[26-28]:

A (1.5)
&

where,v is the crack velocityA*, A, andn are the subcritical crack growth parameters,
and K; is the stress intensity factor (where= 1, I, or lll according to the loading
configuration), andKic is the fracture toughness. Sometimesis also called the

subcritical crack growth index [18].



37

Ke

log K/K,

Fig. 1.5 Schematic crack velocity/normalized striegsnsity factor diagram for subcritical crack gt in
rocks.K, is the stress corrosion limit [19].

The subcritical crack growth parametedsand n can be estimated from the
experimental relation between the crack velocity and thesstregensity factor. One of
the popular tests in determining the subcritical critical crgrkvth parameters is the
Double Torsion (DT) test [19,29,30].

However, the DT test has some limitations. First it only caagpdied to mode |
loading. Second, it does not always produce a unique K-v relation foea gaterial
and environment; the subcritical crack growth parameters sonsetiarg in each test.
Because of these reasons, alternative test methods haveulggessted and a constant
stress rate method is one of them. In this research, mostaringps have been tested by

a constant stress-rate method.
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1.5 Examples of subcritical crack growth failure

1.5.1 Swimming pool roof collapse

In 1985, 12 people were killed in Uster, Switzerland when the concetef a
swimming pool collapsed only after thirteen years of use. The rasf supported by
stainless steel rods in tension, which failed due to subcritiegk ogrowth [31]. The
Federal Materials Testing Institute, based in Duebendorf, &atrd, and the Federal
Materials Research and Testing Institute of Berlin concludedthigatollapse was the

result of chloride-induced stress corrosion cracking as illustrated in 6ig. 1.

#1100

Fig. 1.6 Subcritical crack growth on stainless Istepporting rods [31].
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1.5.2 Concrete flaking in a Shinkansen tunnel

On June 27th, 1999, the concrete mass in the Fukuoka tunnel between Kokura and
Hakata in the JR Sanyo Shinkansen line directly hit the Hikank&nsen train running
in the tunnel, and the roof of railroad car and part of the pantograph were dagjged [

The cause of the accident of the Fukuoka tunnel was a discontinuousnptaee
concrete. The crack was generated on the inside of the candie¢ crack then
propagated by water leak, temperature change, train vibratiansower time, and it

finally fell because of the dead weight (Fig.1.7).

Fig. 1.7 Kitakyushu tunnel flaking site [32].

1.5.3 Randa rockslide
The 1991 Randa rockslide in the Swiss Alps involved the failurppsbaimately 30
million cubic meters of massive crystalline rock in two maagss: the first one on April

18, and the second one on May 9. (Fig.1.8) [33]. Failure occurred aloagsiet
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shallow dipping stress-relief joints parallel to the surface.lysm of climatic and
regional seismic data showed that there were no clear fingiseof a trigging event.
However, subcritical crack growth (i.e. through rainfall, snow mell &eeze-thaw
cycling events) related to brittle strength degradation aogressive failure were likely

contributing factors that brought the slope to failure [33].

1750

oy

3 current wpography
vl
2
topography before
200 m rockslide >

1500

Fig. 1.8 1991 Randa rockslide [33].

1.6 Research scope and objectives

As mentioned in the previous section, the DT test cannot be appliestiéolhor I
loading. However, in the real world, subcritical crack growth occuronigtin mode |
loading, but also in mode Il and mode Il loading. Thus, in order to overdbe
limitation of the DT test, an alternative method, the constantsstede test was
employed. The constant stress-rate test has been establisteterimine the mode |
subcritical crack growth parameters for ceramic materidése, we have extended this

test methodology to rocks and to mode Il and Ill loading for the tfitee. The results
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obtained from this research will improve our capabilities fodjgteng time-dependent
failure in rocks.

As a test material, Coconino sandstone has been used. Coconino sasdstome
over large areas in the Colorado Plateau including northern ArizonhyesttColorado,
Nevada, and Utah. It is a relatively uniform and fine-grained samelstith light yellow
minerals.

The research objectives of this dissertation are summarized as below.

1) Verification of the constant stress-rate test as a valid subcat@elk growth test.

2) Experimental determination of the subcritical crack growth paemrmainder

modes I, Il and 1l loading.

3) Investigation of the effect of confining stress, specimen sizewatel saturation

on the subcritical crack growth parameters.

4) Characterizing the failure of Coconino sandstone under modes [, II, Bnd Il

loading.

1.7 Dissertation outline

This dissertation consists of seven chapters. Chapters 3, 4, 5, and 6emaweitben
with the intention of direct journal submission. Thus these chapteyshanze some
repetitious sections.

Chapter 1 provides a brief overview of the dissertation topic incluziogground,

research objectives and an outline of the dissertation. Chapter bdesbe laboratory
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experiments for the subcritical crack growth test. The emymsrial processes and the
results of testing are presented. Chapter 3 gives details odetkemination of the
subcritical crack growth parameters under mode | loading usingotistant stress-rate
test. A variety of mode | fracture mechanics tests and conventimclaimechanics tests
are performed to determine the parameters. We also checkedlithty of the constant
stress-rate test by comparing with the results of theeBf & common subcritical crack
growth test. In chapter 4 some statistical aspects of dhetant stress-rate test are
presented. The effects of the number of specimens on the subaickl growth
parameters are investigated. The mean and standard deviation safbitrdical crack
growth parameterA are obtained by randomly selecting subsets of the data. The
distribution form of the subcritical crack growth parameters hadélation between the
parameterst andA are determined. Finally, Weibull statistics are appliechéoftacture
strength data to describe the variability of the fractuength and the subcritical crack
growth parameters. Chapter 5 gives the subcritical cramktlyrparameters under modes
Il and 1l loading. The constant stress-rate test is extenolenodes Il and Il loading.
Also the effects of confining stress, specimen size and watigrason on the subcritical
crack growth parameters are investigated. Chapter 6 desthbésmcture characteristic
of Coconino sandstone. Fracture toughness values under modes |, I, laaditig and
strength are presented. The effects of loading rate, confitmegssand specimen size are
also investigated. Chapter 7 presents a summary of the restilts tdsearch and future

research recommendations.
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CHAPTER 2

LABORATORY EXPERIMENT

2.1 Introduction

In this chapter, the mechanical properties of Coconino sandstoetarmined and
all of the procedures and results of the experiments arenpedsén order to obtain the
standard mechanical properties, uniaixal compression testsaltr@ipression tests,
and Brazilian tests were performed.

Subcritical crack growth parameters were determined fronddhbble torsion test.
Also the subcritical crack growth parameters were determinagd asconstant stress-rate
test. The constant stress-rate test does not require the nmeasucd a crack velocity or
a crack length. The constant stress-rate test uses dtiemddetween the fracture strength
and applied stress rate. The constant stress-rate testdigaggdarly to test ceramic
materials [34]. The advantages of this test are 1) standard ratianies test specimens
can be utilized and 2) it can be applied not only to mode | loadingdmtamode Il and
mode Il loading as well [28].

For mode | loading, Brazilian, three point bending, grooved disk esatlgle notched
bending, and compact tension tests were carried out. For mode ligpatiort beam
compression, single shear, and double shear geometries were useddédH hoading,
punch through mode Ill, and circumferential notched round bar in modeolthejeies

were used.
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The bedding plane direction affects the strength of the sandstoa#,sp@cimens
were prepared so that the crack propagation direction is perpeardiouthe bedding
planes.

All specimens were oven-dried at 40°C for at least 24 hours. tA#ierthe specimens
were placed in a desiccator to reduce the exposure to humidityeimit until the

specimens were tested. The testing room maintained a relative humidityaed5%.

2.2 Mechanical properties of tested material

The rock type used in this research is Coconino sandstone from goearnédagstaff,
Arizona. Coconino sandstone occurs widely in the Colorado Plateau mglndithern
Arizona, northwest Colorado, Nevada, and Utah. It is present in the @amgbn,
where it is visible as a prominent white cliff forming lay#ris relatively uniform and
fine-grained sandstone with light yellow minerals.

The standard mechanical properties of Coconino sandstone wereinkdesspart of
this study. The following tests were performed for Coconino sanedstuniaxial

compression test, triaxial compression test and the Brazilian disc test
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2.2.1 Uniaxial compression test

Uniaxial compression tests were performed on cylindrical siess having a height
to diameter ratio of 2.5-3.0 without any lateral confinement [35]. T@ssis intended to
determine unconfined compressive strength (UCS), Young's modulten(EPoisson’s
ratio (). Two electrical resistance strain gauges were attachetheorspecimen to
measure axial strain and circumferential strain.

A constant displacement rate of 0.4572 mm/min (equivalent of 0.558 MPa@eC
employed and the specimens failed at around 3 minutes. The testsomelucted using
the SBEL CT-500 (max. capacity of 2,224 kN (500,000 Ibs)) loading machine.
measurements were stored on a computer through a data acqueggtem. Fig. 2.1
shows stress-strain curves of Coconino sandstone. Poisson’s rabe calculated from

the following equation [35].

()* - _,(__* - _'!*

()* s _/**_( L% _ T (21)

The unconfined compressive strength (UCS), Young’'s modulus (E), @esoR’s ratio

() are listed in Table 2.1.

Table 2.1 Results of uniaxial compression testfoconino sandstone.

Specimen No. Dimensi_ons UCS E
D x H (in) [MPa] [GPa]
UCS01 2.003%x4.919 115.92 23.21 0.335
UCS02 2.003x%4.965 120.09 25.37 0.379
Average 118.01 24.29 0.357

Al
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Fig. 2.1 Stress-strain curves of Coconino sandstone

2.2.2 Triaxial compression test

In the triaxial compression test, a cylindrical speciméwaided axially to failure at a
constant confining pressure [35]. The triaxial compression testndets the strength
envelope, Coulomb failure criterion parameters (internal frictighegh and cohesion C),
and Hoek-Brown failure criterion parameters (unconfined compressivetsttd6g, and
m;).

Confining pressure were generated by an ENERPAC P80 (max. gapfaté MPa

(20,000 psi)) hand pump.
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The axial load and the confining pressure were increased sinouiséynand in such a
way that axial stress and confining pressure be approximatphal,euntil the
predetermined test level for the confining pressure was reathed.the axial load was
increased at a constant displacement rate of 0.4572 mm/min (equiohlénb58
MPa/sec) until the specimen failed. The tests were conduciegl the SBEL CT-500
loading machine. A total of 6 different confining pressure values @&, 20, 20, and 30
MPa) ware employed. Fig. 2.2 shows the strength envelope. The cgrgm@issures and

the corresponding strength values for the different specimens are plotted in Fig. 2.2.

400

Coulomb failure criterion

----- Hoek-Brown failrue criterion

320

240

Axial stress [MPa]

0 6 12 18 24 30
Confining pressure [MPa]

Fig. 2.2 Strength envelope for Coconino sandstone.
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Coulomb failure criterion parameters can be calculated fromotlosving equation

[35].

0 1214 5——+— (2.2)

where, m is gradient (tangent of the inclination) of a strdighhe in Fig.2.2 and b is its
y axis intercept.

Hoek-Brown failure criterion parameters are calculated usifiggare RocLab v1.0
developed by Rocscience Inc. [36]. Fig. 2.2 also shows the gtrengtlope from the
RocLab v1.0. Coulomb failure criterion parameters and Hoek-Browardaitriterion

parameters are listed in Table 2.3.

2.2.3 Brazilian disc test
The Brazilian disc test consists of placing a disc or cylinoferock under

compression across a diameter. The tensile stress can be computed froatitme[3&]

6
—5 (2.3)

where, P is applied load, d is diameter, L is axial length ofdst or disc, and T is
tensile stress.

A total of 6 specimens were tested and the results are instBable 2.2. Brazilian
tests were conducted using the VERSA-TESTER AP-1000 (max. camdc267 kN
(60,000 Ibs)) loading frame. Finally overall mechanical properti€oabnino sandstone

are summarized in Table 2.3.
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Specimen No. Dimens?ons Load P Tensile strength J
D x L (in) [Ib] [psi] [MPa]
BRO1 2.043x0.825 2590 978.27 6.74
BRO2 2.030x0.819 2470 945.80 6.52
BRO3 2.043x0.826 2320 875.22 6.03
BR0O4 2.030x0.761 1900 782.98 5.40
BRO5 2.030x0.865 2250 815.74 5.62
BRO6 2.030x0.738 2710 1151.59 7.97
Average 924.93 6.38
Table 2.3 Mechanical properties of Coconino sanmasto
UCS[MPa]| E [GPa] 0-°] C [MPa] m To[MPa]
118.01 24.29 0.357 50.6 22.7 25.12 6.38

2.3 Double torsion test

The double torsion test was introduced in the late 1960s [37,38] and smaehihe

been popular due to its simple loading system and configuratidmeafgecimen, easy

pre-cracking, and independence of the stress intensity factmack length. The double

torsion test has been extensively used to evaluate the relatioaebesitress intensity

factor and crack velocity during subcritical crack growth. Irs tlast, a flat and thin

specimen is placed on four ball bearings and the load is applied gpecimen through

two ball bearings. The crack will propagate along the side grdaeeto tensile stress

from the four-point bending.
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Fig. 2.3 illustrates the basic geometry of the experimentap,sahd Fig. 2.4 is a

picture of a double-torsion test specimen and loading fixture.

P2

l

O

P/2 P/2

Fig. 2.3 Basic geometry of the experimental setupdbuble torsion test.

Depending on the loading conditions, there are three techniques for cogdbeti
double torsion test: the constant displacement rate technique [39prik&rt load (a
dead-weight load) technique [38], and the relaxation (constant disgatetachnique
[39].

Only a single value of crack velocity is obtained from the eohstisplacement rate
and the constant load methods in a single experiment run. But thati@amethod
allows many values of crack velocity to be determined imgles experiment run. Thus,

the relaxation method was employed in this study.
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Fig. 2.4 Example of loading fixture and test speminfor the DT test.

2.3.1. Crack velocity
It has been found experimentally that the compli&ghelinearly related to the crack

length,a, in the following relation [39,40]:

9
4 5 / 9 6 (2.4)

where,P is the applied load, is the displacement of the loading points, endndn are
constants that depend on the elastic modulus and the dimensions of the material.

Differentiation of Equation (2.4) with respect to timeagives:

79 % 7
= 2 6 = 25
= = 16 = (2.5)

In the relaxation technique, the displacement is constaht/dt€0). Rearranging

Equation (2.5) gives:
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7 / 76
o ]

— v 2.6
7- 16 7- (26

Also, at constant displacement Equation (2.4) can be written as
/ 6 / 6 / . 6 (2.7)

where, the subscript' ‘and ' denote the initial and final loads and crack length.
The crack growth velocityw£da/df) can be derived by substituting Equation (2.7) into

Equation (2.6).

(2.8)

|
A
I
I|I
|
N
1
|

For the case of large crack length or high modulus materfal (¢ @/ ), Equation (2.8)

reduces to

Several corrections for crack velocity due to the crack frantature have been
proposed [39,41-44]. During crack propagation, it was observed that theestackied
further along the lower face than the upper face. Evans [39] proposedlltveing

correction for the crack velocity due to the crack profile.

RN (2.10)
6 7-
where,A B@CB: D : , B is the thickness of the specimen, and is the

difference in crack lengths between the two faces (Fig. 2.5).
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Fig. 2.5 Schematic illustration of the crack fr¢3@].

Experiments on glass and quartz give a correction fadpproximately equal to 0.2
[23,40]. The measurement of crack length in the upper face wasullliffor the
sandstone specimens, s& 0.2 was assumed in this study.

Equation (2.10) shows that the crack velocity can be obtained from theo$ltyze
load relaxation curve at a given time, plus initial crack lemgtfinal crack length and
the corresponding load. Since there is measurement scatterloatheelaxation curve,
raw data are smoothed by a curve fitting technique [45]. In thdysa power law
function was employed to fit the relaxation data.

6 - EOOF sl (2.11)
where, a, b, ¢, d, e, f are constants determined by a liegegssion and b, d, f are

negative.

Fig. 2.6 shows a typical load relaxation curve with raw data and the curveirfited |
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Fig. 2.6 Typical load—time curve for subcriticahck growth test using a load relaxation method.

2.3.2 Stress intensity factor
Williams and Evans [40] have shown that the torsional strdor, the double torsion

test is given by the following expression:

G— G-
H BIK

(2.12)

where, W, is moment armT is torstional moment (/2)W,), W is specimen widthB is
specimen thickness, aflis shear modulus of the material.
Equation (2.12) can be rearranged to give the expression for theiaurapof

specimen.

L

To

(2.13)

4G=G

ol O
<

B°K
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In linear fracture mechanics, strain energy release Maie related to the specimen

compliance.

N 6—'0/;—,‘,1' (2.14)

where, A is the area of the crackEm). Therefore Equation (2.14) can be given as:

6 74

R 2.15
57 (2.15)

Differentiating Equation (2.13) with respecta@nd substituting in Equation (2.15) gives

L6' |

N G — 2.16
B)BgK ( )

The stress intensity factor, K, is relatedvtby
CNV (2.17)

where,E’ is effective Young's modulu€’=E for plane stress arff=E/(1- ) for plane

strain. So, the stress intensity factor is

L
p e (% -l 2.18
6 K BB, ) (2.18)
L
3N *o-- 2.19

The stress intensity factor is a function of applied load, spedilineensions, and

Poisson’s ratio and is independent of crack length.
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2.3.3 Size requirement

The double torsion specimen has to satisfy certain size reguit€to obtain a valid
stress intensity factor. Atkinson [46] determined that fradibmghness is independent of
specimen dimension when the specimen widitlhs 12 times greater than the specimen
thicknessB. Pletka et al. [47] recommended that the specimen ldngttould be greater
than twice the value diN. Thus, the size of the double torsion specimen should satisfy
[40]

BQ Q8¢ (2.20)

The double torsion specimen dimensions used in this study are 6323.5nm) (vide

(W) x 152.4 mm (6 in) long (L) x 5.08 mm (0.2 in) thickness (B) dreé¢ dimensions

satisfy the size requirement.

2.3.4 Experimental procedure

The double torsion test used in this study consists of three :stagesracking,
subcritical crack growth, and determination of fracture toughness.

All of the surfaces of the specimen were ground using a KENY &&S-1020AH 2
axis auto surface grinder. A rectangular guide groove withdéhvaf 4.5 mm (0.18 in)
and a depth of 1.7 mm (0.067 in), which is approximately one-third of specimen
thickness, was cut with an overhead wheel saw (MK-5005T BLK Sdwang the
specimen length. An initial notch with a thickness of 1.7 mm (0.067nid)aalength of
25.4 mm (1 in) was cut with a diamond wheel wet saw (PlaspluggVB®8US) along

the line of the axial groove.
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Pre-cracking was achieved under displacement control witadinp rate of 0.254
mm/min. The VERSA-TESTER AP-1000 loading frame was used for the eléatsion
test. The initiation of the pre-crack can be detected frommpml rslope change in load-
displacement curve.

In the relaxation technique, a pre-cracked specimen is loagéatlyréo a pre-

determined loading,;Rabout 90% of the expected fracture load). Then, the crosshead of

the testing machine was held at fixed position and the load all@nsketty as a result of
subcritical crack growth for 45 minutes. When the relaxation test ampleted, the
final crack length (@ was measured.

Following this, the fracture toughness was determined using aldadimg rate in
order to minimize environmental effects. ISRM suggests thatréaghould occur within
10 seconds [4]. In this study, a loading rate of 0.041kNA&S T+U6 7/ @) was
employed and failure occurred within 4 seconds. Fracture touglcaesbe obtained
from Equation (2.17). Equation (2.17) does not require a crack length, buiamrpt&]
showed that stress intensity factor was independent of thk lenagth when the crack

length satisfied the following condition:

STT VWV X SITY (2.22)
After the relaxation test, the crack length measured inftility sanged from 50.8 mm to
63.5 mm and thus the crack length satisfied the restriction. Figh@wssa typical load-
time curve for the fracture toughness test. As it can be seenthe graph, when the
crack is propagate, there is a rapid slope change in the foad:ztirve. When the load

reaches its maximum.R, the crack length is out of the valid range. Therefore, ract
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toughness was obtained using the critical loag, When the crack just begins to

propagate.

160

+

$ %& \ /

120

80

Load(N)

40

0 1 2 3 4
Time(sec)

Fig. 2.7 Typical load-time curve for fracture tomnglss test.

2.3.5 Experimental results

The subcritical crack growth parametersand A can be obtained from the K-V
diagram. If we assume that subcritical crack growth is gaeeby the Charles power
law (Equation (1.5)), then the subcritical crack parametsithe slope of a K-V diagram
plotted on a log-log scale. The parametas related to the Y intercept of a K-V diagram
and is equal toSZ* 3N A total of 12 specimens were tested. The specimen
dimensions, values of the fracture toughness and the subcriacél gmowth parameters

are listed in Table 2.4. Fig. 2.8 shows overall results of the 12 DT tests.
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Table 2.4 Specimen dimensions, fracture toughnesshee subcritical crack growth parameters for
Coconino sandstone.

Specimen Dimensions Kic 0 A
No. L (in) W (in) B (in) B, (in) | (MPa m) (m/s)
DTO1 6.010 2.510 0.204 0.131 0.728 21 3.22E104

DTO2 6.012 2.508 0.204 0.143 0.61% 52 1.45EPO

DTO4 6.021 2.512 0.204 0.124 0.633 52 4.57E701

)
3

DTOS 6.011 2.512 0.204 0.133 0.629 36 3.96E-02
}
p

DTO8 6.020 2.508 0.204 0.135 0.694 35 1.04E:01
DT10 6.010 2.495 0.202 0.132 0.692 23 1.32E104
DT11 5.998 2.507 0.202 0.132 0.58( 31 1.21E402

4 1.19E403

DT13 6.019 2.508 0.202 0.139 0.733 28 7.48E403

)

DT12 5.996 2.507 0.203 0.140 0.758 22
3
p

DT16 6.015 2.507 0.202 0.142 0.612 21 1.15E104

DT17 6.001 2.508 0.201 0.146 0.843 42 2.20E{04

DT18 6.020 2.507 0.201 0.146 0.714 29 2.94E403
Average 0.686 33 1.73E-01L

STD 0.075 11 4.23E-01

The average values of the subcritical crack growth paranmeserdA listed in Table
2.4 are the arithmetic mean of thendA columns, respectively. But the parameias
biased against “true” representative value since the parametarve a skew distribution.
Also, the two parametersandA are not independent but related each other. As it can be
known from Table 2.4, the parametér increases with the parametar Thus, a
representativéd value is obtained from the least squares method using the average
value. The corrected parameteis 6.71x10 m/s with the average absolute deviation of
1.71x10" m/s. The solid line in Fig. 2.19 is the corrected representatiVeclrve from
the test results using the arithmetic mean of the paramedad theA value obtained

from the least squares method.
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2.4 Constant stress-rate test

In general, the strength of a material increases witkasuorg applied stress rate. The
constant stress-rate test uses this principle to relateatttare strength and applied stress

rate.

2.4.1 The relation between fracture strength and stress rate
In the next two sub-sections, equations are derived for detegntimensubcritical
crack growth parameters from a series of applied stréssests. As is shown, the same

equation can be derived assuming either time or stress integration.

2.4.1.1 Derivation of constant stress-rate test equation using cnagth land time
integration
The generalized expression of the stress intensity factor andaiform remote

applied stress is:

(2.22)
where,Y is a geometry factor related to the crack geometiy,an applied stress, aad
is a crack length.

Substituting Equation (2.22) into Equation (1.5), we get

AR MR (2.23)
7' & &

By separation of variables, Equation (2.23) can be rearranged as:
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" $
1567 — %7 (2.24)
&
This can be integrated as:
Cg v $ [
b 1%¢7 —b -3%7- (2.25)
Ce & f

where,g; = initial crack lengthas = final crack length, and t is time.

Solving Equation (2.25), we get

118 ;18 s [ (2.26)

Fracture toughness in an inert environment and a corrosive enviroraneng expressed

as:
& C (2.27)

& .C . (2.28)
where, ; is inert strength, determined in an inert condition whereby no sichterack
growth occurs, and; is fracture stress in a corrosive environment.

The inert strength can be obtained by using very fast test oatasing an inert
environment (such as vacuum or oil). In our study, the inert strengthdetasmined
from the test conducted at the fastest loading rate of all the tests conducted

Rearranging Equations (2.27) and (2.28) with respect to crack length, we get

g & (2.29)
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g&: (2.30)

Substituting Equations (2.29) and (2.30) into Equation (2.26), we obtain

51(5& $1; _ _ [
5 s=9 " h b -3 (2.31)
& f
and it reduces to:
;& $1; $1; [ $
#g ' : 'h b - ¥7- (232)

For the constant stress rate test, R-, and Equation (2.32) becomes

& $1; $1; $ [$
97 >oh b -¥7- -~
f

I RS

=3 o $i2 (2.33)
<ﬁ= ++++++++H+H+
$i2 g2
and
& , .81 ,
_ $1; 9 a — Si212 (2.34)

It is assumed that .@ *% j  since n is large for most rocks. So Equation (2.34)

reduces to:
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sz & $1; (2.35)

Now taking the logarithm for both sides of Equation (2.35) yields:

(k . ——(k (k2 $1iq (2.36)
Rewriting Equation (2.36) gives

(k . ——(k (K (2.37)

where:

(K (k° & $1i g (2.38)

2.4.1.2 Derivation of constant stress-rate test equation using cnagth land stress
integration

The crack velocity, is given by

, Lo (2.39)
- 7 7- 7
Rearranging Equation (2.39) gives
75T (2.40)

Substituting Equation (1.5) into Equation (2.40), we get

[ (2.41)

&

Substituting Equation (2.22) into Equation (2.41), we obtain
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% a®
7 —— = 7
o 5o (2.42)
a
&
Rearranging Equation (2.42) gives
$ .3
57— N7 (2.43)
Integrating Equation (2.43) gives
_ _ % 118 ;18
g ::Bl 2 ﬁ| Zh s : a
(2.44)
$ 18 R S
& -
o $R "N 3L, "
<—= ;
n q

where, ,=stress at initial condition.
We assume that the initial stress is zero and the quant@y * @ very rapidly

becomes much larger than unity simcis generally a large number; then Equation (2.44)

reduces to:

$
$i 2 &
1 $1; (2.45)

From Equation (2.29)

=T 51 (2.46)

Substituting Equation (2.46) into Equation (2.45) gives
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si 2 & s1; (2.47)

This is the same as Equation (2.35).

2.4.2 Determination of subcritical crack growth parameters

The subcritical crack growth parameters can be determined wWiikaa regression
analysis based on Equation (2.36) when log (fracture stress) isl@steefunction of log
(stress rate).

The slope of the linear regression line is calculated as follows [34]:

vazg(k (k h uvwz(k uvwz(k

: (2.48)
uv, (k u¥,, (k
where, is slope, an& is total number of specimens.
The parameten is:
— (2.49)
t
The intercept of the linear regression line is as follows [34]:
uto(k u¥,(k -+ uY,(k (k uY,(k
w2 ( WZV( . WZV( ( w2 ( (2.50)
ut, (k= u,(k
where, is intercept.
The parameter® andA are:
(2.51)
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;& $1;
SE2y (2.52)

The standard deviation of the slopend of the subcritical crack growth parametes

[34]:
uv ., t(k X k =
21, P 2 ( _ V( _ (2.53)
U2 (k ' u W2( K
zl 4 Ztl—{ (2.54)
where:

SD = standard deviation of the slopgand
SDh, = standard deviation of the subcritical crack growth parameter

The standard deviation of the intercepnd of the subcritical crack growth paraméder

is [34]:
uv ., t(k X k uV k =
7| , = w2 ( . ( . VW2 ( - (2'55)
| U2 (k ' u W2( K }
zl LS| gzl yh SY (2.56)
where:

SD = standard deviation of the interceptand

SDb = standard deviation of the subcritical crack growth parameter D.
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2.4.3 Advantage and disadvantage of constant stress-rate test

The advantages of the constant stress-rate test are:
First, the subcritical crack growth parameteequires only the slope of a regression line.
Thus, conventional rock mechanics tests can be utilized to detenwatee.
Second, it can be applied not only to mode | loading but also to mode thaael Il
loading as well. Subcritical crack growth is environmental-askistack growth and if
we assume that the crack growth occurs in its own plane, then thetisabcrack

velocity under mode Il and Il loading can be expressed as [28,49,50].

Ly "y — (2.57)
H&
where, the subscriph denotes the fracture mode (i.e. m = Il or IN}, is the crack

velocity under mode Il or Il loadingn, and A, are the subcritical crack growth
parameters under mode Il or Il loadirg, is the stress intensity factor under mode Il
and lll loading, and ¢ is the fracture toughness under mode Il and Il loading.

Using Equation (2.57) with some mathematical manipulations same ased in mode |
case, a relation between the inert strengtlafid the fracture strengtk) under mode I

and lll loading can be determined as:

(k w: (k n (k> t > lia (2.58)
H H H ' H
where, the subscriph denotes the fracture mode (i.e. m = Il or ll}); is the fracture

strength under mode Il and 1l loading, anglis the inert strength under mode 1l and Il
loading.

The disadvantages of constant stress-rate test are:
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First, the power law relation for crack velocity — stressnisitg factor relation has been
assumed.
Second, a lot of specimens are required and it takes long timestondet the subcritical

crack growth parameters.

2.5 Mode | test

2.5.1 Conventional rock mechanics test
2.5.1.1 Brazilian disc test

The Brazilian disc test is the simplest method to obtain tests#iegth of rock and is
used for the study of subcritical crack growth. Details of Bnazilian disc test were
discussed in section 2.2.3. This section deals with the experimestaltsr of the
Brazilian test. The tests were carried out using the VERBESTER AP-1000 testing
machine. Four loading rates (0.01, 0.1, 1, and 10 MPa/s) under load contro¢ sebeam
employed. Eight specimens were used in each loading rate, tatel af 32 specimens
were tested.

Table 2.5 gives the dimensions of the specimen, maximum load, loatérasrwell
as fracture strength.

Fig. 2.10 shows the relation between the fracture strength andgoatk. A linear

regression analysis gives that the subcritical crack grpatameten is 38 with standard

deviation of 8 and the paramet&iis 7.16 with standard deviation of 0.10.
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strength indicate the coefficient of variation (dimmeter of disc, T = thickness of disc).

Q)

Specimen Na: Dimensions Max. Loading Fracture | Average
d (in) x T (in), Load (kips) | Rate (MPa/s|Strength(MPa) (MPa)
BRO1 [2.016 x0.916 2.732 6.493
BRO5 |[2.016 x 1.016 2.877 6.163
BRO9 [2.005x 1.008 3.035 6.595
BR13 [2.016 x 1.007 3.123 6.751 |6.434 + 0.19¢
0.01
BR17 |2.019x1.007 2.871 6.201 (3.09%)
BR21 [2.020x1.006 3.025 6.533
BR25 |2.015x1.008 2.938 6.352
BR29 |2.019x1.063 3.122 6.387
BRO2 |2.016x0.971 3.102 6.956
BRO6 |2.017 x0.984 2.691 5.949
BR10 [2.005x 1.009 3.271 7.101
BR14 [2.005x 1.007 2.848 o1 6.190 |6.765 + 0.78
BR18 [2.011x1.006 3.532 ' 7.660 (11.55%)
BR22 [2.015x1.006 2.652 5.745
BR26 [2.021x1.063 3.861 7.891
BR30 [2.017x1.010 3.075 6.629
BRO3 |2.018x1.026 3.212 6.812
BRO7 |2.016x1.015 3.015 6.467
BR11 |2.005x 1.008 3.775 8.196
BR15 2.020 x1.004 3.332 7.212  |7.023 + 0.61¢
BR19 [2.017 x 1.005 3.107 ! 6.729 (8.77%)
BR23 |2.016 x 1.00\8 3.255 7.030
BR27 |2.016 x 1.00\8 2.896 6.255
BR31 [2.017 x 1.008 3.465 7.485
BRO4 |2.018x1.001 3.735 8.120
BRO8 |2.019x1.004 3.649 7.904
BR12 [2.022 x1.004 3.214 10 6.954 7'7(250;2%42‘
BR16 |2.015x1.007 3.482 7.533 '
BR20 |2.018x1.009 3.386 7.301
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Specimen Nd Dimensions|  Max. Loading Fracture | Average
P d (in) x T (in)| Load (kips) | Rate (MPa/s|Strength(MPa) (MPa)
BR24 2.016 x 1.008 3.614 7.804 i
BR28 | 2.018x 1.006 3.679 10 7.953 7'7(25051“2%42"
BR32 2.019 x 1.004 3.780 8.190

10

Fracture strength [MPa]

log10(y)=0.8547+0.02535l0g10(x); R = 0.66

n=38 8
D=7.16 0.10

0.01

0.1

1

Loading rate [MPa/s]

10

Fig. 2.10 Plot of the fracture strength vs. loadmage for the Brazilian disk specimen. The soligeli
represents the best-fit regression line.

2.5.1.2 Three-point bending test

In the three-point bending test, a beam is simply supported on tewopmints and

loaded by a point load on the top of the specimen at its center. Thett@pspecimen is

placed in a state of compression, whereas the bottom surfacdession. Maximum

tensile stress exists at the bottom of the specimen below thé gfoload. Flexural
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strength is calculated from the specimen thickness, the bendingnh@né the moment

of inertia of the cross section. The flexural strength is given by [51]:

U L6z

2.59
B5: B5: ( )

where, ¢ is the flexural strength,
M is the bending momenti(= PS/4),
P is the applied load,
Sis the support spais (= 4,
B is the width of the specimen,

b is the thickness of the specimen.

Fig. 2.11 is a schematic illustration of three point bending test specimen.

B=1.5in

"

b=1.51in

| S=4b=6 in 0,
'}

P/2 P/2
L=6.4 in

\

A

Fig. 2.11 Schematic illustration of the three-pdiehding test specimen.
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The tests were carried out using the VERSA-TESTER AP-1000gesachine. Four
loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control scheme weoyezmpl
Seven specimens were used in each loading rate, and a total of 28 speciradastear

Table 2.6 gives the dimensions of the specimen, maximum load, |loatéres well

as fracture strength.

Table 2.6 Experimental results of the three-pomniding test. The numbers between brackets in agerag
tensile strength indicate the coefficient of vaoat(B = width of specimen, b = thickness of spemimnL =
length of specimen).

B (in) x b (i) x L (in)| L0 (KIPS) prre | “mpa | (MPY)
3PBO1 | 1.524 x 1.524 x 6.401 0.405 7.213
3PB05 | 1.515x 1.517 x 6.410 0.351 6.317
3PB09 | 1.508 x 1.505 x 6.398 0.387 7.056 | 7306+
3PB13 | 1.510 x 1.510 x 6.405 0.358 0.01 6.497 | 0.794
3PB17 | 1.517 x 1.518 x 6.402 0.472 8.479 | (10.9%)
3PB21 | 1.521 x 1.399 x 6.412 0.418 8.131
3PB25 | 1.518 x 1.503 x 6.411 0.411 7.452
3PB02 | 1.520 x 1.519 x 6.392 0.420 7.525
3PB06 | 1.518 x 1.518 x 6.415 0.491 8.812
3PB10 | 1.518 x 1.518 x 6.398 0.343 6.160 | g163 4+
3PB14 |1.518 x 1.516 x 6.405 0.535 0.1 9.622 | 1.092
3PB18 | 1.517 x 1.518 x 6.401 0.451 8.102 | (13.4%)
3PB22 | 1.508 x 1.506 x 6.411 0.463 8.434
3PB26 | 1.534 x 1.500 x 6.395 0.472 8.483
3PB03 | 1.516 x 1.517 x 6.403 0.485 8.725
3PB07 | 1.518 x 1.517 x 6.380 0.384 6.900
3PB11 | 1.508 x 1.506 x 6.402 0.394 7178 | g092 4
3PB15 | 1.515x 1.514 x 6.391 0.552 1 9.958 | 1.143
3PB19 | 1.517 x 1.518 x 6.401 0.496 g.o11 | (14.1%)
3PB23 | 1.534 x 1.504 x 6.421 0.396 7.102
3PB27 | 1.506 x 1.505 x 6.415 0.431 7.868
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Table 2.6 —Continued

Specimen Na- pimensions Max._ Losl;itlgg g'[?ecrggr[ﬁ Average
B (in) x b (in) x L (in)| 102 (KiPS}  ipayey | mpa) | (MPA)
3PB04 | 1.532 x 1.523 x 6.393 0.539 9.554
3PB08 | 1.533 x 1.522 x 6.389 0.482 8.550
3PB12 | 1.533 x 1.505 x 6.421 0.508 9.107 | gog374+
3PB16 | 1.533 x 1.506 x 6.425 0.489 10 8.760 | 1.023
3PB20 | 1.528 x 1.519 x 6.377 0.577 10.286 | (11.4%)
3PB24 | 1.527 x 1.519 x 6.375 0.521 9.297
3PB28 | 1.531 x 1.501 x 6.404 0.389 7.003

Fig. 2.12 shows the result of a linear regression analysis t@nigacture strength
and loading rate. The subcritical crack growth parametersletermined as = 38 + 14

andD =8.29 + 0.20.

15

10010(y)=0.9185+0.02573l0g;0(x); R = 0.49

n=38 14
D=8.29 0.20

10 4

66-066—O
9-000—&

Fracture strength [MPa]
slo0e o
* | o

1{ : 4
$
.
5
0.01 01 1 10

Loading rate [MPa/s]

Fig. 2.12 Plot of the fracture strength versus iogdate for the three-point bending specimen. 3l
line represents the best-fit regression line.
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2.5.2 Fracture mechanics test
2.5.2.1 Grooved disk test

The grooved disk (GD) specimen geometry is shown in Fig. 2.13. Thep&iimen,
containing a single edge notch on one face of the specimen, wad loa@dediametral
compression. The notch has a depth of 7.6 mm (0.3 in) and a thickness of zZhexm. T

notch depth to specimen thickness ratio (a/B) was set to 0.3.

@

P

!

Fig. 2.13 Schematic diagram of the grooved dislkispen.

The central part of the specimen can be regarded asrdgemteiwith an edge crack
under a uniform tension. The stress intensity factor can be diegéerfiom the analogy
of a semi-infinite plate with edge crack geometry [52,53]. Thesstintensity factor of a

semi-infinite plate with an edge crack subjected to tension is given by [54]:

: (2.60)
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where, is tensile stress, aradis crack length.

Also the tensile stress in the GD specimen is:

6
[ g (2.61)
where,P is the applied load] is the diameter of disc, afmtlis the thickness of the disc.

Substituting Equation (2.61) into Equation (2.60) yields:

|2 (2.62)

The GD test has some advantages. The advantages are:
Little material is required.
Specimen preparation is easy.

The tests were carried out using our VERSA-TESTER AP-1008destichine. Four
loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control scheme vypdogezin40
specimens were used in each loading rate, and a total of 160 specimens aere test

Tables 2.7 to 2.10 list the dimensions of the specimen, maximum loadaetualef

strength as well as fracture toughness with respect to loading rate.

Table 2.7 Experimental results for the GD specimeith a loading rate of 0.01 MPa/s. The numbers
between brackets in mean value indicate the caefiof variation (d = diameter of disc, B = thigss of
disc, a = crack length).

Dimensions Max Fracture | Fracture

Specimen Not 4 (i) B (in) 2 (i) Load (kips S(tl\r/leFr)lg)th T(I(\)AUF?;TE)SJ
GDO001 2.022 0.998 0.307 1.269 2.759 0.484
GDO005 2.026 1.000 0.311 1.435 3.109 0.54P
GDO009 2.023 0.999 0.303 1.297 2.817 0.491
GDO013 2.026 1.002 0.305 1.395 3.01§ 0.528
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D

. Dimensions Max. Fracture | Fracture
Specimen No; . Strength | Toughness
d(n) | B(n) | a(n) L3 &PS) “pay | (MPa m)
GDO017 2.026 0.996 0.309 1.303 2.836 0.49
GD021 2.018 1.004 0.348 1.474 3.195 0.59
GD025 2.015 1.005 0.323 1.604 3.476 0.62
GD029 2.015 1.000 0.315 1.500 3.269 0.58
GDO033 2.017 1.003 0.317 1.757 3.813 0.68
GDO037 2.022 1.000 0.306 1.567 3.402 0.59
GD041 2.020 0.996 0.305 1.244 2.715 0.47
GDO045 2.016 0.930 0.343 1.521 3.561 0.66
GDO049 2.015 1.000 0.416 1.538 3.352 0.68
GDO053 2.022 0.996 0.306 1.403 3.057 0.53
GDO057 2.017 1.006 0.342 1.309 2.834 0.52
GD061 2.023 0.999 0.303 1.395 3.029 0.52
GD065 2.018 1.009 0.341 1.809 3.907 0.72
GD069 2.016 1.005 0.324 1.593 3.454 0.62
GDO073 2.018 1.005 0.302 1.507 3.264 0.56
GDO077 2.023 1.000 0.312 1.334 2.895 0.51
GD081 2.024 0.999 0.305 1.282 2.784 0.48
GD085 2.015 0.970 0.356 1.803 4.049 0.76
GD089 2.022 0.995 0.307 1.309 2.858 0.50
GD093 2.026 0.996 0.308 1.558 3.391 0.59
GDO097 2.024 0.978 0.307 1.349 2.991 0.52
GD101 2.018 1.006 0.338 1.307 2.826 0.52
GD105 2.017 1.007 0.320 1.678 3.62§ 0.65
GD109 2.015 0.953 0.326 1.351 3.087 0.55
GD113 2.016 1.002 0.314 1.567 3.404 0.60
GD117 2.023 1.001 0.309 1.504 3.261 0.57
GD121 2.023 1.000 0.304 1.264 2.7472 0.47
GD125 2.025 1.000 0.306 1.325 2.8772 0.50
GD129 2.026 0.997 0.306 1.302 2.831 0.49

o W O & & 00 O O 0 oo m O I N N N O O or Oor m Ofr OO ©O = Of N ©
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Table 2.7 —Continued

Dimensions Max Fracture | Fracture
Specimen No; Load k Strength | Toughness
d@n) | B(n) | a(n) [Fead&iPs) “pay | (MPa m)
GD133 2.025 0.998 0.311 1.387 3.012 0.532
GD137 2.016 1.002 0.320 1.512 3.286 0.58pP
GD141 2.017 1.004 0.339 1.643 3.561 0.65)
GD145 2.015 0.934 0.314 1.333 3.104 0.55p
GD149 2.017 1.003 0.319 1.571 3.404 0.610
GD153 2.018 1.007 0.342 1.890 4.084 0.75)
GD157 2.025 1.000 0.313 1.435 3.117 0.551
3.201+ | 0574+
Mean value 0.364 0.077
(11.4%) | (13.3%)

Table 2.8 Experimental results for the GD specimeith a loading rate of 0.1 MPa/s. The numbers
between brackets in mean value indicate the caefiiof variation (d = diameter of disc, B = thiggs of
disc, a = crack length).

_ Dimensions Max. Fracture | Fracture
Specimen No; . Strength | Toughness

d(n) | B(n) | a@n) |F02d(PS) “ypa) | (vPa m)
GD002 2.016 1.007 0.341 1.609 3.474 0.644
GDO006 2.025 0.998 0.303 1.354 2.941 0.518
GDO010 2.025 0.998 0.305 1.372 2.98( 0.521L
GD014 2.022 0.994 0.304 1.455 3.179 0.55b
GDO018 2.024 1.000 0.306 1.399 3.036 0.53p
GD022 2.015 1.003 0.310 1.612 3.50( 0.617
GD026 2.016 1.001 0.318 1.547 3.367 0.60p
GDO030 2.018 1.004 0.305 1.645 3.565 0.624
GDO034 2.017 1.004 0.312 1.977 4.285 0.758
GDO038 2.023 1.000 0.308 1.314 2.851 0.501L
GD042 2.024 0.995 0.300 1.664 3.629 0.63D
GD046 2.023 0.995 0.299 1.414 3.084 0.534
GDO050 2.016 1.007 0.340 1.447 3.129 0.578
GD054 2.024 0.999 0.305 1.371 2.976 0.521L
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. Dimensions Max. Fracture | Fracture
Specimen No; . Strength | Toughness

d(n) | B(@n) | a(n) |FadkiPS) “ypay | (MPa m)
GDO058 2.024 1.000 0.303 1.605 3.482 0.60
GD062 2.024 0.997 0.309 1.391 3.025 0.53
GDO066 2.017 1.003 0.338 1.636 3.55( 0.65
GDO070 2.015 0.948 0.315 1.428 3.28( 0.58
GDO074 2.019 1.007 0.340 1.898 4.099 0.75
GDO078 2.023 0.999 0.308 1.248 2.712 0.47
GDO082 2.015 0.934 0.342 1.584 3.694 0.68
GDO086 2.026 0.999 0.308 1.425 3.09(C 0.54
GD090 2.022 0.998 0.308 1.322 2.87¢6 0.50
GD094 2.017 1.006 0.335 1.495 3.235 0.59
GD098 2.015 0.994 0.424 1.603 3.513 0.72
GD102 2.020 1.002 0.317 1.338 2.902 0.51
GD106 2.015 0.945 0.320 1.639 3.778 0.67
GD110 2.017 1.001 0.317 1.530 3.327 0.59
GD114 2.016 1.002 0.320 1.608 3.494 0.62
GD118 2.024 0.985 0.313 1.365 3.008 0.53
GD122 2.016 0.957 0.360 1.668 3.797 0.72
GD126 2.025 1.000 0.309 1.428 3.095 0.54
GD130 2.021 0.999 0.312 1.524 3.312 0.58
GD134 2.024 1.000 0.303 1.612 3.497 0.60
GD138 2.022 0.997 0.305 1.292 2.815 0.49
GD142 2.018 1.011 0.317 1.486 3.197 0.57
GD146 2.017 1.004 0.314 1577 3.419 0.60
GD150 2.019 1.004 0.320 1.728 3.742 0.67
GD154 2.024 1.000 0.313 1.375 2.982 0.52
GD158 2.023 1.001 0.307 1.347 2.921 0.51

3.296+ | 0.590 +

Mean value 0.360 0.074
(10.9%) | (12.6%)
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Table 2.9 Experimental results for the GD specinwitis a loading rate of 1 MPa/s. The numbers betwee
brackets in mean value indicate the coefficientasfation (d = diameter of disc, B = thickness wHtgda =
crack length).

Dimensions Max Fracture | Fracture
d (in) B (in) a(in) PS) “MPa) | (MPa m)

Specimen No;

GDO095 2.016 1.010 0.338 1.890 4.074 0.75
GD099 2.018 0.993 0.414 1.401 3.06§ 0.62
GD103 2.015 0.993 0.429 1.844 4.045 0.83
GD107 2.020 1.004 0.320 1.609 3.485 0.62
GD111 2.016 1.005 0.326 2.001 4.334 0.78

GDO003 2.023 1.001 0.308 1.352 2.931 0.51b
GDO007 2.015 0.982 0.353 1.888 4.19(¢ 0.789
GDO011 2.024 0.996 0.298 1.525 3.324 0.574
GDO015 2.026 0.999 0.304 2.077 4.506 0.78y
GDO019 2.024 0.996 0.305 1.496 3.259 0.570
GDO023 2.024 1.000 0.305 1.485 3.221 0.564
GDO027 2.015 0.938 0.315 1.503 3.491 0.621
GDO031 2.017 1.003 0.312 1.591 3.454 0.611
GDO035 2.018 1.007 0.340 1.799 3.885 0.71y
GDO039 2.020 1.004 0.309 1.405 3.042 0.536
GDO043 2.027 0.996 0.305 1.308 2.844 0.498
GDO047 2.016 0.978 0.354 1.860 4.141 0.780
GDO051 2.023 0.996 0.307 1.510 3.291 0.57y
GDO055 2.027 0.996 0.306 1.526 3.319 0.581
GDO059 2.020 1.007 0.338 2.033 4.387 0.808
GDO063 2.021 0.998 0.305 1.445 3.145 0.550
GDO067 2.020 1.000 0.319 1.793 3.89¢ 0.69y
GDO071 2.016 0.903 0.308 1.569 3.783 0.66p
GDO075 2.018 1.003 0.320 1.423 3.08§ 0.554
GDO079 2.017 1.001 0.310 1.570 3.415 0.60p
GDO083 2.021 0.999 0.308 1.393 3.0217 0.53p
GDO087 2.023 1.000 0.312 1.516 3.29( 0.58p
GDO091 2.023 0.999 0.305 1.562 3.394 0.5938

il

6

¢)

o)

A
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Table 2.9 —Continued

. Dimensions Max. Fracture | Fracture
Specimen No; ! Strength | Toughness

d(n) | BGn) | a(n) |L3AKIPS) “ypay | (MPa m)
GD115 2.015 1.003 0.319 1.775 3.854 0.690
GD119 2.024 1.000 0.309 1.495 3.244 0.571L
GD123 2.022 1.000 0.312 1.295 2.8172 0.498
GD127 2.025 1.001 0.309 1.502 3.254 0.578
GD131 2.039 1.010 0.338 1.842 3.926 0.728
GD135 2.023 0.996 0.306 1.423 3.101 0.548
GD139 2.024 1.000 0.303 1.586 3.439 0.600
GD143 2.018 1.012 0.315 1.897 4.079 0.72b
GD147 2.017 1.004 0.305 1.640 3.555 0.62p
GD151 2.023 0.998 0.307 1.463 3.181 0.55p
GD155 2.025 0.998 0.308 1.525 3.317 0.58p
GD159 2.025 1.001 0.302 2.069 4.484 0.781L

3.539+ | 0.635%

Mean value 0.476 0.097
(13.4%) | (15.2%)

Table 2.10 Experimental results for the GD specsnesith a loading rate of 10 MPa/s. The numbers
between brackets in mean value indicate the caefiof variation (d = diameter of disc, B = thiggs of
disc, a = crack length).

_ Dimensions Max. Fracture | Fracture
Specimen Noy 4 in) B (i) a (i) Load (kips Strength | Toughness

(MPa) (MPa m)
GDO004 2.021 0.999 0.308 1.466 3.186 0.560
GDO008 2.025 1.000 0.309 1.607 3.485 0.614
GDO012 2.024 0.996 0.304 1.673 3.645 0.63)
GDO016 2.025 0.998 0.305 1.880 4.0872 0.714
GDO020 2.017 1.007 0.338 1.961 4.24( 0.780
GDO024 2.015 0.953 0.320 1.584 3.627 0.649
GDO028 2.018 1.006 0.310 1.942 4.202 0.741
GD032 2.019 1.007 0.339 1.789 3.864 0.718
GDO036 2.018 1.005 0.305 1.981 4.288 0.750




Table 2.10 —Continued

82

. Dimensions Max. Fracture | Fracture
Specimen No; ! Strength | Toughness
d(n) | B(Gn) | a(n) |L02dKIPS) “ypa) | (vipa m)
GDO040 2.023 1.000 0.304 1.557 3.38( 0.590
GD044 2.025 1.000 0.308 1.476 3.200 0.568
GD048 2.024 0.999 0.304 1.637 3.553 0.620
GDO052 2.023 0.997 0.305 1.678 3.652 0.63P
GDO056 2.022 0.999 0.308 1.880 4.087 0.71P
GDO060 2.016 0.988 0.358 2.128 4.689 0.88P
GDO064 2.020 1.009 0.315 1.658 3.572 0.63b
GDO068 2.015 0.993 0.432 1.536 3.37¢ 0.70p
GDO072 2.016 1.009 0.317 1.799 3.881 0.69p
GDO076 2.017 0.965 0.309 1.890 4.264 0.751
GD080 2.017 1.002 0.308 1.890 4.103 0.72p
GD084 2.024 1.000 0.310 1.637 3.551 0.626
GDO088 2.016 1.004 0.316 1.964 4.25¢ 0.758
GD092 2.015 1.002 0.317 1.917 4.167 0.748
GD096 2.017 1.004 0.323 1.850 4.011 0.72p
GD100 2.018 1.011 0.355 2.072 4.456 0.841
GD104 2.017 0.997 0.335 1.800 3.93( 0.721L
GD108 2.022 0.999 0.305 1.653 3.594 0.62p
GD112 2.023 0.999 0.308 1.587 3.447 0.606
GD116 2.025 0.993 0.309 1.526 3.333 0.58)
GD120 2.026 0.995 0.309 1.732 3.774 0.66H
GD124 2.023 1.000 0.304 1.501 3.25§ 0.56P
GD128 2.023 1.000 0.306 1.809 3.927 0.688
GD132 2.029 0.999 0.308 1.557 3.371 0.59p
GD136 2.019 1.006 0.338 1.951 4.217 0.776
GD140 2.023 0.999 0.307 1.637 3.557 0.624
GD144 2.019 1.002 0.338 2.001 4.341 0.800
GD148 2.017 1.002 0.310 1.880 4.085 0.721L
GD152 2.017 1.004 0.314 1.971 4.273 0.75P
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Table 2.10 —Continued

Dimensions Max Fracture | Fracture
. . . Load (kl S Strength TOughneSE,
d (in) B (in) a (in) PS) “MPa) | (MPa m)

Specimen No;

GD156 2.023 0.998 0.310 1.688 3.671 0.648
GD160 2.025 1.000 0.308 1.607 3.483 0.61p
3.827 + 0.684 +
Mean value 0.391 0.079

(10.2%) | (11.6%)

Figs. 2.14 and 2.15 show the fracture strength as a function of laaténfpr 10
specimens and 40 specimens in each loading rate, respectively. Thiéicalimack
growth parametens, D, andA are determined to be= 37 £ 10D = 3.53 £0.07, and =
4.09x10°m/s,n = 37 + 5D = 3.54 + 0.03, and = 4.13x10m/s, respectively, for 10

specimens and 40 specimens in each loading rate.

5
l0g10(y)=0.5477+0.02623l0g10(x); R = 0.52
n=37 10 *
D=353 0.07 *
A=4.09 10%m/s *
T ¢ *
o
=
s $ $
D ¢
2 3 1 $
L 9 )
*5 L 2 ‘ 2
I 29
=] L 4
2
Q
©
S
(I
2
0.01 01 1

Loading rate [MPa/s]

Fig. 2.14 Facture strength as a function of loadatg for the GD specimen with 10 specimens in each
loading rate. The solid line represents the beésegression line.
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10010(y)=0.5492+0.0263410g10(x); R = 0.52 |

n=37 5
D=354 0.03
A=413 102m/s

Fracture strength [MPa]

0.01 0.1 1 10
Loading rate [MPa/s]

Fig. 2.15 Facture strength as a function of loaditg for the GD specimen with 40 specimens in each
loading rate. The solid line represents the bésefiression line.

2.5.2.2 Single edge notched bend test

The single edge notched bend (SENB) specimen has similar spadirmensions and
the same loading configuration as the three-point bending testp&bienen is supported
on its two ends and a load is applied in the opposite directioreafdtch. A schematic
diagram of the SENB specimen is presented in Fig. 2.16.

According to Srawley [45], the stress intensity factor forSE&IB specimen is given by:

€ <5 (2.63)
where, ,  —

= Ve Vo= T L Vo o SVes
£ yet t t t t

< V%'I' - V%'I' Je;
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B=38.1 mm:
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b=38.1 mm
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S=4b=152.4 mm T
P/2 P/2

|< L=162.56 mm

Fig. 2.16 Schematic diagram of the SENB specimen.

The tests were carried out using the VERSA-TESTER AP-1000gesachine. Four
loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control scheme wergesmpglo
specimens were used in each loading rate, and a total of 28 specimenstegre tes

Table 2.11 lists the dimensions of the specimen, maximum load, fracemgth and

fracture toughness.

Table 2.11 Experimental results of the SENB teke fiumbers between brackets in mean value indicate
the coefficient of variation (B = width of specimdn= thickness of specimen, L = length of specinzen
crack length).

Dimensions Loadin Fracture Fracture
Specimen Na- Rat MP%# Strength | Toughness
B(in) | b(in) | L(in)| a(n) &€ MPa/3) “nay™ | (MPa m)
SENBO1 1.503 1.504 6.414 0.45%2 3.131 0.621
SENBO05 1.502 1500 6.399 0.45%2 0.01 2.920 0.580

\\ =)

SENBO09 1.524) 1.47% 6.300 0.443 2.338 0.45
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. Dimensions Loading Fracture Fracture
Specimen Na- Strength | Toughness
B (in) | b(in) | L(in)| a(in) k2 MPa/) “pq) " | (MPa m)
SENB13 1.504 1504 6.414 0.45%5 2.963 0.591
SENB17 1.367| 1.492 6.369 0.460 2.617 0.527
SENB21 1.501 1503 6.413 0.448 2.768 0.545
SENB25 1.453 1502 6.408 0.4%7 2.768 0.554
2.786 0.554
Average + 0.258 + 0.052
(9.2%) (9.4%)
SENBO2 1.501 1501 6.405 0.45%6 2.497 0.499
SENBO06 1.505| 1.501 6.406 0.454 3.260 0.650
SENB10 1447 1503 6.411 0.458 3.121 0.626
SENB14 1504, 1503 6.411 045 0.1 3.351 0.669
SENB18 1.370, 1.492 6.367 0.455 3.078 0.615
SENB22 1.434 1503 6.413 0.453 3.071 0.610
SENB26 | 1.447| 1502 6.407 0.456 3.028 0.605
3.058 0.611
Average +0.273 + 0.054
(8.9%) (8.9%)
SENBO3 1.503] 1.501 6.402 0.45%7 3.705 0.742
SENBO7 1.504 1502 6.408 0.460 2.986 0.600
SENB11 1.453 1501 6.403 0.452 3.263 0.648
SENB15 1.453 1503 6.412 04%9 1 2.936 0.589
SENB19 1.446| 1.497 6.386 0.442 3.557 0.694
SENB23 1.505| 1.504 6.414 0.45%9 3.091 0.621
SENB27 1.502 1502 6.406 0.462 3.265 0.660
3.257 0.651
Average + 0.287 + 0.054
(8.8%) (8.3%)
SENBO04 1.503] 1503 6.412 0.45%5 3.149 0.628
SENBO8 1.505| 1.504 6.414 0.450 10 3.457 0.683
SENB12 1532 1503 6.410 0.4%4 3.200 0.638
SENB16 1.451 1503 6.410 0.463 2.865 0.579
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Table 2.11 —Continued

Dimensions Loadin Fracture Fracture
Specimen Na- Rat MP%/c Strength | Toughness
B (in) | b(in) | L(n)| a(n) k& MPa/S) “yipay | (MPa m)
SENB20 1.442] 1.494 6.376 0.459 3.784 0.761
SENB24 1.436) 1.504 6.417 0.460 10 3.602 0.725
SENB28 1505 1.502 6.406 0.460 3.460 0.696
3.360 0.673
Average + 0.309 + 0.062
(9.2%) (9.2%)

Fig. 2.17 shows the fracture strength as a function of loadiadarathe SENB test.
The subcritical crack growth parametar®, andA are determined to be=36 £ 9D =

3.19 + 0.06, and = 6.52x10° m/s.

log10(y)=0.5044+0.02715l0g10(x); R = 0.63

n=36 9
D=3.19 0.06
A=652 102 mis

Fracture strength [MPa]

0.01 0.1 1 10
Loading rate [MPa/s]

Fig. 2.17 Facture strength as a function of loadatg for the SENB specimen. The solid line represe
the best-fit regression line.
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2.5.2.3 Compact tension test

The compact tension (CT) specimen is widely used in determihmgracture
toughness of metals. The geometry of the CT specimen is itestna Fig. 2.18. All
dimensions are defined by the width of the specim®r{Fig. 2.18b). Three specimen
sizes were used and the ratio between the width, the height ankigkmess of the
specimens is kept constant. The characteristic dimeidor the smallest specimen
was 2.0 inch, 2.5 inch for the intermediate specimen and 3.0 inch fordbkstlapecimen.
A notch with the length oh was introduced using a diamond wheel saw. The thickness

of the notch was 2 mm and this thickness was used for all specimens.

*&+
— q

h—»] ‘4—

Fig. 2.18 Geometry of the CT specimen: a) gendératdsions; b) dimensions in terms of the charestieri
dimension W.

The stress intensity factor formula for the CT specimen caours easily in the

literature [46,47]. The load is transmitted through the pin holes ajripesystem in the
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literature. However, in this study a distributed load with an tyge grip system was

used (Fig. 2.19).

Py

o

(RESCUILREREETT

Fig. 2.19 Experimental set-up of the CT test.

Thus the loading configuration differed from the literature, anccavenot use the stress
intensity factor formula from the literature. Instead a neess intensity factor formula
was developed using the finite element code, FRANC2D/L [58]. Fig. 2@@/ssthe
finite element mesh used in this study.
The applied load P was 2.7 kN. Crack length to width ratios (@i .04 to 0.76
were considered. The nodal stress intensity factors obtainedtfi®mREM analysis for
a/b = 0.04, 0.16, 0.28, 0.4, 0.52, 0.64 and 0.76 are presented in Table 2.12. The nodal

stress intensity factors were normalized with respect tcirgpa notch length (a) and far
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field nominal stress (. The normalized stress intensity factors, giver-@b), can be

determined as follows (Table 2.12):

€ o5 — (2.64)

where, is the nodal stress intensity factor, and the nominal stress ¢&5B.

Fig. 2.20 Finite element mesh for the CT specina@mriginal mesh; b) deformed mesh.

Table 2.12 Values of a/b, the nodal stress intefiadtor ¢ @, and dimensionless shape function F(a/b).

a/b (MPa m) a (MPam) F(a/b)

0.04 1.213 0.062 19.516
0.16 1.473 0.124 11.844
0.28 1.823 0.164 11.085
0.4 2411 0.197 12.265
0.52 3.435 0.224 15.326
0.64 5.435 0.249 21.854
0.76 10.370 0.271 38.268
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The function F(a/b) can be determined by curve fitting of the naedalstress

intensity factors with respect to the crack length to widttior The fifth order of

polynomial was used to fit the normalized stress intensityifacFig. 2.21 shows the

variation of the function F(a/b) with respect to a/b. The expresditime stress intensity

factor for the CT specimen is as follows:

(2.65)

40

y=24.8-155.3x+614.5x>-1042x3+710.8x*-13.22x>; r=0.99

30

20

F(a/b)

10

0 0.2 0.4
a/b

Fig. 2.21 Variation of the function F(a/b) with pest to a/b.

0.6

0.8
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The tests were carried out using the VERSA-TESTER AP-1000gesachine. Four
loading rates (0.001, 0.01, 0.1, and 1 MPa/s) under load control schemenyxoged.
7 specimens were tested in each loading rate, and a totalspe2Bnens were tested for
each geometry size.

Tables 2.13 to 2.15 list the dimensions of the specimen, maximum loatdyera

strength as well as the fracture toughness with respect to the spame

Table 2.13 Experimental results of the CT testtlfier smallest specimen. The numbers between braickets
average value indicate the coefficient of variatiph= height of specimen, W= width of specimen, T =
thickness of specimen, a = notch length, and Hectde width of specimen).

Speoine_____Dmensins | oaang | Lrcte [ Facre
© [H (i) |W (in)| T (in) | a (in) | b (in) R MPa/3) “ypay - | (vpa m)
CT101| 2.514 2.011| 1.012| 0.180| 1.286 0.667 0.565
CT105| 2.517 2.014| 1.005| 0.161| 1.283 0.706 0.592
CT109 | 2.515 2.012| 1.006| 0.204| 1.297 0.640 0.551
CT113| 2.514 2.011| 1.012| 0.175| 1.276 0.001 0.646 0.544
CT117 | 2.514 2.013|1.012| 0.208| 1.295 0.536 0.463
CT121 | 2.515 2.012| 1.002| 0.178| 1.288 0.647 0.547
CT125| 2.520 2.016| 1.014| 0.203| 1.287 0.539 0.462
0.626 0.532
Average + 0.059 + 0.046
(9.5%) (8.7%)
CT102 | 2.514 2.013|1.013| 0.168| 1.268 0.650 0.544
CT106 | 2.515 2.012| 1.006| 0.183| 1.279 0.767 0.649
CT110| 2.517 2.014| 1.005| 0.182| 1.279 0.767 0.649
CT114 | 2.515 2.012| 1.006| 0.182| 1.280 0.01 0.761 0.644
CT118 | 2.519 2.016| 1.011| 0.217| 1.325 0.695 0.608
CT122 | 2.514 2.013| 1.010| 0.182| 1.267 0.636 0.535
CT126 | 2.517 2.014|1.011| 0.194| 1.276 0.658 0.559
0.705 0.598
Average +0.055 | +0.047
(7.8%) (7.9%)
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Speoime___Dimensons__Loading | SeS00 | U0
© [H (i) |W (in)| T (in) | a (in) | b (in) Ra® MPa/3) “ypay | (vpa m)
CT103| 2.514 2.012| 1.012| 0.173| 1.269 0.677 0.568
CT107 | 2.517 2.014| 1.006| 0.178| 1.272 0.739 0.622
CT111| 2.516 2.013|1.010/ 0.176| 1.271 0.725 0.610
CT115| 2.515 2.012| 1.013| 0.166( 1.260| 0.1 0.746 0.622
CT119| 2.529 2.024| 1.013| 0.200| 1.310 0.738 0.636
CT123| 2.527 2.022| 0.990| 0.225| 1.335 0.741 0.654
CT127 | 2.516 2.013| 1.010{ 0.211 1.325 0.825 0.718
0.741 0.633
Average + 0.040 +0.043
(5.4%) | (6.7%)
CT104 | 2.517 2.014| 1.011| 0.172| 1.267 0.651 0.546
CT108 | 2.515 2.012| 1.009| 0.174| 1.279 0.865 0.729
CT112 | 2.516 2.013| 0.989| 0.165| 1.262 0.839 0.700
CT116 | 2.518 2.015| 0.989( 0.173| 1.266 1 0.782 0.656
CT120 | 2.51§ 2.014| 1.010{ 0.190| 1.265 0.640 0.605
CT124| 2.516 2.013/1.011| 0.171| 1.280 0.810 0.681
CT128| 2.516 2.013| 1.012| 0.187| 1.296 0.746 0.636
0.762 0.650
Average + 0.082 + 0.057
(10.7%) | (8.8%)

Table 2.14 Experimental results of the CT test tle intermediate specimen. The numbers between
brackets in average value indicate the coefficighvariation (H = height of specimen, W= width of

specimen, T = thickness of specimen, a = notchtlieramd b = effective width of specimen).

Specime]_____Dmensions | Loaang | Factae | P
© [H (in) |W (in)| T (in) | a (in) | b (in) k@t (MPa/%) “un )™ | (MPa m)
CT201| 3.139 2.511| 1.257| 0.245| 1.603 0.630 0.601
CT205| 3.137 2.510| 1.257| 0.246| 1.594 0.661 0.629
CT209 | 3.138 2.510| 1.217| 0.238| 1.592 0.001 0.616 0.584
CT213| 3.147 2.518| 1.256| 0.242| 1.591 0.628 0.597
CT217| 3.138 2.511| 1.251| 0.246| 1.596 0.546 0.520
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Specime,____Dimersions___ Loadng | ST | e
© [H (@) |W (in)| T (in) | a (in) | b (in) [Ra (MPa/8) “ypey™ | (vipa m)
CT221| 3.137 2.510| 1.257| 0.276| 1.628 0.001 0.563 0.549
CT225| 3.137 2.510| 1.257| 0.244| 1.570 0.601 0.568
0.606 0.578
Average + 0.037 + 0.033
(6.1%) (5.8%)
CT202 | 3.138 2.510| 1.258| 0.250| 1.589 0.663 0.632
CT206 | 3.139 2.511|1.253| 0.242| 1.589 0.734 0.697
CT210| 3.139 2.511| 1.255| 0.245| 1.604 0.623 0.595
CT214 | 3.138 2.510| 1.258| 0.253| 1.593 0.01 0.647 0.618
CT218 | 3.137 2.510| 1.220| 0.241| 1.594 0.688 0.654
CT222 | 3.15Q0 2.520| 1.258| 0.250| 1.593 0.726 0.693
CT226 | 3.138 2.510| 1.255| 0.245| 1.597 0.626 0.597
0.673 0.641
Average + 0.042 + 0.039
(6.2%) (6.1%)
CT203 | 3.136 2.509| 1.259| 0.241| 1.597 0.761 0.724
CT207 | 3.139 2.511| 1.254| 0.249| 1.599 0.695 0.663
CT211 | 3.138 2.510| 1.258| 0.250| 1.603 0.657 0.628
CT215| 3.136 2.509| 1.259| 0.253| 1.593 0.1 0.660 0.631
CT219 | 3.168 2.535| 1.244| 0.250| 1.597 0.666 0.636
CT223 | 3.129 2.504| 1.255| 0.247| 1.592 0.704 0.671
CT227 | 3.137 2.509| 1.250( 0.248| 1.593 0.710 0.676
0.693 0.661
Average + 0.034 + 0.031
(4.9%) (4.7%)
CT204 | 3.141 2.513| 1.252| 0.245| 1.596 0.697 0.664
CT208 | 3.137 2.510| 1.257| 0.256| 1.601 0.726 0.696
CT212 | 3.15Q 2.520| 1.257| 0.250| 1.598 1 0.738 0.705
CT216 | 3.138 2.510| 1.256| 0.243| 1.596 0.695 0.661
CT220 | 3.148 2.519| 1.257|0.268| 1.619 0.786 0.762
CT224 | 3.148 2.519| 1.257|0.260| 1.616 0.801 0.772
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. Dimensions . Fracture Fracture
Spﬁ(;lme ) ) ) ) ) Ral_tga(i/llrlggaﬁ Strength | Toughness
© [ (in)|W (i) T (in) | a (in) | b (in) P (MPa) | (MPa m)
CT228 | 3.129 2.504| 1.255| 0.249| 1.593 1 0.732 0.697
0.739 0.708
Average + 0.038 + 0.040
(5.1%) (5.7%)

Table 2.15 Experimental results of the CT testtlfi@r largest specimen. The numbers between braitkets
average value indicate the coefficient of variat{bh= height of specimen, W= width of specimen, T =

thickness of specimen, a = notch length, and Hectfe width of specimen).

Spoome____Dimersions____| Loaang | Eftclue | Fracre
© [ (@n) |W (in)| T (i) | a (in) | b (in) [Rat€ (MP&/3) "oy | (vPa m)
CT301| 3.766 3.013| 1.520| 0.379| 2.021 0.622 0.689
CT305| 3.767 3.014| 1.512| 0.371| 2.035 0.619 0.684
CT309 | 3.774 3.020| 1.518| 0.375| 2.034 0.753 0.834
CT313| 3.765 3.012| 1.518| 0.381| 2.036| 0.001 0.748 0.831
CT317| 3.772 3.018| 1.515| 0.382| 1.972 0.607 0.670
CT321| 3.776 3.021| 1.518| 0.374| 2.029 0.723 0.800
CT325| 3.712 2.970| 1.380| 0.373| 1.970 0.771 0.846
0.692 0.765
Average + 0.073 + 0.080
(10.5%) | (10.5%)
CT302| 3.764 3.012| 1.520| 0.381| 2.026 0.607 0.674
CT306 | 3.768 3.015| 1.513| 0.379| 2.038 0.631 0.701
CT310| 3.777 3.022| 1.517| 0.373| 2.032 0.785 0.869
CT314| 3.770 3.016| 1.510{ 0.384| 2.025|  0.01 0.875 0.973
CT318| 3.770 3.016| 1.514| 0.379| 1.974 0.750 0.826
CT322| 3.760 3.008| 1.518| 0.378| 2.028 0.783 0.868
CT326| 3.710 2.968| 1.378| 0.370| 1.970 0.724 0.793
0.736 0.815
Average + 0.093 +0.103
(12.6%) | (12.7%)
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Table 2.15 —Continued

Speoime___Dimensons__Loading | SeS00 | U0
© [H (i) |W (in)| T (in) | a (in) | b (in) Ra® MPa/3) “ypay | (vpa m)
CT303| 3.770 3.016| 1.512| 0.373| 2.039 0.772 0.855
CT307| 3.7773.021| 1.519| 0.379| 2.033 0.860 0.954
CT311| 3.770 3.016| 1.512| 0.378| 2.033 0.780 0.866
CT315| 3.760 3.008| 1.491|0.381(2.038| 0.1 0.628 0.699
CT319| 3.763 3.011 1.519| 0.382 2.028 0.765 0.851
CT323| 3.7753.020| 1.517| 0.381 2.035 0.759 0.844
CT327 | 3.776 3.021| 1.519| 0.382| 2.039 0.762 0.848
0.761 0.845
Average + 0.068 + 0.075
(8.9%) | (8.9%)
CT304 | 3.76§ 3.015| 1.512| 0.376| 2.036 0.770 0.854
CT308| 3.776 3.021| 1.518| 0.375| 2.034 0.925 1.025
CT312| 3.762 3.009| 1.518| 0.380| 2.036 0.906 1.007
CT316 | 3.762 3.009| 1.492| 0.382| 2.034 1 0.752 0.837
CT320 | 3.776 3.021| 1.517| 0.393| 2.027 0.812 0.909
CT324| 3.769 3.015/ 1.510| 0.380| 2.036 0.835 0.928
CT328| 3.773 3.018| 1.518| 0.380| 2.040 0.866 0.963
0.838 0.932
Average + 0.065 +0.072
(7.8%) | (7.7%)

Figs. 2.22 to 2.24 show the fracture strength as a function of loaténfprahe CT
test for the smallest specimen, the intermediate specimertharnargest specimen. The
subcritical crack growth parametersD, andA are determined to be= 35+ 9,D = 0.77
+0.01, andA = 1.17x10°m/s,n = 36 + 6,D = 0.74 + 0.01, and = 1.64x10° m/s,n = 36
+ 10,D = 0.82 + 0.02, ané = 2.21x10 m/s, respectively, for the smallest specimens,

the intermediate specimen, and the largest specimen.



97

10910(y)=-0.1109+0.02773l0g10(X); R = 0.62

n=35 9
D=0.77 0.01
A=1.17 102 m/s
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Fig. 2.22 Facture strength as a function of loadiatg for the smallest CT specimen. The solid line
represents the best-fit regression line.

logso(y)=-0.1298+0.02725log;0(x); R = 0.77

n=36 6
D=0.74 0.01
A=1.64 102m/s

Fracture strength [MPa]

0.5
0.001 0.01 0.1 1

Loading rate [MPa/s]

Fig. 2.23 Facture strength as a function of loadig for the intermediate CT specimen. The satid |
represents the best-fit regression line.
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Fig. 2.24 Facture strength as a function of loadiate for the largest CT specimen. The solid line
represents the best-fit regression line.

2.6 Mode Il test

2.6.1 Short beam compression test

A short beam compression test (or double notch shear test) has drbém destermine
the mode Il fracture toughness of reinforced concrete [59,60] and {blane shear
strength of reinforced plastics [61] and fiber reinforcecees [62,63]. The specimen
geometry and test fixture are illustrated in Fig. 2.25. Theisgechas a height df, a
width of W and a thickness oB. Two parallel and opposite notches were cut
perpendicular to the applied load at the central part of the specirhe notches have a

width ofa = W/2and are separated by a lengtlt.of
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Fig. 2.25 Schematic illustration of the SBC specirgeometry and test fixture; a) short beam compess
test specimen geometry; b) test fixture.

The size of the specimen was setHte 101.6 mm (4 in)WW = 50.8 mm (2 in), and =
25.4 mm (1 in) in this study.

An axial compressive load was applied on the end surfaces of tiraepethe tests
were carried out using the SBEL CT-500 testing machine. A duisiee was used to
prevent buckling and bending of the specimen during the test. Andtberr & the guide
frame is to suppress tensile stress in the specimen. Whenahrt@xpressive force is
applied to the specimen, the specimen deforms laterally dsawelertically. If the
specimen is laterally constrained by a guiding frame, whigbsghe lateral constraint,

the stress distribution in the specimen will be modified.
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a)

b)

Fig. 2.26 Typical contours of safety factor (unifoaxial compressive force = 5.5 MNint/H = 0.2): a)
without lateral constraint; b) with lateral conéttaRed indicates tensile failure.

A series of finite element analyses using the Phase2 &leteent program were
carried out to understand the effect of lateral constraint [64]. ZR6 shows typical
contours of the safety factor for the specimen with and withoutlatenstraint. For the
specimens without lateral constraint, horizontal tension failurersdouline with each
notch but at the opposite end of the specimen and vertical tension ¢aitunes along the
notch tips. But with lateral constraint, this unnecessary tension failutgecavoided.

The shear strength, which is the average shear stress béteawiches at failure,

was calculated using the following expression:
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- (2.66)

where, ; is the shear strength aRgis the applied force at failure (when a shear crack is

produced).

Influence of Specimen Thickness
Several initial tests were carried out to investigate theeinfe of the thickness.
Tests were conducted with specimen thickness ranging from 25.4.nmpt6 50.8 mm
(2in). Fig. 2.27 shows the resulting failure patterns with respect to spethioknesses.
The failure patterns are very similar to each other. Theti@riaf shear strength with
respect to specimen thickness is plotted in Fig. 2.28. The sheagtkt@nly slightly
increases as the thickness increases. Also it is known thamgpethickness has an
insignificant effect on mode Il fracture toughness [1]. So theismn thicknessB, was

setto 25.4 mm (1 in) in order to save material and reduce preparation time.

a) b) )

Fig. 2.27 Failure patterns with respect to specitimérkness (c/H = 0.25); a) B = 25.4mm (1 in), bFB
38.1 mm (1.5 in), ¢c) B =50.8 mm (2 in).
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Fig. 2.28 Variation of shear strength with resgecpecimen thickness.

Influence of notch separation ratio, c/H

The specimens were tested at a loading rate of 0.1 MPa/s withseqtaration ratios
ranging from 0.1 to 0.4 to investigate the influence of notch separattio on fracture
characteristics. Fig. 2.29 gives the fracture patternsnegipect to notch separation ratio.
Shear failure connecting the two notch tips occurred in the specimémsa notch
separation ratio of 0.1. In the case of the specimens with nqiahasien ratios of 0.15, a
wing crack (tensile) occurred first at the lower notch and shesar cracks led to the final
failure of the specimen. The specimens with notch separation batsen 0.2 and 0.25
failed by the propagation of shear cracks only. The specimé@hsnatch separation
ratios over 0.3 usually showed horizontal tensile crack propagatiortifieedges of the

specimen.
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Fig. 2.29 Fracture patterns with respect to noegragation ratiog/H; a) c/H = 0.1, b)c/H = 0.15, ¢c)c/H =
0.2, d)c/H=10.3.

Fig. 2.30 presents the shear strength with respect to notchatsmpaatio. When the
notch separation ratio is 0.1, the shear strength gives a maxaluem When the notch
separation ratio is 0.15, the shear strength is significantlyrloee notch separation
ratio of 0.2 gives the second-largest value of the shear streiitgh.this, the shear
strength decreases with the notch separation ratio. From #sdesra notch separation
ratio of 0.2 is determined to be the most favorable geometry fahter test. The notch

separation ratio of 0.1 is too short to adequately observe the fracture behavior.
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Fig. 2.30 Shear strength variations with respeciotch separation ratio.

Stress intensity factor
The mode Il stress intensity fact&, was determined using the FRANC2D/L finite
element code [58]. From experimental results we know that shaeks propagated not
co-planar but perpendicular to the pre-existing notches. Thus amaehis, with a length
were introduced perpendicular to the pre-existing notches. A techmigjled the
displacement extrapolation method was used to determine values fafr different
notch geometries, which is a built-in function in FRANC2D/L. Feggar31 shows the

finite element mesh used in this study.
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Fig. 2.31 Finite element meshes for the SBC gegma)rwith boundary conditions; b) with small crack
2l/c=0.1; c)2l/c = 0.3; d)2l/c = 0.5; e)2l/c = 0.7.

Nodal stress intensity factors at the tip of the small craeke calculated at a given
length | and presented as a function 2ifc. In order to determine the nodal stress
intensity factor by FEM, the specimen size= 101.6 mm (4 in))V =50.8 mm (2 in)B =
25.4 mm (1 in) and notch lengd~ 25.4 mm (1 in) were selected and the applied Pad
was 890 N (200 Ib).

Since actual short beam compression test specimens don’t have sk, the stress

intensity factor of the short beam compression test specimen teddsestimated at
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very low values ofRl/c. It is observed that at very low values 2fc, the nodal stress
intensity factors approach very small values but increase lyne#h 2I/c for moderate
values of2l/c. For a very small length of crack, the finite element aiglynay not be
accurate since it requires an extremely fine mesh and @iacticis hard to generate
such a fine mesh. Hence, the nodal stress intensity factagietrac/H is determined by
an extrapolation of the curve of the variation of nodal stress itydastor with respect
to dimensionless crack lengt®l/c. Fig. 2.32 is the nodal stress intensity factors
determined from an extrapolation of the curve at a giwkh The variation of the
extrapolated nodal stress intensity factor with respect tandieh separation ratio is
presented in Fig. 2.33.

The mode Il stress intensity factor for short beam compresseminmgm can be

expressed as:

6
— 2.67

= (2.67)
where,Y is the geometry factor related to the specific crack gegreatd is an applied
shear stress. For the short beam compression test the ap@erdsgess between the

notches is equal 8/Bcand the geometry factor Y will be a functionodfi.

The geometry factof = F(c/H) was calculated by:

Table 2.16 lists the nodal stress intensity factor and the geofaetor and Fig. 2.34

shows the variation of the geometry factor with respect to notch separation ratio.
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Fig. 2.32 Nodal stress intensity factors determiftech an extrapolation of the curve at a giveH: a) cH
=0.1; b)c/H =0.15; c)c/H =0.2; d)c/H =0.25; e)c/H =0.3; f)c/H =0.35; g)c/H =0.4.
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Fig. 2.33 Variation of nodal stress intensity faatdth respect to the notch separation ratio.

A best fitting curve through the data has the form:

€<—= SIS S TTT <—=

The final expression of the mode Il stress intensity factor is as follows

X 6 _
S TTT <—=a—

SIS B
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(2.69)

(2.70)

Table 2.16 Nodal stress intensity factor and theggtry factor with respect to notch separatiororati

c/H 0.1 0.15 0.2 0.25 0.3 0.35 0.4
[psiin] | 172.7 | 1382 | 118.2| 1033 924 85 80.48
€g% h 0.345 | 0.415| 0.473| 0517 0554 0595  0.644
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Fig. 2.34 Variation of the geometry factor withpest to notch separation ratio.

Subcritical crack growth parameters
Four loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control scheee we
employed. 7 specimens were tested in each loading rate, atad @f 28 specimens were
tested. Tables 2.17 lists the dimensions of the specimen, frattengte as well as
fracture toughness for mode Il loading.
Table 2.17Experimental results of the SBC test. The numbetsien brackets in average value indicate

the coefficient of variation (H = height of specimé&V = width of specimen, B = thickness of speciireen
= notch length, and c = notch separation length).

Fracture Fracture

No . . . _ _ Ral'tgag/ilrll,ga/o) Strength | Toughness
~ [ H (in) [W (in)| B (in) | a (in) | ¢ (in) ? MPa) | (MPa m)

SBCO1| 4.012 2.008| 1.012| 1.004| 0.867 0.01 20.393 1.397
SBCO5| 4.010 2.013| 1.012| 1.006| 0.861 ' 22.319 1.526

Specime Dimensions
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Table 2.17— Continued

Specime,_____Dimersions___ Loadng | SUTT | e
© [H (i) | (in) B (in) | a (in) | ¢ (in) [Rate (MPa/) “yipey ™ | (P2 m)
SBC09| 4.011 2.011| 1.011| 1.005| 0.859 22.435 1.530
SBC13| 4.014 2.015| 1.015| 1.008| 0.897 20.945 1.464
SBC17| 4.014 2.013| 1.013| 1.007| 0.881 0.01 18.885 1.307
SBC21| 4.002 2.011| 1.003| 1.006| 0.818 21.909 1.458
SBC25| 3.998 2.000| 0.995| 1.000| 0.779 19.534 1.263
20.917 1.421
Average + 1.389 +0.104
(6.6%) (7.3%)
SBCO02| 4.010 2.010| 1.011| 1.005| 0.858 21.258 1.450
SBCO06| 4.0102.011| 1.012| 1.005| 0.855 21.750 1.481
SBC10| 4.013 2.011| 0.986| 1.006| 0.868 21.409 1.469
SBC14| 4.013 2.016| 1.014| 1.008| 0.876 0.1 19.793 1.366
SBC18| 4.015 2.015| 1.013| 1.008| 0.891 23.388 1.629
SBC22| 4.004 2.002| 1.003| 1.001| 0.800 19.620 1.287
SBC26| 4.009 1.962| 1.007| 0.981| 0.813 19.723 1.291
20.992 1.424
Average +1.384 +0.121
(6.6%) (8.5%)
SBCO03| 4.013 2.012| 1.012| 1.006| 0.858 21.247 1.449
SBCO7| 4.001 2.010| 1.010| 1.005| 0.849 24.352 1.652
SBC11| 4.014 2.011| 1.011| 1.006| 0.872 23.904 1.644
SBC15| 4.015 2.013| 1.015| 1.007| 0.886 1 28.048 1.946
SBC19| 4.001 2.010| 1.004| 1.005| 0.793 23.061 1.509
SBC23| 4.001 2.012| 0.989| 1.006| 0.800 23.270 1.531
SBC27| 4.001 2.002| 0.979| 1.001| 0.792 20.803 1.358
23.526 1.584
Average + 2.386 + 0.190
(10.1%) (12.0%)
SBCO04| 4.011 2.012| 1.013| 1.006| 0.858 24.95 1.702
SBCO08| 4.011 2.009| 1.011| 1.005| 0.860 10 21.11 1.441
SBC12| 3.962 2.011| 1.012| 1.005| 0.877 23.33 1.619




111

Table 2.17— Continued

. Dimensions . Fracture Fracture

Spﬁ(;lme ) ) ) ) . Ral_tgag/llrlgg als) Strength | Toughness
© [ (in)|W (in)| B (in) | a (in) | ¢ (in) P (MPa) | (MPa m)
SBC16| 3.962 2.011| 1.011| 1.005| 0.881 22.51 1.565
SBC20| 4.037 2.010| 0.995| 1.005| 0.882 10 28.48 1.965
SBC24| 4.017 2.016| 1.014| 1.008| 0.881 27.40 1.896
SBC28| 4.014 2.014| 1.015| 1.007| 0.892 26.72 1.862
24.93 1.721
Average +2.74 +0.19
(11.0%) (11.2%)

Fig. 2.35 shows the result of a linear regression analysis t&nigacture strength
and loading rate. The subcritical crack growth parameters arenilederash = 36 = 9,D

=23.17 + 0.39, and = 1.65x10°m/s + 6.03x183 m/s.

35

log10(y)=1.365+0.02727l0gso(X); R = 0.64

n=36 9
D=23.17 0.39
A=165 102m/s 6.03 10* m/s

Fracture strength [MPa]

0.01 0.1 1 10
Loading rate [MPal/s]

Fig. 2.35 Facture strength as a function of loadatg for the SBC specimen. The solid line represtre
best-fit regression line.
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Effect of confining stress on the subcritical crack growth parameter
In order to investigate the effect of confining stress on theigabélccrack growth
parameter three different confining stresses, 5 MPa, 10 MPa anéabwére used. The
confining stress was generated by a hydraulic cylinder jack, REM¥EE JSL-101 (69
MPa (10,000 psi) capacity), connected to a hydraulic hand pump, ENERFBUC(69

MPa (10,000 psi) capacity) and the test apparatus is shown schematicailydr8bi

( n
0"0

Fig. 2.36 Schematic representation of the shontrbe@ampression test under confining stress.

Short beam compression specimens were subjected to a confiningirgress

simultaneously with an axial load to avoid failure before actuial &oad was applied.
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Two Teflon sheets were inserted between the specimen andiittee frame to reduce

friction. The tests were carried out using the SBEL CT-50ggstiachine. Four loading

rates (0.01, 0.1, 1, and 10 MPa/s) under load control scheme were emplaye8. 7

specimens were tested in each loading rate, and a total of328specimens were tested

for each confining stress. Tables 2.18 to 2.20 list the dimensions of the specictarg fra

strength as well as fracture toughness with respect to the confinisg stre

Table 2.18 Experimental results of the SBC testfdfPa confining stress. The numbers between btacke
in average value indicate the coefficient of vamiat(H = height of specimen, W = width of specimBn:
thickness of specimen, a = notch length, and ctelngeparation length).

U

Specimen|_____Dimensions ___| Loadng [ Fracure | Fracure
© |H(n)|W(in)|B(in) | a(in)| c(in)| (MPa/s) | (MPa) | (MPa m)
SBCC5_01 4.003| 2.013| 1.014| 1.006| 0.882 52.838 3.662
SBCC5_05 4.003| 2.015| 0.995| 1.008| 0.859 48.650 3.327
SBCC5_09 4.014| 2.012| 1.014| 1.006| 0.804 48.464 3.191
SBCC5_13 4.012| 2.012| 0.965| 1.006| 0.787| 0.01 49.143 3.201
SBCC5_17 4.014| 2.016| 1.015| 1.008| 0.816 47.003 3.123
SBCC5_21 4.015| 2.011| 0.993| 1.005| 0.803 52.470 3.451
SBCC5_25 4.013| 2.015| 1.015| 1.007| 0.804 56.136 3.700
50.672 3.379
Average +2989 | £0.215
(5.9%) (6.4%)
SBCC5_02 4.003| 2.013| 1.013| 1.006| 0.863 54,778 3.752
SBCC5_06 4.003| 2.014| 1.014| 1.007| 0.869 50.547 3.475
SBCC5_1Q 4.014| 2.012| 1.016| 1.006| 0.810 53.556 3.540
SBCC5_14 4.014| 2.012| 1.015| 1.006| 0.792 0.1 52.782 3.448
SBCC5_18 4.015| 2.016| 1.015| 1.008| 0.832 55.868 3.750
SBCC5_24 4.013| 2.017| 1.016| 1.008| 0.813 52.044 3.452
SBCC5_26 4.015| 2.010| 1.016| 1.005| 0.817 56.713 3.766
53.756 3.598
Average +2.017 | £0.140
(3.8%) (7.0%)
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U

Specimen _____ Dmensions | F8 9 | e ath Tougnes
© |H(n) W (in)|B(in) | a(in)| c(in)| (MPa/s) | (MPa) |(MPa m)
SBCC5_03 4.004| 2.013| 1.013| 1.007| 0.858 54.666 3.733
SBCC5_07 4.004| 2.013| 1.013| 1.007| 0.816 60.682 4.035
SBCC5_11 4.014| 2.013| 1.016| 1.007| 0.805 48.439 3.193
SBCC5_15 4.015| 2.014| 1.016| 1.007| 0.795 1 52.769 3.456
SBCC5_19 4.014| 2.013| 1.015| 1.007| 0.796 51.979 3.407
SBCC5_23 4.013| 2.017| 1.016| 1.009| 0.819 56.469 3.760
SBCC5 27 4.014| 2.012| 1.011| 1.006| 0.808 57.297 3.783
54.615 3.624
Average +3.702 | £0.263
(6.8%) (7.3%)
SBCC5_04 4.002| 2.015| 0.989| 1.007| 0.882 59.264 4.109
SBCC5_08 4.002| 2.014| 1.013| 1.007| 0.799 62.868 4.135
SBCC5 12 4.014| 2.012| 1.016| 1.006| 0.808 53.255 3.518
SBCC5 16 4.013| 2.012| 1.014| 1.006| 0.760 10 67.508 4.316
SBCC5_20 4.015| 2.017| 1.009| 1.009| 0.814 64.056 4.251
SBCC5_24 4.017| 2.017| 1.017| 1.009| 0.819 60.624 4.035
SBCC5_28 4.015| 2.017| 1.015| 1.008| 0.813 56.050 3.718
60.518 4.012
Average +4.491 | £0.269
(7.4%) (6.7%)

Table 2.19 Experimental results of the SBC test ¥0r MPa confining stress. The numbers between
brackets in average value indicate the coeffic@nvariation (H = height of specimen, W = width of

specimen, B = thickness of specimen, a = notchtteraind ¢ = notch separation length).

\"2J

Specimen| ____Dmensions_____| KR | Toughnos
' H (in) (W (in)| B (in) | a (in) | c (in) | (MPa/s) | (MPa) | (MPa m)
SBCC10_0] 4.020| 2.017| 1.020| 1.009| 0.867 71.010 | 4.872
SBCC10_0! 4.030| 2.025| 1.035| 1.013| 0.870 69.932 | 4.812
SBCC10_0{ 4.002| 2.003| 0.954| 1.002| 0.826| 0.01 67.587 | 4.512
SBCC10_1{ 3.977| 2.017| 0.993| 1.008| 0.785 84.124 | 5.499
SBCC10_ 1] 4.017| 2.016| 1.016| 1.008| 0.815 81.429 | 5.407
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Table 2.19 —Continued

Specimen| ____ Dmensons | K8 | Toughnest
© [H(in)\W(in)| B (in)| a(in)| c(in) | (MPa/s) | (MPa) | (MPa m)
SBCC10_2] 4.014| 2.020| 1.006| 1.010| 0.838 80.707 5.446
SBCC10_2!4.017| 2.012| 1.016| 1.006| 0.862| 0.01 77.134 5.272
SBCC10_2{ 4.016| 2.016| 1.007| 1.008| 0.833 86.663 5.822
77.324 5.205
Average +6.625 | +0.406
(8.6%) (7.8%)
SBCC10_0j 4.020| 2.022| 1.018| 1.011| 0.859 72.716 4.969
SBCC10_0f 3.993| 2.026| 1.030| 1.013| 0.823 78.041 5.235
SBCC10_1( 3.990| 2.012| 0.973| 1.006| 0.833 78.211 5.262
SBCC10_14 3.978| 2.019| 0.986| 1.009| 0.788 o1 83.483 5.468
SBCC10_1{4.017| 2.017| 1.020| 1.009| 0.820 82.369 5.489
SBCC10_2] 4.020| 2.017| 1.019| 1.008| 0.799 90.021 5.912
SBCC10_2(4.019| 2.012| 1.014| 1.006| 0.837 79.912 5.375
SBCC10_3( 4.006| 2.008| 1.007| 1.004| 0.786 89.174 5.803
81.741 5.439
Average +5.456 | +0.287
(6.7%) (7.0%)
SBCC10_0] 4.021| 2.020| 1.018| 1.010| 0.864 71.682 4912
SBCC10_0] 4.020| 2.020| 1.019| 1.010| 0.861 77.626 5.311
SBCC10_1] 4.000| 2.001| 1.003| 1.001| 0.810 79.074 5.221
SBCC10_1! 3.978| 2.018| 0.995| 1.009| 0.781 1 88.762 5.786
SBCC10_1{4.017| 2.016| 0.955| 1.008| 0.803 79.740 5.253
SBCC10_2{ 4.017| 2.015| 1.016| 1.008| 0.854 78.554 5.346
SBCC10_2] 4.008| 2.022| 1.015| 1.011| 0.828 86.866 5.830
SBCC10_3] 4.005| 2.013| 1.008| 1.007| 0.846 92.758 6.286
81.883 5.493
Average +6.483 | +0411
(7.9%) (7.5%)
SBCC10_04 4.017| 2.017| 1.018| 1.008| 0.853 10 76.182 5.182
SBCC10_0§ 4.021| 2.020| 1.018| 1.010| 0.862 85.733 5.868
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. Dimensions Loading | Fracture | Fracture

Spﬁc(:)lmen : ) ) : ) rate Strength | Toughnes
© |H(n)|W (in)| B(in)| a(in)| c(in)| (MPa/s) | (MPa) | (MPa m)
SBCC10_1] 3.999| 2.004| 0.987| 1.002| 0.799 84.265 5.529
SBCC10_1( 3.979| 2.017| 1.010| 1.008| 0.782 89.314 5.824
SBCC10_2( 4.015| 2.014| 0.991| 1.007| 0.822 10 79.852 5.324
SBCC10_24 4.018| 2.019| 1.021| 1.009| 0.804 93.125 6.140
SBCC10_2{ 4.007| 2.011| 1.015| 1.006| 0.821 95.090 6.335
SBCC10_3] 4.006| 2.016| 1.009| 1.008| 0.803 93.494 6.164
87.132 5.796

Average +6.399 | £0.391
(7.3%) (6.7%)

Table 2.20 Experimental results of the SBC test ¥6r MPa confining stress. The numbers between
brackets in average value indicate the coeffic@nvariation (H = height of specimen, W = width of

specimen, B = thickness of specimen, a = notchtteragnd ¢ = notch separation length).

U

Seecimen| _____Dimensions____| Leatha [ fracwe | Facure
' H (in) (W (in)| B (in) | a(in) | c (in) | (MPa/s) | (MPa) | (MPa m)
SBCC15_0] 4.012| 2.012| 1.007| 1.006| 0.786 105.105 | 6.842
SBCC15 0! 4.014| 2.012| 1.008| 1.006| 0.899 103.661 | 7.249
SBCC15_0{4.017| 2.012| 1.009| 1.006| 0.695 118.639 | 7.241
SBCC15_1{4.015| 2.014| 1.008| 1.007| 0.798| 0.01 | 118.617 | 7.784
SBCC15_1] 4.015| 2.015| 1.017| 1.007| 0.888 105.840 | 7.355
SBCC15_2| 4.014| 2.010| 1.019| 1.005| 0.842 113.600 | 7.666
SBCC15_2! 4.015| 2.012| 1.019| 1.006| 0.863 108.807 | 7.443
110.610 | 7.369

Average +5.881 | +£0.287
(5.3%) | (3.9%)

SBCC15_0{ 4.015| 2.012| 1.008| 1.006| 0.813 115.007 | 7.620
SBCC15_0( 4.017| 2.012| 1.008| 1.006| 0.838 113.075| 7.610
SBCC15_1( 4.014| 2.011| 0.991| 1.006| 0.753 01 112.121 | 7.132
SBCC15_14 4.014| 2.014| 1.008| 1.007| 0.788 114.984 | 7.495
SBCC15_1{ 4.013| 2.013| 1.017| 1.007| 0.845 120.230 | 8.136
SBCC15_2] 4.012| 2.012| 1.017| 1.006| 0.874 114.745 | 7.903
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Table 2.20 —Continued

. Dimensions Loading | Fracture | Fracture
SpEc;‘)lmen : : : : : rate Strength | Toughness
' H (in) (W (in)| B (in) | a(in) | c (in) | (MPa/s) | (MPa) | (MPa m)
SBCC15_2( 4.015| 2.013| 1.019| 1.007| 0.862 0.1 122.743 | 8.394
116.129 | 7.756
Average +3.595 | £0.391
(3.1%) (7.0%)
SBCC15_0j 4.012| 2.013| 1.008| 1.007| 0.819 107.658 | 7.163
SBCC15_0] 4.015| 2.012| 1.008| 1.006| 0.844 118.585| 8.014
SBCC15_1] 4.009| 2.012| 0.994| 1.006| 0.764 121.664 | 7.807
SBCC15_1! 4.010| 2.013| 1.007| 1.006| 0.802 1 115.840 | 7.626
SBCC15_1{ 4.013| 2.012| 1.017| 1.006| 0.868 121.497 | 8.337
SBCC15_2] 4.014| 2.013| 1.020| 1.006| 0.837 121.110 | 8.149
SBCC15_2] 4.014| 2.011| 1.017| 1.005| 0.850 124.245 | 8.428
118.657 | 7.932
Average +5.117 | £0.408
(4.3%) (5.1%)
SBCC15_04 4.013| 2.011| 1.008| 1.005| 0.824 114.071 | 7.609
SBCC15_0§ 4.016| 2.012| 1.007| 1.006| 0.965 108.249 | 7.866
SBCC15_1] 4.009| 2.015| 0.999| 1.007| 0.831 116.743 | 7.836
SBCC15_1( 4.008| 2.012| 1.007| 1.006| 0.802 10 122.282 | 8.050
SBCC15_2( 4.013| 2.010| 1.015| 1.005| 0.845 130.865 | 8.845
SBCC15_24 4.013| 2.012| 1.010| 1.006| 0.850 128.747 | 8.737
SBCC15_2{ 4.014| 2.013| 1.017| 1.007| 0.868 129.095| 8.859
121.436 | 8.257
Average +8.035 | £0.497
(6.6%) (6.0%)

Figs. 2.37 to 2.39 show the fracture strength as a function of loatknigprahe SBC
test with respect to confining stress. The subcritical cracktgrparameters, D, andA
are determined to be= 41 + 9D = 56.18 + 0.72, and = 6.78x10°+ 2.08x10'm/s,n =

63 + 22,0 = 83.20 + 1.21, and = 4.62x10°+ 1.36x10°m/s,n = 76 + 23D = 118.24 +
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1.21, andA = 3.34x10°+ 8.09x10° m/s, respectively, for 5 MPa, 10 MPa, and 15 MPa

confining stress.

100
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Fig. 2.37 Facture strength as a function of loadatg for the SBC specimen under 5 MPa confiningsst
The solid line represents the best-fit regressios |
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Fig. 2.38 Facture strength as a function of loadig for the SBC specimen under 10 MPa confining
stress. The solid line represents the best-fitaggjon line.
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Fig. 2.39 Facture strength as a function of loadiag for the SBC specimen under 15 MPa confining
stress. The solid line represents the best-fitaegjon line.

Effect of specimen size on subcritical crack growth parameter

Three different specimen sizes were chosen to investigateeheffect on subcritical

crack growth. Short beam compression tests were performedea daonfigurations

(S0.75, S1.25, and S1.5) corresponding to specimen width of 1.5 in, 2.5 in, and 3.0 in.

Four loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control schemenvpéoged.

7 specimens were tested in each loading rate, and a totalspe2Bnens were tested for

each specimen configuration. Tables 2.21 to 2.23 list the dimensidhs specimen,

fracture strength as well as fracture toughness with respectdiongpesize.
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Table 2.21 Experimental results of the SBC testS@i75 specimen size. The numbers between brackets
average value indicate the coefficient of variat{bh= height of specimen, W = width of specimen=B
thickness of specimen, a = notch length, and ctelngeparation length).

Dimensions Loading | Fracture | Fracture
Specimen N rate Strength | Toughness

H (in)|W (in)| B (in) | a (in)| c (in) | (MPa/s) | (MPa) | (MPa m)
SBCSO0.75_013.021| 1.512| 0.758| 0.756| 0.686 19.076 1.128
SBCSO0.75_043.024|1.508| 0.759| 0.754| 0.680 17.239 1.013
SBCSO0.75_0§3.025|1.482|0.782|0.741| 0.670 23.475 1.355
SBCS0.75_113.024|{1.507|0.781|0.754/0.675| 0.01 21.755 1.272
SBCSO0.75_1713.026| 1.503|0.760| 0.751| 0.682 21.931 1.287
SBCS0.75_213.023|1.512|0.781| 0.756| 0.675 21.366 1.252
SBCS0.75_213.032|1.496|0.743|0.748| 0.700 19.257 1.144
20.586 1.207

Average +2.136 | £0.117
(10.4%) (9.7%)

SBCSO0.75_0]3.023|1.512|0.758| 0.756| 0.675 20.165 1.181
SBCSO0.75_0¢3.021| 1.504| 0.758| 0.752| 0.663 20.432 1.181
SBCSO0.75_1(3.024/1.482/0.781|0.741| 0.672 17.547 1.015
SBCSO0.75_143.026|1.481|0.782| 0.741| 0.665 0.1 21.522 1.237
SBCSO0.75_1¢3.025| 1.512|0.780| 0.756| 0.678 20.695 1.215
SBCS0.75_2{3.032|1.496|0.744/0.748| 0.680 20.828 1.218
SBCSO0.75_2¢3.026|1.497|0.759| 0.749| 0.674 23.690 1.379
20.70 1.204

Average +1.823 | £0.107
(8.8%) (8.9%)

SBCSO0.75_0{3.025| 1.483|0.779|0.741| 0.680 19.175 1.117
SBCSO0.75_0]3.025| 1.489|0.757|0.745| 0.680 18.885 1.102
SBCS0.75_113.024|1.511|0.758| 0.756| 0.669 23.135 1.348
SBCSO0.75_113.029| 1.502| 0.760] 0.751| 0.680 1 28.151 1.648
SBCS0.75_1¢3.029| 1.497|0.745|0.748/ 0.670 22.136 1.283
SBCS0.75_2{3.003| 1.504| 0.754|0.752| 0.591 27.147 1.474
SBCSO0.75_2]13.003| 1.503|0.752| 0.751| 0.585 31.164 1.681
24.256 1.379

Average +4685 | £0.234
(19.3%) | (17.0%)
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Dimensions Loading | Fracture | Fracture
Specimen N : ) ) : ) rate Strength | Toughness

H (in)|W (in)| B (in)|a(in)| c (in)| (MPa/s) | (MPa) | (MPa m)
SBCS0.75_04 3.025| 1.484/0.781| 0.742| 0.674 17.166 0.995
SBCS0.75_0¢ 3.025| 1.506| 0.758| 0.753| 0.682 24.968 1.468
SBCS0.75_173.023| 1.508| 0.759| 0.754| 0.684 25.871 1.525
SBCS0.75_1¢3.022| 1.506| 0.783| 0.753| 0.682 10 23.002 1.353
SBCS0.75_2(3.033| 1.495|0.744/ 0.748| 0.676 21.769 1.268
SBCS0.75_243.032| 1.496|0.744/ 0.748| 0.676 24.436 1.423
SBCS0.75_2{3.001| 1.504|0.753| 0.752| 0.599 34.009 1.861
24.460 1.413

Average +5.099 | £0.263
(20.8%) | (18.6%)

Table 2.22 Experimental results of the SBC testShR25 specimen size. The numbers between brackets
average value indicate the coefficient of variat{bh= height of specimen, W = width of specimen=B
thickness of specimen, a = notch length, and ctelngeparation length).

Dimensions Loading | Fracture | Fracture
Specimen N rate Strength | Toughness$

H (in)|W (in)|B (in) | a(in)|c (in) | (MPa/s) | (MPa) | (MPa m)
SBCS1.25_0]5.002|2.501| 1.254| 1.250| 1.040 14.491 1.085
SBCS1.25_0§5.001| 2.505| 1.256| 1.252| 1.045 18.241 1.369
SBCS1.25_0§5.017|2.509| 1.257| 1.255| 1.039 16.471 1.231
SBCS1.25_1(5.019|2.519|1.258/1.259|1.066) 0.01 18.241 1.382
SBCS1.25_175.021| 2.509| 1.255| 1.255| 1.043 17.071 1.278
SBCS1.25 215.020|2.518|1.257|1.259|1.044 18.124 1.357
SBCS1.25 215.000( 2.500| 1.253| 1.250| 1.058 17.990 1.360
17.233 1.295

Average +1.386 | +0.108
(8.0%) (8.3%)

SBCS1.25 074.999|2.499| 1.255| 1.250| 0.985 16.435 1.196
SBCS1.25 0¢5.002(2.501| 1.255| 1.251| 1.057 20.968 1.583
SBCS1.25 1(5.014|2.514|1.255| 1.257| 1.065 0.1 17.004 1.288
SBCS1.25 145.016|2.510]1.257|1.255|1.044 18.670 1.399
SBCS1.25 1§5.015|2.510]1.218| 1.255| 1.066 16.467 1.248
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Dimensions Loading | Fracture | Fracture
Specimen N : : : : . rate Strength | Toughness$

H (in)|\W (in)| B (in) | a (in)| ¢ (in) | (MPa/s) | (MPa) | (MPa m)
SBCS1.25_275.021| 2.509|1.254| 1.255| 1.045 01 17.689 1.325
SBCS1.25_2(5.016|2.519|1.257|1.260| 1.041 ' 19.809 1.482
18.149 1.360

Average +1.744 | +0.137
(9.6%) (10.0%)

SBCS1.25 015.001|2.499|1.254|1.249| 1.062 18.783 1.422
SBCS1.25 014.999|2.501|1.254|1.250| 1.067 18.975 1.440
SBCS1.25 115.017|2.510)1.257| 1.255| 1.043 19.330 1.447
SBCS1.25_1%5.021|2.511|1.258| 1.255| 1.045 1 20.411 1.529
SBCS1.25_1¢5.017|2.510| 1.257| 1.255| 1.038 19.049 1.423
SBCS1.25_2]5.021|2.519|1.257|1.259| 1.051 17.372 1.306
SBCS1.25_27]5.017|2.508| 1.257| 1.254| 1.071 17.508 1.330
18.775 1.414

Average +1.055 | +£0.075
(5.6%) (5.3%)

SBCS1.25_045.000( 2.500| 1.255| 1.250| 1.040 19.408 1.453
SBCS1.25_0§4.874|2.500| 1.254| 1.250| 1.064 22.506 1.725
SBCS1.25_175.001| 2.503| 1.254| 1.251| 1.062 23.735 1.797
SBCS1.25_1¢5.008| 2.510| 1.259| 1.255| 1.054 10 19.622 1.479
SBCS1.25_2(5.021|2.510)1.255| 1.255| 1.039 24.698 1.845
SBCS1.25 245.014/2.510)1.251| 1.255| 1.053 19.556 1.472
SBCS1.25_2§5.020) 2.507|1.258| 1.253| 1.043 18.733 1.403
21.180 1.596

Average +2410 | £0.185
(11.4%) | (11.6%)
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Table 2.23 Experimental results of the SBC testiSbi5 specimen size. The numbers between brackets i
average value indicate the coefficient of variat{bh= height of specimen, W = width of specimen=B
thickness of specimen, a = notch length, and ctelngeparation length).

Dimensions Loading | Fracture | Fracture
Specimen No rate Strength | Toughness$

H (in)|W (in) B (in) | a (in)| c (in)| (MPa/s) | (MPa) | (MPa m)
SBCS1.5 01/6.014]3.014{1.513|1.507|1.141 15.239 1.240
SBCS1.5 05/6.009]3.013]1.516|1.507|1.126 17.526 1.418
SBCS1.5 09 6.016|3.007|1.516| 1.503| 1.137 16.122 1.308
SBCS1.5 13 5.913]2.935/1.534/1.467|1.162 0.01 19.878 1.622
SBCS1.5 17/6.018]2.839|1.515|1.419|1.222 13.865 1.132
SBCS1.5 21/6.016|2.966|1.275|1.483| 1.281 17.277 1.477
SBCS1.5 25/6.002|3.004|1.474{1.502(1.170 18.714 1.541
16.946 1.391

Average +2.052 | £0.173
(12.1%) | (12.5%)

SBCS1.5 02/6.016/3.015/1.512(1.507|1.144 15.225 1.241
SBCS1.5 06| 6.005|3.021({1.5171.510|1.153 19.031 1.560
SBCS1.5 10 6.016|3.013(1.524| 1.506| 1.188 16.035 1.331
SBCS1.5 14{6.021]3.020({1.519| 1.510|1.153 0.1 20.000 1.637
SBCS1.5 18 6.020|3.021(1.518]1.510|1.182 20.114 1.667
SBCS1.5 22/ 6.005| 3.020(1.518| 1.510| 1.069 18.386 1.453
SBCS1.5 26| 6.018|3.016|1.515|1.508| 1.245 20.315 1.726
18.444 1.516

Average +2.050 | +£0.181
(11.1%) | (12.0%)

SBCS1.5 03 6.011]3.009(1.517|1.504|1.143 17.485 1.424
SBCS1.5 07/6.021]3.015/1.510] 1.508| 1.137 17.493 1.421
SBCS1.5 11/6.016|3.008|1.493(1.504|1.124 18.355 1.482
SBCS1.5 15/6.022|3.020]1.519(1.510(1.120 1 21.078 1.701
SBCS1.5 19 6.023]3.019|1.516| 1.509| 1.197 21.068 1.755
SBCS1.5 23 6.005|3.020]1.377|1.510| 1.287 18.698 1.604
SBCS1.5 27/5.967|2.840| 1.515|1.420| 1.221 16.977 1.391
18.736 1.540

Average +1.697 | +£0.147
(9.1%) (9.5%)
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Dimensions Loading | Fracture | Fracture
Specimen No— : : : ) rate Strength | Toughness$

H (in)|W (in)| B (in) 2 (in)| c (in)| (MPa/s) | (MPa) | (MPa m)
SBCS1.5_04/6.023| 3.015/1.511/1.508| 1.162 17.251 1.416
SBCS1.5_08 6.007| 3.020/ 1.518| 1.510| 1.120 23.952 1.935
SBCS1.5_12/6.015|3.012/ 1.520( 1.506| 1.131 22.482 1.822
SBCS1.5_16/5.997| 3.023/ 1.520( 1.511| 1.149 10 20.161 1.651
SBCS1.5_20 6.002/2.903/1.5171.452/1.118 18.090 1.432
SBCS1.5_24/6.005| 2.969| 1.507| 1.485| 1.298 20.564 1.771
SBCS1.5_28 5.971|3.016/ 1.514(1.508| 1.172 22.680 1.876
20.740 1.701

Average +2472 | +£0.209
(11.9%) | (12.3%)

Figs. 2.40 to 2.42 show the fracture strength as a function of loatknigrahe SBC

test with respect to specimen size. The subcritical crack Qrparameters, D, andA

are determined to he= 36 + 15D = 22.89 + 0.68, and = 1.19x10°+ 6.94x10*m/s,n

=35+ 8D =19.33 + 0.33, and = 2.38x10°+ 8.80x10"m/s,n=36 + 11D = 19.16 +

0.41, andA = 3.02x10° + 1.15x10° m/s, respectively, for S0.75, S1.25, and S1.5

specimen size.

Effect of water on subcritical crack growth parameter

The strength of rock is influenced by the water content. An iperebiwater content

results in a decrease of rock strength. The water conteatloig usually very small, so

the degree of saturation was used instead of the water contentifferent degrees of

saturation were selected to investigate the effect of veateubcritical crack growth: 50%

water saturation and fully saturated conditions.
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Fig. 2.40 Facture strength as a function of loadatg for the SBC specimen with S0.75 specimen size
The solid line represents the best-fit regresdios |
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Fig. 2.41 Facture strength as a function of loadatg for the SBC specimen with S1.25 specimen size
The solid line represents the best-fit regressios |
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Fig. 2.42 Facture strength as a function of loadatg for the SBC specimen with S1.5 specimen Sike.
solid line represents the best-fit regression line.

The specimens were oven dried at 40°C for 24 hours and the dried espeemre
weighed. Fig. 2.43a shows a typical relation between time amtrsge weight during
oven drying. After 2 hours, the weight remained constant, so we can assume ¢hanthe
dried specimens were complete dried after 24 hours. Again,imaftegrsion in water for
48 hours the specimens were removed from the immersion bath asdrthees dried
with a paper towel. Saturated-surface-dry weight was measufegt. rAeasuring the
weight, the specimens were wrapped in plastic wrap to mainbaistant water content
and tested. Fig. 2.43b shows a typical relation between time anttvaéigr immersion
in water. After 7 hours the specimen weight remained constant, so westanesthat the

specimens in water for 48 hours were fully saturated. Fig. 2H@as a typical relation
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between time and degree of saturation during air drying. After 1thewspecimens gave
a degree of saturation of about 50%.

Since we knew the dry weight and the fully saturated weightifepecimen, we can
calculate the weight for a 50% degree of saturation specif®rthe specimen weight
was measured several times after 1 hour to find the exaghtver a 50% degree of
saturation. Once we met the suitable weight, specimens wapped in plastic wrap in

order to maintain constant moisture content and tested.
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Fig. 2.43 Variations of specimen weight and degresaturation with respect to time: a) typical tigla
between time and specimen weight during oven dyytypical relation between time and weight after
immersion in water; c) typical relation betweendiand degree of saturation during air dry.
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Tables 2.24 and 2.25 list the dimensions of the specimen, fracturetisteengvell as

fracture toughness with respect to degree of saturation in the specimen.

Table 2.24 Experimental results of the SBC test50% degree of saturation specimen. The numbers

between brackets in average value indicate thdicmeft of variation (H = height of specimen, W =dth

of specimen, B = thickness of specimen, a = natolyth, and ¢ = notch se

paration length).

Dimensions Loading | Fracture | Fracture
Specimen No; rate Strength | Toughness$
H (in)|W (in)(B (in) | a (in)| c (in)| (MPa/s) | (MPa) | (MPa m)
SBCW50_01| 4.0152.020|0.997|1.010|0.892 18.285 1.303
SBCW50_05| 4.0002.016|1.013|1.008|0.789 20.784 1.398
SBCW50_09| 4.0162.020|0.999|1.010| 0.826 21.783 1.496
SBCW50_13| 4.0172.020{1.011({1.010{0.821) 0.01 21.033 1.440
SBCW50_17| 4.0152.021|1.012(1.010|0.830 22.273 1.534
SBCW50_21| 4.0092.013|1.011|1.006|0.817 18.312 1.249
SBCW50_25| 4.0142.022|1.011/1.011|0.813 22.490 1.534
20.709 1.422
Average +1.756 | £0.112
(8.5%) (7.9%)
SBCW50_02| 3.9972.013| 1.009|1.007|0.842 22.362 1.550
SBCW50_06| 3.9942.017|1.010|1.008|0.792 23.408 1.578
SBCW50_10| 4.0142.022|1.016|1.011|0.813 22.806 1.556
SBCW50_14| 4.0182.020|1.010|1.010|0.828 0.1 22.460 1.544
SBCW50_18| 4.0152.021|1.011(1.011|0.835 21.862 1.510
SBCW50_22| 4.0172.021|1.012(1.011|0.844 22.245 1.544
SBCW50_26| 4.0292.011|1.008|1.006|0.818 20.276 1.381
22.203 1.523
Average +0.978 | +0.066
(4.4%) (4.3%)
SBCW50_03| 4.0162.018|1.006|1.009|0.911 21.576 1.553
SBCW50_07| 4.0162.018|1.009|1.009|0.924 22.208 1.611
SBCW50_11| 4.0152.020|1.011|1.010/0.843 1 23.839 1.653
SBCW50_15| 4.0152.020| 1.014|1.010|0.893 22.346 1.594
SBCW50_19| 4.0162.020]1.012(1.010|0.850 22.803 1.588
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Dimensions Loading | Fracture | Fracture
Specimen No— : : . ) rate Strength | Toughness$

H (in)\W (in)| B (in)| a (in)| c (in)| (MPa/s) | (MPa) | (MPa m)
SBCW50_23| 4.0272.024(0.986| 1.012| 0.861 1 23.104 1.618
SBCW50_27 4.0112.000| 1.010| 1.000] 0.829 21.702 1.486
22.511 1.586

Average +0.801 | +0.054
(3.6%) (3.4%)

SBCW50_04| 4.1182.019|0.975| 1.009| 0.833 23.260 1.587
SBCW50_08| 3.9972.018| 1.009| 1.009| 0.890 23.977 1.710
SBCW50_12| 4.0292.019|1.012|1.010| 0.840 24.010 1.659
SBCW50_16| 4.0172.021|1.012]1.011|0.854 10 24.788 1.730
SBCW50_20| 4.0192.021|1.012|1.011|0.746 26.056 1.707
SBCW50_24| 3.9912.011|1.011| 1.005| 0.815 22.065 1.506
SBCWA50_28| 3.9952.020| 1.002| 1.010, 0.824 25.332 1.741
24.213 1.663

Average +1.329 | +0.087
(5.5%) (5.2%)

Table 2.25 Experimental results of the SBC test ftdly saturated specimen. The numbers between
brackets in average value indicate the coeffic@nvariation (H = height of specimen, W = width of
specimen, B = thickness of specimen, a = notchtteragnd ¢ = notch separation length).

Dimensions Loading | Fracture | Fracture

Specimen No— ) : ) ) rate Strength | Toughness
H (in)|W (in) B (in)| & (in) | c (in) | (MPa/s) | (MPa) | (MPa m)
SBCW100_014.000| 2.024|1.028| 1.012| 1.034 15.444 1.191
SBCW100_0%3.989| 2.022| 0.996| 1.011| 0.798 18.028 1.222
SBCW100_094.000| 2.028| 1.008| 1.014| 0.850 19.539 1.365
SBCW100_134.030| 2.029| 0.988| 1.014| 0.882|  0.01 16.641 1.180
SBCW100_174.029| 2.020| 0.988| 1.010| 0.883 16.679 1.181
SBCW100_214.028| 2.018| 1.008| 1.009| 0.883 18.509 1.310
SBCW100_253.927|2.023| 1.031| 1.012| 0.884 19.499 1.399
17.763 1.264
Average +1.560 | +0.093
(8.8%) (7.3%)
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Table 2.25 —Continued
Dimensions Loading | Fracture | Fracture
Specimen No; rate Strength | Toughness
H (in)|W (in)| B (in)| a (in)| c (in)| (MPa/s) | (MPa) | (MPa m)
SBCW100_023.991(2.023|1.012|1.012| 1.035 17.013 1.293
SBCW100_063.998(2.023|1.028| 1.011| 0.840 18.767 1.271
SBCW100_104.025|2.028| 0.985| 1.014| 0.915 17.958 1.272
SBCW100_143.999|2.029| 0.989| 1.015| 0.855 0.1 18.756 1.284
SBCW100_184.026|2.028|0.979| 1.014| 0.882 18.159 1.260
SBCW100_224.028|2.021|1.008| 1.011| 0.890 17.377 1.256
SBCW100_263.999|2.011| 1.000| 1.005| 0.823 20.517 1.370
18.364 1.286
Average +1.152 | +0.039
(6.3%) (3.0%)
SBCW100_034.025|2.021|0.979| 1.010| 0.874 21.705 1.496
SBCW100_074.032|2.028(0.988| 1.014| 0.891 19.413 1.353
SBCW100_114.025|2.021|0.989| 1.010| 0.893 19.831 1.383
SBCW100_1%3.999|2.028| 1.008| 1.014| 0.859 1 20.540 1.409
SBCW100_194.027|2.029|0.987| 1.015| 0.904 18.007 1.267
SBCW100_233.926|2.023|1.031| 1.011| 0.942 19.279 1.401
SBCW100_274.001(2.012|1.001| 1.006| 0.838 21.789 1.469
20.081 1.397
Average +1.367 | +£0.075
(6.8%) (5.4%)
SBCW100_043.991|2.022|1.029| 1.011| 0.964 18.594 1.358
SBCW100_084.027(2.028|0.977|1.014| 0.890 18.177 1.267
SBCW100_124.026|2.025|1.032| 1.012| 0.880 18.123 1.255
SBCW100_163.997(2.024/1.018|1.012|0.798 10 25.091 1.700
SBCW100_204.027(2.028|1.006| 1.014| 0.892 23.012 1.606
SBCW100_244.029|2.027(1.008| 1.013| 0.890 21.660 1.509
SBCW100_284.013|2.023(1.012|1.012|0.841 23.467 1.587
21.161 1.469
Average +2862 | +0.176
(13.5%) | (12.0%)
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Figs. 2.44 and 2.45 show the fracture strength as a function of loatiéntpr the
SBC test with respect to degree of saturation in the specimensuliwitical crack
growth parameterms, D, andA are determined to be= 38 £ 6,D = 23.29 + 0.26, and
= 1.64x10° + 3.05x10'm/s andn = 37 + 10,D = 19.81 + 0.34, and = 1.97x10 +

8.32x10"m/s, respectively, for 50% and 100% degree of saturation in the specimen.

50
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Fig. 2.44 Facture strength as a function of loadatg for the SBC specimen with 50% degree of atitur.
The solid line represents the best-fit regresdios |
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Fig. 2.45 Facture strength as a function of loadiatg for the SBC specimen with 100% degree of
saturation. The solid line represents the besefjtession line.

2.6.2 Single shear test

The single shear (SS) specimens are similar to the losipbsan test [65] and the
double-edge cracked plate in four-point bending [1]. Reinhardt et al. [66]eBal. [67],
Biolzi [68], and Swarts and Taha [69] used the losipescu tesnsgedo study the shear
fracturing in concrete. The specimens had the nominal dimensifts; W = 76.2 mm
(3 in), heightH = 71.12 mm (2.8 in), and thickneBs= 25.4 mm (1 in). The straight-
through notch with a length af= 25.4 mm (1 in) was cut on the top and bottom using a
diamond wheel saw. The thickness of the notch was 2.0 mm. The schiflosdti&tions
of the specimen geometry and the test setup are shown in Fig. 2.¥8s Rare attached

between the guide frame and the steel plate on the rightasdhe steel plate freely
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moves in the vertical direction. The rollers minimize foatibetween the right guide
frame and the steel plate. A heavy weight was placed aophef the left guide frame to
prevent tilting. Once the specimen was placed in the guide frids@deft guide frame
was fixed so that the specimen was laterally constrainedhvidwdities shear failure in

the specimen.

ER N
I
_%_ ﬂ_» v

Fig. 2.46 Schematic illustration of the SS specimeametry and test fixture; a) single shear testispen
geometry; b) test fixture.

The nominal shear strength of the single shear specimen is expresses as:

6

& (2.71)

where,b is half of the specimen height.

The mode Il stress intensity factor was also determined UsngRANC2D/L finite

element code and given as:
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(2.72)

Table 2.26 lists the dimensions of the specimen, fracture strangtiell as fracture

toughness in the single shear specimen.

Table 2.26 Experimental results of the SS specitasnh The numbers between brackets in average value
indicate the coefficient of variation (W = width specimen, H = height of specimen, B = thickness of
specimen, a = notch length, and b = half of theispen height).

Dimensions Loading | Fracture | Fracture
Specimen No; rate Strength | Toughness
W (in) H (in)| B (in) | a(in) b (in)| (MPa/s) | (MPa) | (MPa m)
SS01 2.9182.807|1.003| 0.992| 1.403 23.322 1.465
SS05 2.9112.808| 1.005| 0.986| 1.404 23.254 1.483
SS09 2.83%2.813|1.014| 0.990| 1.406 17.367 1.101
SS13 2.8662.813|1.013] 0.989| 1.406 0.01 14.928 0.950
SS17 2.8932.807|1.006| 0.987|1.404 18.568 1.180
SS21 2.8942.807|1.006| 0.987| 1.403 15.408 0.979
SS25 2.9092.806| 1.004| 0.984| 1.403 18.848 1.204
SS29 2.9022.806| 1.004| 0.985| 1.403 17.173 1.095
18.608 1.182
Average +3.190 | +0.200
(17.1%) | (16.9%)
SS02 2.9062.806| 0.9570.987| 1.403 17.296 1.099
SS06 2.9272.813|1.013/ 0.968| 1.406 21.777 1.451
SS10 2.9332.813|1.014/0.991| 1.407 24.904 1.577
SS14 2.9312.814|1.014/0.990| 1.407 o1 24.321 1.544
SS18 2.8822.804|1.006| 0.986| 1.402 18.582 1.179
SS22 2.9062.807| 1.006| 0.984|1.404 22.068 1.412
SS26 2.8462.807| 1.006| 0.982| 1.403 17.676 1.135
SS30 2.8822.804|1.005| 0.983| 1.402 22.367 1.431
21.124 1.353
Average +2937 | +£0.188
(13.9%) | (13.9%)
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Table 2.26 —Continued

Dimensions Loading | Fracture | Fracture
Specimen No; rate Strength | Toughness
W (in)[H (in)|B (in) | a(in)| b (in)| (MPa/s) | (MPa) | (MPa m)
SS03 2.9182.809| 1.003| 0.995| 1.404 26.416 1.651
SS07 2.9212.812|1.014/0.971| 1.406 25.227 1.667
SS11 2.9132.815|1.014| 0.992| 1.407 22.126 1.402
SS15 2.9282.810|1.013/0.992| 1.405 1 25.793 1.626
SS19 2.8212.804|1.004|0.981| 1.402 17.179 1.103
SS23 2.8842.804|1.005/0.981| 1.402 18.170 1.167
SS27 2.8742.806| 1.007| 0.982| 1.403 22.358 1.436
SS31 2.8672.803| 1.006| 0.983| 1.401 18.446 1.179
21.965 1.404
Average +3.683 | +0.233
(16.8%) | (16.6%)
SS04 2.9172.808|1.003/0.991|1.404 23.626 1.491
SS08 2.91%2.816|1.013/0.974| 1.408 23.273 1.537
SS12 2.9222.816|1.014|/0.972| 1.408 21.779 1.442
SS16 2.9232.813|1.013/0.991| 1.406 10 22.891 1.448
SS20 2.8982.807|1.005| 0.986| 1.403 27.260 1.735
SS24 2.8922.804|1.004| 0.987| 1.402 24.413 1.547
SS28 2.88%2.803| 1.006| 0.986| 1.401 18.265 1.159
SS32 2.8822.807|1.004| 0.988| 1.403 19.903 1.260
22.676 1.452
Average +2.759 | +£0.178
(12.2%) | (12.2%)

Fig. 2.47 shows the fracture strength as a function of loadmdprahe SS specimen.
The subcritical crack growth parametar®, andA are determined to be= 35 + 13D

=21.51 + 0.58, and = 2.18x1(F+ 9.91x10 m/s respectively.



136

50

l0g10(y)=1.333+0.02804l0g;0(X); R = 0.45

Fracture strength [MPa]

10
0.01 0.1 1 10

Loading rate [MPa/s]

Fig. 2.47 Facture strength as a function of loadatg for the SS specimen. The solid line reprastm
best-fit regression line.

2.6.3 Double shear test

The double shear (DS) specimen is also called the punch-thoobglspecimen [70].
Watkins [71] used the DS specimens to determine the mode Il reatiughness of
concrete. The specimen geometry and test setup are illdsinakég. 2.48. The double
shear specimen has two sets of notches on the top and bottom. Tlet-8iraugh
notches with the length = 25.4 mm (1 in) were machined using a diamond saw. The
specimen has a height Bf=71.12 mm (2.8 in), a width aV = 76.2 mm (3 in), and a
thickness ofB = 25.4 mm (1 in). Axial force was applied to the central parthef
specimen. The guide frame was used to give lateral constramt.T&flon sheets were

inserted between the specimen and the guide frame to reduce friction.
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Fig. 2.48 Schematic illustration of specimen geaynand test fixture for the DS test; a) double sheat
specimen geometry; b) test fixture.

The nominal shear strength of the double shear specimen is given as:

6
_ 2.73
The mode Il stress intensity factor was also determined usadg-RANC2D/L finite
element code and given as:

6

9 88 TL <%= TT<%5="—5 5 (2.74)

Table 2.27 lists the dimensions of the specimen, fracture strangtiell as fracture

toughness in the double shear specimen.
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Table 2.27 Experimental results of the DS specitash The numbers between brackets in average value
indicate the coefficient of variation (W = width specimen, H = height of specimen, B = thickness of
specimen, a = notch length, and b = half of theispen height).

Dimensions Loading | Fracture | Fracture
Specimen No; rate Strength | Toughness
W (in)|H (in) (B (in){ a (in) | b (in)| (MPa/s) | (MPa) | (MPa m)
DS01 3.008 2.800| 1.008| 0.978| 1.400 28.488 1.834
DS05 3.0112.811|1.016/0.979| 1.405 23.620 1.534
DS09 3.006 2.802| 1.016|0.974| 1.401 26.196 1.708
DS13 3.0122.810( 1.015/0.978| 1.405 0.01 29.613 1.928
DS17 3.0192.810|0.956| 0.968| 1.405 18.535 1.233
DS21 3.0192.811/0.972/0.975| 1.405 24.999 1.640
DS25 3.0152.804| 1.023]0.974| 1.402 24.767 1.616
DS29 3.020 2.804| 1.023| 0.972| 1.402 17.839 1.170
24.257 1.583
Average +4.234 | +0.267
(17.5%) | (16.8%)
DS02 3.005 2.800( 1.007| 0.979| 1.400 31.953 2.055
DS06 3.006 2.802| 1.016| 0.975| 1.401 22.836 1.486
DS10 2.967 2.802| 1.009| 0.974| 1.401 22.133 1.443
DS14 3.0122.812(1.014|0.978| 1.406 24.859 1.622
DS18 3.0192.804|1.016| 0.971| 1.402 0-1 19.787 1.300
DS22 3.0192.810(1.021| 0.972| 1.405 26.606 1.750
DS26 3.0162.801| 1.025/0.974| 1.401 19.263 1.255
DS30 3.0172.805| 1.022/ 0.973| 1.403 17.220 1.128
23.082 1.505
Average +4.706 | +0.299
(20.4%) | (19.9%)
DS03 3.0112.812|1.015|0.985| 1.406 22.942 1.474
DS07 3.0112.811|1.014/0.978| 1.406 27.019 1.759
DS11 3.0072.802|1.016/0.972|1.401 30.820 2.016
DS15 3.018 2.803| 1.022| 0.973| 1.402 1 19.702 1.288
DS19 3.014 2.814| 1.025|0.970| 1.407 23.722 1.575
DS23 3.018 2.806| 1.022| 0.974| 1.403 23.207 1.517
DS27 3.0172.805| 1.024| 0.973| 1.403 21.012 1.377
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Table 2.27—Continued

Dimensions Loading | Fracture | Fracture
Specimen No—— ) : ) ) rate Strength | Toughness

W (i) H (in)| B (in) | a (in)| b (in)| (MPa/s) | (MPa) | (MPa m)

DS31 3.0142.815|1.023/0.971| 1.407 1 24.116 1.599
24.067 1.576

Average +3.481 | +0.228
(14.5%) | (14.5%)

DS04 3.0122.811| 1.015/0.985| 1.406 28.150 1.805
DS08 3.0072.800| 1.008( 0.979| 1.400 26.828 1.726
DS12 3.00712.804(1.016(0.973| 1.402 28.624 1.874
DS16 3.008 2.803| 1.009( 0.974| 1.401 10 34.515 2.250
DS20 3.008 2.802| 1.008(0.977| 1.401 30.231 1.959
DS24 3.0192.805| 1.022/0.972| 1.402 31.970 2.098
DS28 3.0152.803| 1.022( 0.974| 1.402 27.089 1.768
DS32 3.0132.814(0.993/0.972| 1.407 24.041 1.591
28.931 1.884

Average +3.263 | £0.212
(11.3%) | (11.3%)

Fig. 2.49 shows the fracture strength as a function of loadinfprdtee DS specimen.
The subcritical crack growth parametar®, andA are determined to be= 37 = 17D

=25.46 + 0.77, and = 1.77x1F + 7.54x10' m/s respectively.
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Fig. 2.49 Facture strength as a function of loadatg for the DS specimen. The solid line represémg
best-fit regression line.

2.7 Mode Il test

2.7.1 Torsion of a rectangular section specimen

The specimen has a heightb£53.3 mm (2.1 in), a width dV = 81.3 mm (3.2 in),
and a thickness @ = 78.7 mm (3.1 in). A notch with a depth of 41.9 mm (1.65 in) and
three side grooves with a depth of 14 mm (0.55 in) were cut with addmheel saw.
The notch and side grooves had a thickness of 2 mm. Side grooveat&athlé fracture

propagation in a mode Il manner. Fig. 2.50 shows the geometry andatmgd
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configuration of the torsion of a rectangular section specimenleftie@ading plate was

attached to the guide frame to hold the specimen.

!
v
J
Y

———— T ————

b)

Fig. 2.50 Schematic illustration of specimen geaynand test fixture for the torsion of rectangudaction
specimen test; a) torsion of rectangular secti@tispen geometry; b) specimen dimension; c) tegiri.
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The nominal mode Ill shear strength of the torsion of a rectangedttion specimen

is given as [72]:

= (2.75)

where, T is the applied torquejs the geometry coefficient, and b and c are the length of

uncracked portion. Table 2.28 gives the value wiith respect to the ratio b/c.

Table 2.28 Value of with respect to the ratio b/c [72].

b/c
1.0 0.208
1.5 0.231
2.0 0.246
2.5 0.256
3.0 0.267
4.0 0.282
5.0 0.292
10 0.312
0.333

An analytical equation of the stress intensity factor for dh&dn of a rectangular section
specimen does not exist, so a 3-D finite element analysiseilded to evaluate the stress
intensity factor. The stress intensity factor was not evaluated in wilig. st

Table 2.29 lists the dimensions of the specimen and fracturetstierige torsion of

a rectangular section specimen.

Table 2.29 Experimental results of the torsion oé@angular section specimen test. The numbevecleet
brackets in average value indicate the coefficiémariation.

Dimensions Loading ratel Fracture
Specimen No; Strength
W (in)| a(in) | b (in)| c(in)| d(in) (MPa/s) (MPa)

RTO1 3.219| 1.640| 1.045| 1.043| 0.535 0.01 13.774
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Dimensions - Fracture
Specimen No—— : : : : Lo(ﬁgle?/;? te Strength
W (in)| a(in) | b(in)| c(in)| d(in) (MPa)
RTO5 3.210] 1.641| 1.046| 1.046| 0.523 12.266
RTO09 3.228| 1.641| 1.049| 1.022| 0.538 13.990
RT13 3.213| 1.636| 1.040| 1.031| 0.537 13.457
RT17 3.228| 1.638| 1.072| 1.060| 0.517 0.01 11.919
RT21 3.199 1.635| 1.048| 1.059| 0.516 16.732
RT25 3.199 1.623| 1.059| 1.061| 0.518 14.880
RT29 3.210] 1.620| 1.070| 1.069| 0.520 14.706
Average 13.966
9 + 1.432 (10.3%
RTO2 3.215| 1.644| 1.042| 1.035| 0.529 13.105
RTO6 3.212/ 1.639| 1.052| 1.043| 0.521 15.522
RT10 3.231| 1.645| 1.063| 1.060| 0.522 15.123
RT14 3.230( 1.638| 1.049| 1.019| 0.544 01 16.332
RT18 3.223| 1.644| 1.051| 1.028| 0.528 ' 14.407
RT22 3.228| 1.629| 1.083| 1.074| 0.515 12.955
RT26 3.200( 1.629| 1.049| 1.049| 0.522 16.820
RT30 3.199) 1.618| 1.062| 1.062| 0.519 14.237
Average 14.813
g + 1.313 (8.9%)
RTO3 3.210] 1.636| 1.045| 1.034| 0.528 13.652
RTO7 3.218] 1.647| 1.047| 1.047| 0.524 15.469
RT11 3.216| 1.642| 1.050| 1.050| 0.524 16.023
RT15 3.211] 1.638| 1.049| 1.043| 0.524 L 17.312
RT19 3.226| 1.648| 1.056| 1.063| 0.522 14.310
RT23 3.218| 1.634| 1.048| 1.023| 0.537 16.166
RT27 3.214] 1.647| 1.037| 1.025| 0.530 15.670
RT31 3.228| 1.635| 1.069| 1.056| 0.524 13.687
Average 15.286
9 + 1.214 (7.9%)
RTO4 3.213] 1.639| 1.044| 1.047| 0.530 10 15.622
RTO8 3.219/ 1.647| 1.056| 1.042| 0.516 18.415
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Dimensions - Fracture
Specimen No—— : : : : Lo(ﬁgle?/;? te Strength
W (in)| a(in) | b(in)| c(in)| d(in) (MPa)
RT12 3.231] 1.642| 1.064| 1.052| 0.526 16.744
RT16 3.223| 1.632| 1.053| 1.024| 0.538 18.370
RT20 3.224| 1.632| 1.057| 1.034| 0.536 10 14.316
RT24 3.230| 1.635| 1.066| 1.053| 0.529 17.787
RT28 3.198| 1.628| 1.051| 1.049| 0.519 18.433
RT32 3.198| 1.622| 1.056| 1.069| 0.520 15.336
Average 16.878
9 + 1.515 (9.0%)

Fig. 2.51 shows the fracture strength as a function of loadinfpratee torsion of a

rectangular section specimen. The subcritical crack growthmegdeasn, and D are

determined to ba = 37 £ 9 andD = 15.60 * 0.27 respectively.

Fracture strength [MPa]
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Fig. 2.51 Facture strength as a function of loadaig for the torsion of a rectangular section spen.
The solid line represents the best-fit regressios |
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2.7.2 Circumferentially notched cylindrical specimen

The specimen is a cylinder with a diameter 2b = 50.8 mm (2 iepgéhL = 114.3
mm (4.5 in), and a circumferential notch of death 25.4 mm (1 in). The circumferential
notches with thickness 2 mm were cut in the middle of the m@ecperpendicular to the
axis of the cylinder by a diamond wheel saw. Fig. 2.52 shows th@rsgegeometry,
split collars, and test setup. Split collars were attacheket@nds of the specimen. The
two parts of the collar were fastened with screws. In omegne more friction between
the specimen and the collar, additional screws were used in faescdlhe specimens
were placed on the two opposite support pins and axial load was agipéadh end of
the split collar.

The nominal mode Il shear strength of the circumferentiallgheat cylindrical

specimen is given as [56]:

3 (2.76)
where,T is the torque ant is the radius of the specimen.
The mode Il stress intensity factor was expressed as [38]:
s . . ; . J
9 882 LZL<%g= 2" <%= 2T < o=
: - (2.77)

| Z< 0/'5: SZS I O/(B:Iﬁ

Table 2.30 lists the dimensions of the specimen, fracture strangtiell as fracture

toughness in the circumferentially notched cylindrical specimen.
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Fig. 2.52 Schematic illustration of specimen geaynend test fixture for the circumferentially noéch

cylindrical specimen; a) circumferentially notcheglindrical specimen geometry; b) split collars;tebt
fixture.




Table 2.30 Experimental results of the circumfeaedigt notched cylindrical specimen test. The nunsber

between brackets in average value indicate thdicieft of variation.
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Specimen No; Dimensions Loading rat g'[?ecrggr[ﬁ Tl(:)LagCr:lrJ]reess
2a(in) | 2b(n) | MPaS) | ypy) (MPa m)
CNCO1 1.015 2.024 8.765 0.658
CNCO05 1.025 2.072 8.040 0.607
CNCO09 1.038 2.026 8.207 0.622
CNC13 1.057 2023 | 9.460 0.724
CNC17 1.042 2.025 9.917 0.754
CNC21 1.056 2.023 9.810 0.750
CNC25 1.055 2.022 12.574 0.961
CNC29 1.052 2.021 11.537 0.880
Average 9.789 0.744
+ 1.583 (16.2%)+ 0.124 (16.6%
CNCO02 1.027 2.032 11.771 0.889
CNCO06 1.022 2.025 8.660 0.652
CNC10 1.061 2.023 7.386 0.566
CNC14 1.056 2.024 01 11.582 0.885
CNC18 1.048 2.025 9.418 0.717
CNC22 1.057 2.021 7.756 0.593
CNC26 1.056 2.020 12.666 0.968
CNC30 1.056 2.022 12.598 0.963
Average 10.230 0.779
+ 2.174 (21.3%)+ 0.166 (21.3%
CNCO03 1.021 2.027 11.943 0.899
CNCO07 1.025 2.022 10.287 0.776
CNC11 1.043 2.022 12.683 0.964
CNC15 1.052 2.022 10.112 0.772
CNC19 1.054 2.025 ! 14.329 1.095
CNC23 1.059 2.025 12.625 0.966
CNC27 1.063 2.023 11.215 0.860
CNC31 1.056 2.021 10.583 0.809
Average 11.722 0.893
+ 1.454 (12.4%)+ 0.112 (12.5%
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Specimen No; Dimensions Loading rat g'[?ecrggr[ﬁ Tl(:)LagCr:lrJ]reess
2a(in) | 2b(n) | MP¥S) | “ypa (MPa m)
CNCO04 1.026 2.024 15.154 1.143
CNCO8 1.027 2.032 12.282 0.927
CNC12 1.060 2.023 9.380 0.718
CNC16 1.057 2.022 0 11.834 0.905
CNC20 1.023 2.023 12.454 0.938
CNC24 1.046 2.021 12.341 0.939
CNC28 1.058 2.020 8.552 0.654
CNC32 1.056 2.022 11.221 0.858
Average 11.652 0.885
+ 20.27 (17.4%)+ 0.149 (16.9%

Fracture strength [MPa]
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Fig. 2.53 Facture strength as a function of loadiatg for the circumferentially notched cylindrical
specimen. The solid line represents the bestditagsion line.
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Fig. 2.53 shows the fracture strength as a function of loading foatdhe
circumferentially notched cylindrical specimen. The subcriticatk growth parameters
n, D, andA are determined to be = 34 + 14,D = 11.04 + 0.34, anéd = 2.05x10 +

8.70x10" m/s respectively.
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CHAPTER 3
DETERMINATION OF THE SUBCRITICAL CRACK GROWTH
PARAMETERS IN ROCK USING A CONSTANT STRESS-RATE TES
PART |-EXPERIMENTAL VERIFICATION

3.1 Introduction

The increasing world population, along with declining areas féaiconstruction,
demands the use of underground space more and more. In addition to underground
tunnels and mine excavations, waste repositories, power statiomsaaed oil and gas
storage facilities are constructed underground. The time-deperstmsrigth and
deformation of rock is important to estimate the long-term #tyabil these underground
structures.

One of important time-dependent properties is the time-dependent aliborror
creep behavior. Creep is the slow and continuous deformation of rockimé&hunder a
constant load. It also includes creep rupture which is the aattegdeformation prior to
failure. Creep behavior is usually observed in soft rocks such asaticgnd coal, but all
rocks can exhibit creep under certain loads. In soft rocks, itels wnderstood that
dislocation glide, dislocation climb, diffusive motion, and grain boundary giidethe
mechanisms of creep [73]. In hard or brittle rock, the situation ig mmmplex because

these mechanisms of dislocation and diffusion are not sufficiertrgldped. In brittle
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rocks the closure, opening, nucleation and growth of microcracks are doon@ant
mechanisms [74,75].

One of principal mechanisms for the growth of microcracks is sightrcrack
growth [74-76]. Subcritical crack growth is time-dependent crack grawta value of
stress intensity factor that may be lower than the critresle, the fracture toughness.
Subcritical crack growth is an important way to evaluate thg-term stability problems
of structures in rocks.

A transient creep of brittle rocks can be explained by a libgaic creep low and is
expressed as follows [77]:

Cow d(ke 4 (3.1)
where, is the straint is time, , is the initial or pre-existing strain, ai@l andC, are
constant. Kemeny [76] derived a closed-form solution,0€; andC, as a function of
the applied stress and the subcritical crack growth paramegerg the sliding crack
model.

Several experimental methodologies have been developed to measuratdhal
parameters associated with subcritical crack growth, includingdthuble cantilever
beam (DCB) method, the constant moment DCB method, the tapered DiiBdnaad
the double torsion (DT) method [35,68]. Among them, the DT test is the popsiar
test method in determining the subcritical crack growth param¢id,29,30,45,78],
since it has the following advantages [1,78].

(1) The stress intensity factor is independent of the crack length.

(2) Crack velocity can be determined without the crack length measurement.
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(3) Specimen pre-cracking can be easily achieved.

A constant stress-rate test is another test to estimateitisabocrack growth
parameters [34]. The constant stress-rate test uses thienrdi@tween the fracture
strength and applied stress rate and it does not require the emastrof a crack
velocity or a crack length. Many ceramic materials hawenlested using the constant
stress-rate test [34]. The main advantage of this test istdradard rock mechanics test
specimen can be utilized [50]. A second important advantage istdbet can be
conducted with this technique to determine subcritical crack growthmpéees
associated with shear fracturing in rock.

The results of this study are described in two papers. Thepéipgr presents the
validity of the constant stress-rate test in rocks compardd thvet conventional testing
method, the double torsion test. Various types of specimens such dmBidigk, three
point bending, grooved disk, single edge notched bend, and compact tensiorespecim
have been tested on Coconino sandstone to determine the subcritikalgredth
parameters, and the results are compared with the DT tedtsrds second paper,
statistical aspects of the constant stress-rate test andsuibcritical crack growth
parameters, and Weibull analysis are provided (see Chapter 4¢ffébes of the number
of specimens, standard deviation and the distribution form of the saélcatack growth
parameters were determined. Weibull statistics was apulidaet fracture strength data
to describe the variability of the fracture strength and thersigat crack growth

parameters.



153

3.2 Subcritical crack growth

Subcritical crack growth can occur under cyclic or static loadimgductile metals
and alloys, it has long been observed that cyclic loading, eversmih amount of load,
can cause crack growth. This phenomenon is also called fatigtle gn@awth. Fatigue
crack growth is generally characterized on the basis of dhs Rw [79]. For a cyclic
load, the rate of crack growth per cycle is related to therdifice of the stress intensity

factor,

7
— H 3.2
711 4 9 ( )

where,da/dNis the rate of crack growth per cycle& is the stress intensity factor range,
andC andm are experimentally determined constants.
Fatigue cracking also occurs in brittle materials. Undeticyasompression loading,
fatigue crack occurs perpendicular to the loading axis in bstliels such as ceramics
and cement mortar [80]. Ket al also observed fatigue crack growth in model rock,
gypsum material under compressive cyclic load [81].

Under static loads, due to stress corrosion of environment agesi, valacity is

often characterized by a power law formulation such as Charles law [26]:

L) 9 — 3 (3.3)

where,v is the crack velocityy, andn are constantdil is the activation enthalpR is the gas
constant;T is the absolute temperature, dqds the mode | stress intensity factor. Equation (3.3)

has been reduced to a simple form by several investigators [27,28,75,82,83].
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$
! nw $ n 0/_| (3.4)
&

where,A’, A, n are subcritical crack growth parameters, Knglis the mode | fracture
toughness. Sometimeasis also called the subcritical crack growth index [18]. In this
research we exclude subcritical crack growth under cycldingaand we focus only on
subcritical crack growth under static loading.

Subcritical crack growth can be characterized by the expetanrelation between
the crack velocity and the stress intensity factor, cdleddiagram. Fig. 3.1 shows the
schematic crack velocity/normalized stress intensity faditogram for subcritical crack
growth in rock [18,19]. The transition from region 1 to region 2 and fregon 2 to
region 3 for rocks are more rounded than in these other mateigls as glasses and
ceramics. In region 1, interval 0R. K 0.8 K, the velocity of crack growth is
controlled by the rate of stress corrosion reactions ak ¢ips [18,19,24]. In region 2,
the crack velocity is controlled by the rate of transport oftreacpecies to crack tips.
Region 2 behavior is observed in some glasses and ceramicsrémglysseen in rocks
[18,19,25]. In region 3, crack growth is mainly controlled by mechanig#lre and is

relatively insensitive to the chemical environment.

3.3 Test materials

The rock type used for this study was Coconino sandstone. It was dbitaine

quarries near Flagstaff, Arizona. Coconino sandstone is relatirefgrm and fine-
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grained sandstone with light yellow minerals. The mechanical prepest Coconino
sandstone such as the uniaxial compressive strengttB(azilian tensile strength 4,
Young’'s modulus E), Poisson’s ratio (), and internal friction angle0( are listed in

Table 3.1.

Ke

/K

Fig. 3.1 Schematic crack velocity/normalized stiessnsity factor diagram for subcritical crack gth in
rocks. K is the stress corrosion limit [19].

Table 3.1 Mechanical properties of Coconino samasto

¢(MPa) t (MPa) E (GPa) 0 (9

118.01 6.38 24.29 0.357 50.6

Bedding is one of the most common features of sedimentary rockenéral a
bedding plane is a weak plane. All specimens were prepared so that the cracktipmpaga

direction is perpendicular to the bedding planes.
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All specimens were oven-dried at 40°C for 24 hours. After thaspeeimens were
placed in a desiccator to reduce the exposure to humidity in thtdithe specimens

were tested. The testing room maintained a relative humidity less than 15%.

3.4 Double torsion test

A schematic illustration of the DT test is presented in Big. A flat and thin
specimen is placed on four ball bearings and the load is applied gpecimen through
two ball bearings. The crack will propagate along the side grdaeeto tensile stress

from the four-point bending.

3.4.1 Stress intensity factor and crack velocity
The stress intensity factor for the DT specimen was debyadilliams and Evans

[40] by relating strain energy and compliance and is given as follows:

L
p _ 3.5
6 n B'Bg (3:5)

whereP is the applied load, is Poisson’s ratio\My, is the moment arm of the specimen,
W is the specimen widtlB is the specimen thickness, aBd is the thickness of the

grooved plane.
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Fig. 3.2 Schematic illustration of the DT test:basic geometry of DT specimen; b) example of logdin
fixture and test specimen.
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Depending on the loading conditions, the crack velocity can be determined of
three ways [38,39]:

(1) Constant displacement rate method

(2) Constant load (a dead-weight load) method

(3) Relaxation (constant displacement) method
Only a single value of crack velocity is obtained from the @glisplacement rate and
the constant load methods in a single experiment run. But theatiela method allows
many values of crack velocity data in a single experiment rims,Tthe relaxation
method was employed in this study.

The crack velocity from the relaxation method is given by [40]

.6.76
! —_ 3.6
s (36)

where, the subscript$ ‘and 1 denote the initial and final load3) and crack lengtiaj.
During crack propagation, it was observed that the crack extended faritibe lower
face than the upper face. Due to the crack front curvature, seeerattions for crack
velocity have been proposed [39,41-44]. Ev4B8] proposed the following crack

velocity correction due to crack profile:

.6.76
! —_ 3.7
LA (3.7)
where—~ ...@C ..: 9W:' , and a s the difference in crack lengths between the two

faces (Fig. 3.3).
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Fig. 3.3 Schematic illustration of the crack fr¢@].

Experiments on glass and quartz give a correction faapproximately equal to 0.2
[23,40]. Measurement of crack length in upper face was difficulttlier sandstone
specimen, so = 0.2 was assumed in this study.

Equation (3.7) shows that the crack velocity can be obtained frontoihe af the load
relaxation curve at a given time, plus initial crack length oalfcrack length and the
corresponding load. Since there is measurement scatter in theelagation curve, raw
data are smoothed by a curve fitting technique [45]. In this stuggwar law function

was employed to fit the relaxation data.

3.4.2 Specimen size requirement

The DT specimen has to satisfy certain size requirements am abtvalid stress
intensity factor. Atkinson [46] showed that fracture toughness wdspendent of
specimen dimension whéi was 12 times greater th&n Pletka et al.[47] recommended
that the specimen lengthshould be greater than twice the valud\bfThus, the size of

the DT specimen is given by [30]
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BV Y V X¢ (3.8)
The DT specimen dimensions used in this study are 63.5 mm Wjde 152.4 mm long

(L) x 5.08 mm thicknes®8j] and these dimensions satisfy the size requirement.

3.4.3 Experimental procedure

All of the surfaces of the specimen were ground and a rectagmide groove was
cut by an overhead wheel saw along the specimen length with aadepthmm, which
is approximately one-third of the specimen thickness. An initialhnaiith a length of
25.4 mm was cut by a diamond wheel saw, and pre-cracking wasvexthieder
displacement control with a loading rate of 0.254 mm/min. The initiation efnaek can
be detected from a rapid slope change in the load-displacemeat A pre-cracked
specimen was loaded to a pre-determined loadn@0% of the expected fracture load).
Then, the crosshead of the testing machine was held at fixedopoaitd the load
allowed to decay as a results of subcritical crack growth fom#tutes. When the
relaxation test was completed, the length of the cragkwas measured. Fracture

toughness was then determined by loading the specimen with a daghmg rate,

0.041kN/s Q&= 0.25 MPal/s), in order to minimize environmental effects.

3.5 Constant stress-rate test

In general, the strength increases with increasing appliesh stge. The constant

stress-rate test uses this principle to relate the fracture $tramgjapplied stress rate.
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The generalized expression of the stress intensity factor under the mode likiading

(3.9)
where,Y is a geometry factor related to the crack geometry,an applied remote stress,
and a is the crack length. Using Equations (3.4) and (3.9) with some mathamati
manipulations, the relation between the fracture strength and loadents expressed as

follows [34]:

(k . ——(k (K (3.10)

where,

(ki (k= & $1i g (3.11)

where, : is fracture strengthRis stress rate, and is another subcritical crack growth
parameter that is a function of fracture toughnégs),(inert strength (), geometry
factor (Y) and subcritical crack growth parametersai(dA).
The derivation of the relation between fracture strength and stgsss presented in
section 2.4.1

The inert strength is obtained by using very fast test cates inert environment
(such as vacuum or oil). In this study the inert strength wessrmined from the test
conducted at the fastest loading rate of all the experimental results.

The subcritical crack growth parametarand A are determined from the slope) (
and intercept () of the linear regression through all log fracture strenglbes versus

log stress rate data. The parameter given by:
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— 3.12
" (3.12)
And the parametefd andA are given by:
I Sy (3.13)
" & $1; (3.14)

S$i2y ;

The standard deviation of the slopand of the subcritical crack growth parametes

uvogt(k - x (k -h
Zl | S ; (3.15)
ul,a(k -h gul,(k -h

zZl
zl g t—{ (3.16)

where:

K is total number of specimens,

SD = standard deviation of the slopge

SDh, = standard deviation of the subcritical crack growth parameter

The standard deviation of the intercepnd of the subcritical crack growth paraméer

is
uvoat(k - x (k -huv. gk -h
7l y w29 ( ( . wzg( - (3.17)
TuY,o(k -hoguY, (kb g
zl _ LS| gzl yhgSYh (3.18)
where:

SD = standard deviation of the interceptand
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SD» = standard deviation of the subcritical crack growth paraneter

The standard deviation of the subcritical crack growth paramfeteasn’t calculated
directly due to mathematical difficulties. It was deterrdilising a statistical method, as
described in Chapter 4.

The subcritical crack growth parameterequires only the slope of a regression line.
Thus, conventional rock mechanics tests can be utilized to detemnaalae. In order to
determine the subcritical crack growth parameierboth the inert strength and the
fracture toughness are required. Thus, fracture mechanics tests are required

ASTM suggests that at least four loading rates (evenly spaeelbgarithmic scale)
with a load-controlled mode are used [22]. Thus, all tests were deadusing four
loading rates (0.01, 0.1, 1, and 10 MPa/s or 0.001, 0.01, 0.1, and 1 MPa/s) under load
control scheme.

For conventional rock mechanics tests, Brazilian disk and three-poidingeests
were used. For fracture mechanics tests, grooved disk (GD), sidgé notched bend

(SENB), and compact tension (CT) tests were carried out.

3.5.1 Brazilian test

The Brazilian test consists of placing a disc or cylinderook under compression
across the diameter. Specimens were cored from blocks of Coc@mdstene with a
diameterD of 50.8 mm. The cores were cut with a thickneésd 25.4 mm. The fracture

strength (or tensile strength), can be computed from the following equation [35]:
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6
— 3.19
-5 (3.19)

where,P is applied load at failurel is diameter an® is thickness of disc.
Four loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control wereyedhight

specimens were used in each loading rate, for a total of 32 specimens tested.

3.5.2 Three-point bending test

In the three-point bending test, a beam is simply supported on teopmints and
loaded by a point load on the top of the specimen at its center. Thett@specimen is
placed in a state of compression, whereas the bottom surfactemsion. The maximum
tensile stress exists at the bottom of the specimen belopotheof load. The flexural
strength is given by [51]:

1V L6z (3.20)
B5 B5

where, is the flexural strengthy is the bending momenk(= PS/4, P is the applied
load,Sis the support spais (= 4b, B is the width of the specimen, ahds the thickness

of the specimen.

A schematic illustration of three point bending test specimen pecirsen dimensions

are shown in Fig. 3.4. Four loading rates (0.01, 0.1, 1, and 10 MPa/s) under loatl contr
were employed. Seven specimens were used in each loadinghtetea total of 28

specimens were tested.
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Fig. 3.4 Schematic illustration of the three-pdinding test specimen: a) specimen dimensionsef th
three-point bending geometry; b) experimental geteu the three-point bending test.
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3.5.3 Grooved disk test

The grooved disk (GD) specimens have the same dimensions as zhierBrAsk
specimens. The GD specimen, containing a single edge notch on onef fdoe
specimen, was loaded by a diametral compression. The notch hath atdé.6 mm and
a thickness of 2 mm. The notch depth to specimen thickness ratio (a/B) was set to 0.3. Fig.
3.5 shows a schematic illustration of the GD specimen and specimen dimensions.

The central part of the specimen can be regarded as -@nfeite plate with an edge
crack under a uniform tension. The stress intensity factor careteendned from the
analogy of a semi-infinite plate with edge crack geomE#/53]. The stress intensity

factor for the GD specimen is defined by the following equation:

- - - 6 _ 6 -—
- — 3.21
[ B7 ' BT (3.21)
where, : is tensile stress? is applied loadd is diameter of disd is thickness of disc,
anda is crack length. Also, four loading rates (0.01, 0.1, 1, and 10 MPa/s) loader

control were employed. Ten specimens were used in each loadinghies a total of 40

specimens were tested.

3.5.4 Single edge notched bend test

The single edge notched bend (SENB) specimen has similar spegirmensions and
the same loading configuration as three point bending test. Elearsm is supported on
its two ends and a load is applied in the opposite direction of tlod.n&tschematic

diagram of the SENB specimen and specimen dimensions are presented in Fig. 3.6.
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Fig. 3.5 Schematic illustration of the GD test $pmm: a) specimen dimensions of the GD geometry; b)
experimental set-up for the GD test.

The stress intensity factor of the SENB specimen is given by [55]:

€ & (3.22)
Joe
where, 7
z
2 Y¥1%9%a<21C%=%213 Y Cogi; < Coo="
€ @5

<2i: C%E:<21c%E:i@z
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Four loading rates (0.01, 0.1, 1, and 10 MPa/s) under load control were eth@@ven

specimens were used in each loading rate, thus a total of 28 specimens wekre teste

Fig. 3.6 Schematic illustration of the SENB test@men: a) specimen dimensions of the SENB geometry
b) experimental set-up for the SENB test.

3.5.5 Compact tension test
The compact tension (CT) specimen is widely used in determihsdracture

toughness of metals. The geometry of the CT specimen and dimeassaiigstrated in
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Fig. 3.7. A notch with the length af= 8.47 mm was introduced using a diamond wheel
saw and the thickness of the notch was 2 mm. The notch length tmepesidth ratio

(a/b) is 0.2.

Fig. 3.7 Schematic illustration of the CT test spmm: a) specimen dimensions of the CT geometry; b)
experimental set-up for the CT test.
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The stress intensity factor formula for the CT specimen cdoursl easily in the
literature [56,57]. The load is transmitted through the pin holes afripesystem in the
literature. However, in this study a distributed load with an tyfe grip system was
used. Thus, the loading configuration differed from the literaturé,vee cannot use the
stress intensity factor formula from the literature. Indtemnew stress intensity factor
formula was developed using the finite element code, FRANC2D/L F58].3.8 shows

the finite element mesh used in this study.

Fig. 3.8 Finite element mesh for the CT specimgmriginal mesh; b) deformed mesh.

Crack length to width ratios (a/b) from 0.04 to 0.76 were considerezlndtal stress
intensity factors obtained from the FEM analysis for a/b = 0.04, 0.28, 0.4, 0.52,
0.64 and 0.76 are presented in Table 3.2.

The applied load P was 2.7 kN. The nodal stress intensity factoesneanalized with
respect to specimen notch length (a) and far field nominalssfresThe normalized

stress intensity factors, givenk&/b), can be determined as follows:
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€< %= —= (3.23)

where, K| is the nodal stress intensity factor, anig the nominal stress ¢@5B

Table 3.2 Values of a/b, the nodal stress interiaitior ¢ ), and dimensionless shape function F(a/b).

a/b K, (MPa m) a (MPa m) F(a/b)

0.04 1.213 0.062 19.516
0.16 1.473 0.124 11.844
0.28 1.823 0.164 11.085
0.4 2.411 0.197 12.265
0.52 3.435 0.224 15.326
0.64 5.435 0.249 21.854
0.76 10.370 0.271 38.268

The functionF(a/b) can be determined by curve fitting of the normalized stresasity
factors with respect to crack length to width ratio. The fifitheo of polynomial was used
to fit the normalized stress intensity factors. The resultingression of the stress

intensity factor for the CT specimen is as follows:

6
< Y=— 3.24
€<% 5B ( )
where, €<= ZS TT T< %= | I< %Bz’ S I< %=

SSZ< %= L < 9=
Four loading rates (0.001, 0.01, 0.1, and 1 MPa/s) under load control weogednpl

Seven specimens were tested in each loading rate, thus @ft@®alspecimens were

tested.
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3.6 Experimental results and discussion

3.6.1 Double torsion test

The subcritical crack growth parametersand A can be obtained from the K-V
diagram. If we assume that subcritical crack growth is gmdeby the Charles power
law (Equation (3.4)), then the subcritical crack parametsithe slope of the best fit line
of the K-V data for each test plotted in log-log scale. Thenpat@rA is related to the Y
intercept of the best fit line and is equal td 16§*"* A total of 12 DT specimens were
tested. The specimen dimensions and the values of fracture toughadissed in Table
3.3. The subcritical crack growth parametevalue has the range of 21 to 55 with the
average value of 33 and a standard deviation of 11. The paratnbter the range of

1.15x10" to 1.45 m/s.

3.6.2 Constant stress-rate test

The results of constant stress-rate tests including theli8naziisk, three-point
bending, GD, SENB and CT tests are presented in Fig. 3.9. Theré&attength is
plotted as a function of stress rate based on Equation (3.10). Thérsolepresents the
best fit regression line. The average values of tensile stremghe lowest stress-rate of
0.01 MPa/s were 6.434 + 0.199 MPa and 7.306 + 0.794 MPa for the Brazilian disk and

three-point bending test, respectively.
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Table 3.3 Specimen dimensions, fracture toughnesk the subcritical crack growth parameters for
Coconino sandstone.

Specimen Dimensions Kic 0 A
No. L (mm) | W(mm)| B(mm)| B(mm)| (MPa m) (m/s)
DTO1 152.65 63.75 5.18 3.33 0.728 21 3.22E04
DT02 152.70 63.70 5.18 3.63 0.615 52 1.45E00
DT04 152.93 63.80 5.18 3.15 0.633 52 4.57E401
DTO5 152.68 63.80 5.18 3.38 0.629 36 3.96E-02
DTO8 152.91 63.70 5.18 3.43 0.694 35 1.04E4{01
DT10 152.65 63.37 5.13 3.35 0.692 23 1.32E404
DT11 152.35 63.68 5.13 3.35 0.58( 31 1.21E402
DT12 152.30 63.68 5.16 3.56 0.758 22 1.19E403
DT13 152.88 63.70 5.13 3.53 0.733 28 7.48E403
DT16 152.78 63.68 5.13 3.61 0.612 21 1.15E404
DT17 152.43 63.70 5.11 3.71 0.843 42 2.20E404
DT18 152.91 63.68 5.11 3.71 0.714 29 2.94E403

Average 0.686 33 1.73E-01L
STD 0.075 11 4.23E-01

The average values of tensile strength at the highessstite of 10 MPa/s were 7.720 +
0.426 MPa and 8.937 £ 1.023 MPa for the Brazilian disk and three-point bending test,
respectively. The rates of increase with respect to tlessstate in the tensile strength
were approximately 20% and 22%, respectively, for the Braziigk and three-point
bending test. The subcritical crack growth parametensdD were determined to be=

38 £ 8 andD = 7.16 £ 0.10n = 38 = 14 and = 8.29 £ 0.20, respectively, for the

Brazilian disk and three-point bending test.
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The Brazilian and three-point bending tests are not fracture meshtests, so the
parameterA can’'t be calculated directly. Assuming a penny-shaped @=isits in the
specimen, and the fracture toughness is obtained from anothée.gesh this study the
GD and the SENB test), the parameiezan be determined. The expression of the stress

intensity factor for the penny-shaped crack is [56]:
e (3.25)

The geometry factoly is equal t02/\/_. Using this, the subcritical crack growth
parameteA is calculated to be 1.52xT@ 3.10x1¢*m/s and 1.02x10+ 3.26x10'm/s,

respectively, for the Brazilian and three-point bending tests.

For the GD, SENB, and CT tests, fracture mechanics testsubwugitical crack
growth parametens, D andA were determined to be= 37 + 10D = 3.53 + 0.07 ané
=4.09x10° + 1.12x10°m/s,n = 36 + 9,D = 3.19 + 0.06 and = 6.52x10" + 2.04x10’
m/s,n = 36 + 6,D = 1.64 + 0.01 and = 1.64x10 + 2.90x10" m/s, respectively. The
values of the paramet& obtained from the fracture mechanics tests were much lower
than those obtained from the conventional tensile strength test. TamgtarD is
directly related to fracture strength and the fracturengtredetermined from the fracture
mechanics tests was not the actual tensile strength but theah@tnength such as a far

field stress.
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3.6.3 Discussion

Figs. 3.10a and 3.10b shows the histograms for the subcritical crackh growt
parameters andA respectively. The parameteris more uniformly distributed than the
parameteA. The distribution of the paramet&ris skewed, so the arithmetic mean of the

A values is biased against “true” representative value.

Count
Count

: LT []

20 25 30 35 40 45 50 55 0 03 . 0.9 12 15
Subcritical crack growth parameter, n Subcritical crack growth parameter, A [m/s]

a) b)

Fig. 3.10 Histogram for the subcritical crack grbysarameters: a) parameteh) parameteA.

Also, the parametens andA are not independent to each other. As can be seen in Fig.
3.11, the parametek increases with the parameterThus, the representativevalue is
obtained from the least squares method using the average valamofit is determined

to be 6.71x18 m/s with an average absolute deviation of 1.72%18. If we omit the
biased paramete values, then the average absolute deviation of the parafistén be

8.27x10° m/s.
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Fig. 3.11 Relation between subcritical crack gropdhameters.

Fig. 3.12 is the K-V diagram for 12 DT specimens of Coconino sandstbaesolid line

in Fig. 3.12a is the average K-V curve from the test ressitsg the arithmetic mean of
the parametera andA. The solid line in Fig. 3.12b is the average K-V curve from the
test results using the arithmetic mean of the parametad the A value obtained from
the least squares method. Fig. 3.12b gives better agreement wigistthesults than Fig.

3.12a.
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Fig. 3.12 Stress intensity factor—crack velocitggtams of Coconino sandstone obtained from theldoub
torsion test: a) arithmetic means of paramet@nd A; b) arithmetic means of parameteand A value
obtained from least squares method.
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The coefficient of variation (CV) is defined as the ratio of the standard deviatihe
mean. This is a normalized measure of the dispersion of datavariadility of the
parameters for a particular test can be evaluated by the CV.

The value of the CV for the parameteobtained from the DT test is about 33 %. If we
use the average absolute deviation and the represenfatraéue obtained from least
squares method instead of the standard deviation and mean, the valu€yf firethe
parametetA will be approximately 123 %. The paramefehas a very high variation.
The reasons for the variability in the paraméteseem to be due to 1) the heterogeneity
of rock specimens, 2) the incipient crack velocity and 3) accumdye test machine.
Even though all rock specimens came from the same quarry, the rock fabngttstand
the fracture toughness will be varied. The param&ter very susceptible to the stress
intensity factor at the beginning of load relaxation to fractotgghness ratioK(/Kc).
Although the specimens have the same values of the parametemall change in the
stress intensity factor at the beginning of load relaxatioratrure toughness ratio gives
a large change in the parametg(fFig.3.13).

Second, the incipient crack velocity affects the parametéig. 3.14 shows a typical
load relaxation curve. For the DT02 and DT04 specimen, there arechegdes of load
in early stage and these will result in a fast crack vislazcording to Equation (3.7).
The corresponding values of the parameteare 1.45, 4.57x1f) and 1.21x18 m/s,
respectively, for DT02, DT04, and DT11 specimens. The parameierrelated to the

crack velocity when the stress intensity factor approachefdbtire toughness. Thus
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the higher values of the incipient crack velocity in K-V diaggiwe higher values of the

parameteA.

Log (V)

Log (Ki/Kic) 1

Fig. 3.13 Stress intensity factor—crack velocitggtams with the same valuerof

Third, accuracy in the test machine have an influence on thebilrgriaf the
parameteA. Since the load relaxation test requires a small amount ofdgapagate a
crack, the conventional rock mechanics test machines may not beatalémumeasure
small changes in load.

From these points of view, the DT test may not be suitable ferndeing the

parameteA.
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Fig. 3.14 Typical load—time curve for the subcaticrack growth test using load relaxation method.

The results from the constant stress-rate tests were calhwpiéinehe double torsion
test results. The values of the parameatebtained from the constant stress-rate test are
38 £ 8,38+ 14,37 + 10, 36 £ 9, and 36 £ 6, respectively, for the Brazisilanthiee-
point bending, GD, SENB and CT test. The corresponding values of thar€V
approximately 21, 37, 27, 25, and 17 %. The values of the parameter n andftireit@

DT test are 33 + 14 and 33 %. As can be seen in Fig. 3.15, the subcréaagrowth
parametemn obtained from the constant stress-rate test shows good agreeithetiie

parameten obtained from the DT test within the range of the standard deviation.
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Fig. 3.15 Variation of the subcritical crack grovtarameten with respect to specimen geometry.

The values of the paramet&robtained from the constant stress-rate test are 1.52x10
3.10x10%, 1.02x10° + 3.26x1(, 4.09x10° + 1.12x10°, 6.52x10° + 2.04x10", and
1.64x10% + 2.90x10" m/s, respectively, for the Brazilian disk, three-point bending, GD,
SENB and CT test. The corresponding values of the CV are appteki2e0, 3.2, 2.7,
3.1, and 1.8 %. The values of the paramatand the CV for the DT test are 6.71%18
8.27x10° m/s and 123 %. The variability of the parametés very high in the DT test,
on the other hand, the constant stress-rate test gives tivatiggslity of the parametek.

For the parametek, both the double torsion test and constant stress-rate test ségwits
good agreement except for the GD specimen and SENB speciige.{/). The reason

of the variation of the paramet@rin the constant stress-rate test is not clear, since the
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parameteA in the constant stress-rate test is a complex functioregfdhrameten, inert
strength, fracture toughness, and geometry factor. But consideemlfference between
the values of the paramet@r the Brazilian disk, three-point bending, and CT tests are

preferred.
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Fig. 3.16 Variation of the subcritical crack grovgarameteA with respect to specimen geometry.

The subcritical crack growth paramefers affected by the inert strength. According
to Equation (3.14), the paramet@ris strongly dependent on the inert strength. In this
study the inert strength was obtained from the test conductidx &ading rate of 10
MPa/s. The inert strength is the ultimate strength of therraktthout environmental
effects. The most practical way to measure the inert $traago measure the strength

under a very fast loading rate. Very fast loading ratestgréhan 10 MPa/s have not
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been used in this research. This is due to the fact that thke tetnength of Coconino
sandstone usually less than 10 MPa (i.e. failure in less thaoddsat 10 MPa/s) and the
conventional test machine that was used is incapable of acquileggae data in such a
small time frame as well as safety concerns. If the isteeingth is determined under a
very fast loading rate such as 100 MPa/s, a higher value of thestnength will be
expected. The value of the inert strength at very fast loaditeg of 100 MPa/s can be
extrapolated from the values of the strength determined at l@admpg rates for the
SENB specimen assuming the curves does not level out for a lgatingf 100 MPa/s.
The corresponding value of the inert strength is determined to be BBa0which is
6.4 % greater than the inert strength determined at loadingofal® MPa/s. The
corresponding value of the paramefeis 5.41x10. The parameteA using the inert
strength determined at the loading rate of 100 MPa/s is aBr$imes greater than that
using the loading rate of 10 MPa/s. However, this is based on the@&gsuthat the
strength vs. loading rate curve does not level out.

As discussed above, it can be concluded that the constant siedsstraeems to be a
valid test method for determining subcritical crack growth patars of rocks. Some
advantages of the constant stress-rate tests over the Cafegdgtmuch smaller standard
deviation in the parameté; 2) the ability to use conventional rock mechanics tests such
as the Brazilian disk test, and 3) no need for complex test satupsan easy test
procedure.

The parameten is almost constant regardless of the test method and specimen

geometry, but the parame#&wvaries with the test method and specimen geometry.
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3.7 Conclusions

The subcritical crack growth plays an important role in the leng-tbehavior of
rocks. In this research, constant stress-rate tests includemgli@n disk, three point
bending, grooved disk, single edge notched bend, and compact tension spéaagens
been carried out on Coconino sandstone and the results are comparduevdtuble
torsion test results to investigate the validity of the constant saessest method.

The experimental results from the double torsion test show thatltieetical crack
growth parameten value has a range of the range of 21 to 55 with the mean value of 33
and the standard deviation of 11. The paramékteas the range of 1.15x1é 1.45 m/s
with the mean value of 6.71x%0n/s. The parametek values form the double torsion
test show very high deviation. The parametealues obtained from the constant stress-
rate test are 36 to 38 and the paramatealues are 1.02x10to 6.52x1C m/s.

Experimental results from the constant stress rate-test ret@tive good agreement
with the results from the double torsion test. More importantly sttess-rate tests can
determine the parametarwith a much smaller standard deviation than the DT test. Thus
the constant stress-rate test seems to be a valid test mathodks. Also the parameter
n is almost constant regardless of the test method and speciropretge but the

parameteA varies with the test method and specimen geometry.
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CHAPTER 4
DETERMINATION OF THE SUBCRITICAL CRACK GROWTH
PARAMETERS IN ROCK USING A CONSTANT STRESS-RATE TES
PART II-STATISTICAL ASPECTS OF SUBCRITICAL CRACK
GROWTH PARAMETERS AND WEIBULL ANALYSIS

4.1 Introduction

In the linear elastic fracture mechanics, crack growth egdur when the stress
intensity factor reaches or exceeds a critical stresmnsity factor,K.. In systems
subjected to long-term loading, however, the classical fracteahamics approach does
not work, and crack growth can occur at a value of stress inteasiiyr fthat may be
substantially lower than the critical value. This phenomenon is known as subcrdida
growth. Several possible mechanisms have been suggested for calbcrick growth.
These mechanisms are stress corrosion, dissolution, diffusion, ion chande,
microplasticity [18,78].

Subcritical crack growth plays an important role in time-depgndeformation of
brittle rocks. It is believed that stress corrosion due to lieenccal effects of pore water
is the main mechanism of subcritical crack growth in rocks [18T#&].reaction between
strained bonds and environmental agent produces a weakened state whilsenche
broken at lower stresses than the unweakened bonds [78]. For sibcki® the

hydrolysis of strong Si-O bonds produces a weakened hydrogen bondedyhgdooips
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linking the silicon atoms [20-23]. This process is described bydhewing chemical

reaction.

£ z Z Ex¥ (£ 2z e (4.2)
Subcritical crack growth by stress corrosion in rocks fat##tathe formation and
propagation of microcracks in a fracture process zone at a crack tip.
Subcritical crack growth can be expressed by the empposaér law relationship

[26,27,75,82,83]:

" (4.2)

where,v is the crack velocityd*, A, andn are the subcritical crack growth parametijs,
is the stress intensity factor, akig is the fracture toughness.

The subcritical crack growth parametekdsand n can be estimated from the
experimental relation between the crack velocity and thesstregensity factor. One of
the popular tests in determining the subcritical critical crgrkvth parameters is the
Double Torsion (DT) test [29,30,78]. However, the DT test has somitioms. First it
only can be applied to mode | loading. Second, it does not always prodaca K-v
relation for a given material and environment; the subcriticalkcgrowth parameters
vary in each test. Because of these reasons, alternativeda#sids have been suggested
and the constant stress rate method is one of them.

The validity of the constant stress-rate test for rocksewaluated in the companion
paper (Chapter 3). In this study (Chapter 4), statistiggcs of the constant stress-rate

test were investigated. First, the effects of the specimen murnbihe subcritical crack
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growth parameters were examined and minimum specimen numbersdetermined.
Second, the mean and standard deviation of the subcritical crack groeutiepens were
obtained by randomly selected subsets from the original data. Imoadthie distribution
form of the subcritical crack growth parameters and theioaléetween the parameter
and A were determined. Finally, Weibull statistics was appliecht ftacture strength
data to describe the variability of the fracture strengththadsubcritical crack growth

parameters.

4.2 Constant stress-rate test

The constant stress-rate test uses the relation betweeracheerstrength and the
applied stress rate. The basis of the constant stress-fai ttest the strength increases
with increasing applied stress rate in a given environment.

The relation between the fracture strength and loading rabepressed as follows

[34]:

(k . ——(k (K (4.3)

where,

(Kl (k= & $1i g (4.4)

where, ;is the fracture strength, is the inert strengtlKc is the fracture toughness, and
Y is the geometry factor related to the crack geometry imetla¢ion ~ with

being the remote applied stress artaking the crack length.
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The subcritical crack growth parameteiandD, can be obtained from the slopg (
and intercept () by a linear regression analysis using all log fractuength values over

the complete range of individual log stress rates. The paramistgiven by:

T (4.5)

The parameteA in Equation (4.4) is calculated as follows:

$1;

| $<i&2 ; (4.6)

The inert strength is the ultimate strength from a fradiest due to the mechanical
rupture of bonds rather than environmentally assisted crack growthingtiestrength
can be obtained by using very fast test rates or an inert envinbiigueh as vacuum or
oil). The inert strength was determined from the test conductihe &stest loading rate
in this study. A maximum test rate of 10MPa/s has been usey.f&&rloading rates
greater than 10MPa/s have not been used in this study. This is deefaattthat tensile
strength of Coconino sandstone usually less than 10 MPa and the conveiesbna
machine that was used is incapable of acquiring adequate data in swedhtarsframe,
as well as safety concerns.

Coconino sandstone was used to determine the subcritical crack geratheters.
Coconino sandstone is widely spread in the Colorado Plateau includihgmoftrizona,
northwest Colorado, Nevada, and Utah. It is relatively uniform and-drained
sandstone with light yellow minerals. The materials used forstiudy were obtained
from quarries near Flagstaff, Arizona. The basic mechanical piepef Coconino

sandstone are listed in Table 4.1.
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Table 4.1 Mechanical properties of Coconino sanmdsto

Property Value
Uniaxial compressive strength 118.4 + 3.0 MPa
Tensile strength 6.4 £ 0.9 MPa
Young’s modulus 243+ 1.5 GPa
Poisson’s ratio 0.36 = 0.03
Cohesion 22.7 MPa
Internal friction angle 50.6°

The fracture strength of Coconino sandstone was determined with djidiekgGD)
specimens. The nominal dimensions of the GD specimens were 50.8dmmigter and
25.4mm in thickness (Fig. 4.1). The GD specimen, containing a singtenetich on one
face of the specimen, was loaded by a diametral compression. Thehagst a depth of
7.6 mm and a thickness of 2 mm. The notch depth to specimen thicknegs/BY}iwas
setto 0.3.

The fracture strengthgj of the GD specimens is given by:

6

— 4.7
-5 (4.7)
where,P is applied load at failurel is diameter an® is thickness of the disc.
The stress intensity factor for the GD specimen is obtained as follow8]52,5
- - 6 _ 6 -—
- — 4.8
B7 | B7 (4.8)

Four loading rates of 0.01 MPa/s, 0.1 MPa/s, 1 MPa/s, and 10 MPa/slaadieontrol

scheme were employed.
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Fig. 4.1 Schematic illustration of the GD test spex.

4.3 Statistical aspect of the subcritical crackngloparameters

4.3.1 Effect of the number of specimens on the subcritical crack growth pamameter
The statistical reproducibility of the subcritical crack glowarameters depends on
the scatter in the strength values, the range of applied s&tess and the number of
applied stress rates [34]. Because of these variables, theyesisgle guideline as to the
determination of the appropriate number of test specimens. ASTM stadgthat a
minimum of 10 specimens per stress rate is recommended inrdostséss-rate tests for

ceramic materials [34].
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We analyzed six groups with the number of specimens of 5, 7, 10, 20, 30, and 40 in
each stress rate to investigate the effect of the numisgeaimens on subcritical crack
growth parameters. Constant stress-rate testing with thep@8men was carried out on
up to 40 specimens in each loading rate. Each group was generatediiisetmethod.
The subsets were selected randomly and allowed repetition fiemwhole set of
experimental results. Fracture strength samples were rapdateicted from the whole
fracture strength data at each stress rate. Each swuinsétted of 4 fracture strength sets
selected from each stress rate and these were treatadependent data sets. Once a
subset of fracture strength was chosen, the subcritical gragkh parametens, D, and
A were determined by using Equations (4.4), (4.5), and (4.6). By rep#asngocedure
k times, we obtairk sets of the subcritical crack growth parameters. Heraepeated
the above procedure 100 times so as to have 100 independent sets bétitieadicrack
growth parameters in each group.

A strength versus stress-rate curve with the number of spexiofe40 in each
loading rate is presented in Fig. 4.2. The solid line represenbeghdit regression line.
The subcritical crack growth parametgD, andA were determined to be 37 £ 5, 3.54 *

0.04, and 4.13xIdm/s, respectively.
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Fig. 4.2 Results of constant stress-rate testingerGD specimen.

Fig. 4.3 shows the average and standard deviation of the subar#ckl growth
parameters determined from the subsets of fracture datauasteom of the number of
specimens. The parameteshows a dependency on the number of specimens. When the
number of specimens was equal to or greater than 10, the paramalee converges on
37. It can be inferred that the number of specimen between 7 and l@oalslogive the
parameten values of 37 or close to 37.

The parametei® andA show a small amount of scatter for the number of specimens
less than 10, and then almost constant when the number of specimeeguabto or
greater than 10. It seems that increasing the number of spscoines not affect the

subcritical crack growth parametddsandA in comparison with the parameter
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Fig. 4.3 Average and standard deviation of the stital crack growth parameters as a function @& th
number of specimens: a) parameteb) parameteb; c) parameteA.

The standard deviation of the subcritical crack growth paranmeigcgably decrease
with increasing the number of specimens. The influence of the mumhispecimens on
the coefficient of variation of the subcritical crack growth peeters is shown in Fig. 4.4.

The coefficient of variation is defined as the standard deviatuiedi by the mean
value of the parameter. It is found that increasing the spacimenber markedly
decreases the coefficient of variation of the subcritical cgrokth parameten. The

coefficient of variation for the paramet&® and A also decrease as the number of
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specimens increases. It indicates that the parametelssardispersive with increasing
the number of specimens. But, the rate of decreasing in the cadff variation for the
parameten is much greater than the other parameeendA. So, it can be concluded
that the parameteris more sensitive to the number of specimens than the parameters
andA. If we accept the coefficient of variation of 30% for the sulmaitcrack growth
parameten as an acceptable degree of accuracy, the results presentedsabgest that

a minimum number of 10 specimens is required to determine thetsabaiack growth

parameters for Coconino sandstone. This is the same minimum n@a®bASTM

suggested.
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Fig. 4.4 Coefficient of variation of the subcriticaack growth parameters as a function of the remu
specimens.
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4.3.2 Distribution of the subcritical crack growth parameters

The statistically generated sets of the subcritical cgaokth parameters could be
used to determine the distributions of the parameters. The histogfathe subcritical
crack growth parametens, D, and A with respect to the number of specimens are
presented in Figs. 4.5to0 4.7.

The distribution of the parametecould be approximated by a lognormal distribution
for the cases with lower numbers of specimens. But, as the numbgveoimens
increases, the distribution changes to a normal distribution. Thenptam is related to
the slope of the strength-stress rate diagram. The lower mushlpecimens is more
likely to have the strength data with a very shallow slope asdnitetimes gives very
large values of the parameter

In contrast, for the higher number of specimens, there is lesslaince to have the
strength data with a very shallow slope and it is difficult tmdpce a large value of the
parameten. Thus, a normal distribution fits well to the histogram of the paramet#h
the higher number of specimens.

The distributions of the parametBr and A could be approximated by a normal
distribution regardless of the number of specimens.

As can be elicited from Equation (4.6), the paran®isrdependent on the parameter
n. The relation betweeA andn is shown in Fig. 4.8. It can be seen from this figure that
the parameteA increases with increasingand for a givem the A value is bounded by

upper and lower limits.
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Fig. 4.5 Histograms for the subcritical crack grioywarameten determined by randomly selecting subset.
N is the number of specimen: a) N = 5; b) N = NG 10; d) N = 20; ) N = 30; f) N = 40.
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Fig. 4.6 Histograms for the subcritical crack griowarameteb determined by randomly selecting subset.
N is the number of specimen: a) N =5; b) N = N} 10; d) N = 20; e) N = 30; f) N = 40.
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Fig. 4.7 Histograms for the subcritical crack groywarameteA determined by randomly selecting subset.
N is the number of specimen: a) N =5; b) N = NG 10; d) N = 20; ) N = 30; f) N = 40.
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From the results, we can get some ideas on how to select théicallmack growth
parameters andA in numerical modeling for subcritical crack growth. Constansstre
rate tests are performed and subsets of the subcriticelk g@wth parameters are
generated. A histogram for the parametés determined and then the distribution of the
parametem is found. Also, from the relation between the parametandA, general
trends, and upper and lower limits are determined. Once the parametechosen
randomly within the distribution, then the paraméteés generated randomly between the

upper and lower limits.
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Fig. 4.8 Relation between the subcritical cracknghoparametera andA.
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4.3.3 Standard deviation of the paraméter

The most commonly used measures of the statistical treatmdataotre the mean
and standard deviation. The standard deviation of the subcritical crackhgrammmeters
n and D can be obtained easily from the statistical theory, however stidnedard
deviation of the parameteA cannot be calculated directly due to mathematical
difficulties. Here, we estimate the standard deviation of thenpeieaA by a statistical
method: randomly selected subsets from the fracture strength data.

We also used the same technique of data subsets in the previars Sctgroups
with the number of specimens of 5, 7, 10, 20, 30, and 40 were used to exanafiedhe
of the number of samples randomly selected out of the whole feaclata. The
subcritical crack growth parameters, standard deviation, and thieciesefof variation
determined from the theory and statistical subset method are summarizdde 4.2.

It is found that there was good agreement between théicthgsibset method for the
subcritical crack growth parametansandD and the equations from statistical theory.
The larger the sample number, the closer the calculated valoethe mathematically
determined one. The subcritical crack growth paramete@nd D determined by
selecting 40 fracture strength samples are identical to the vedm the theory. The
standard deviation of the parametei@ndD determined by selecting 40 fracture strength
samples are also same as the value from the theory. Thus,rntiardtdeviation of the
parameteA was determined at selecting 40 fracture strength samplesf d0t facture

strength data and the value is to be 7.54%hs.
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Table 4.2 Subcritical crack growth parameterd, andA), standard deviation (STD), and the coefficient
of variation (CV) determined from the theory anatistical subset method.

CV CV

No..of n STD of n D STD ofD | A(m/s) | STD ofA CV of

specimen ofn (%) of D (%) A (%)
5 41 22 | 53.2| 355 0.10 2.7 4.11401.98x10°| 4.8
7 39 14 | 35.7| 356 0.08 24 4.10401.55x10°| 3.8
10 37 10 | 27.70 359 0.07 1.9 4.12%101.41x10°| 3.4
20 37 7 18.0| 354 0.05 14 4.13409.66x10"| 2.3
30 37 6 16.7| 354 0.04 1.1 4.125408.99x10¢"| 2.2
40 37 5 12.8| 354 0.04 1.0 4.13407.54x10"| 1.8

Equation

from 37 5 12.8| 3.54/ 0.04 1.0 4.13%40 N/A N/A

theory

4.4. Weibull analysis of Coconino sandstone

4.1 Weibull statistics

The strength of rock materials vary even though the rocknspes have a similar
size and come from the same location or quarries. This is egglaly the fact that rock
materials have defects such as grain boundaries, pores, inclusiwss,dfa cracks of
various sizes, shape, and location. The variability of strength ck moaterials is a
probabilistic phenomenon. Weibull utilized this fact and proposed the pradipaduili
failure (Pr) at a given stress, [84,85]:

. H
6 *) 9 b &—C¢ 73 (4.9)

n
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where, ,, o, andm are the location parameter, the scale parameter, and the shape
parameter, respectively, ands the volume of the material.

For rocks and other brittle materials, it is commonly assumed thatset to zero [25].
Thus, for specimens with a constant geometry, the probabilitylofddor this case can

be reduced to:

H
6 *) o — (4.10)

nm

The shape parameten is also called the Weibull modulus and it determines the
variability of failure strength. A higher value af results in smaller scatter in failure
strength. The scale parametgris the stress at which 63.2% of the specimens will have
failed.

Several methods have been proposed to estimate the Weibull pard@te89k One
of the methods is a graphical evaluation using least squaregsiandlhe graphical
method is popular due to its simplicity. Rearranging Equation (4.10)takdg the

logarithm twice yields a linear equation:

( (9 5 a ( I o (4.11)

The Weibull parametem is equal to the slope of regression line and the scale paramete

o can be deduced from the y-intercept. The failure strengtlis determined
experimentally. Probabilities of failure have to be assigned &xpkrimental data. Since
true probabilities are not known, a prescribed probability estimattche used. IN

specimens are tested, the cumulative probability of failurebeamstimated by ordering
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the results from the lowest failure stress to the highestnTthe probability can be

written as [86]:

ST

6 (4.12)

where,i is the rank of the experimental data in ascending orderNaadhe number of
specimens tested.

The graphical procedure to determine the Weibull parameter dopsowate the best
results. A more accurate method is the maximum likelihood method [83,88]basic
idea of the maximum likelihood method is to find the population paranaatee which
makes the sample value have the highest probability among the ppssidieeter values.

If xis a random variable from a probability density functigh ,>.>«+> where 4,

2,---, k @re unknown parameters, akds the total number of unknown parameters, the
likelihood function of this random variable is the joint density ofrthrandom variables
and is defined as:

8,50, c«z, gl 2tk 8 - , gt Lt (4.13)

w2

The maximum likelihood estimators of, »,..., « are the value of that maximized..
Thus, the maximum likelihood estimators @f »,..., « are the simultaneous solutions of

k equations such that:

®8 i L
o S D« (4.14)

Sincel is positive definite, one can write
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®(8
®

S (4.15)

which is much easier to work with than

The probability density function of the Weibull distribution is given by:

—9—  *) &£ 0 ¢ (4.16)

Considering the probability density function of the Weibull distributigith its two

parameters; =mand , = o, the likelihood function can be described as:

Ry H12 H

8 0 i«igld:ry 8 - —0~ *) & 9— ¢« (4.17)

noon n
w2

Taking the logarithm, differentiating with respect toandm, and equating to zero yields:

$ $
®(8 y
J— + —+
g 7t " S (4.18a)
w2 w2
$
®(8
( — —x+ H g (4.18b)
®n nw hW2

Simplifying these two equations by eliminatinggives:

w
w2 w2

In Equation (4.19)m can be solved by an iterative procedure such as Newton-Raphson

method. Oncenis determined,, can be calculated using Equation (4.18Db).



206

4.4.2 Analysis of experimental results

We used the same experimental results from the constantrateesssting in the GD
specimens for Weibull analysis of Coconino sandstone. 40 fractungtstréata in each
loading rate were used to determine the Weibull parametersWHieull parameters
were determined by using the maximum likelihood method. The Wertndulusm was
estimated to be 8.70, 9.01, 7.76, and 10.78 at loading rates of 0.01 MPa/s, 0.,11IMPa/s
MPa/s, and 10 MPa/s, respectively. The Weibull scale parameterestimated to be
3.37, 3.46, 3.75, and 4.00 at loading rates of 0.01 MPa/s, 0.1 MPa/s, 1 MPa/s, and 10
MPal/s, respectively. It is noted that the Weibull parametengase with increasing
loading rate. At a lower loading rate, the strength distributiomlgpn@epends on the
distribution of the larger flaws in the specimens. The larfl@st will lead to failure of
the specimens. Thus, the strength is more dispersed, and the maddadower value.
At a higher loading rate, many cracks initiate and lead to failurepeimens rather than
the largest single crack growth. So, the strength is less didpmngethe modulusi has
higher value.

Also, we investigate the effect of the number of specimens dNeftmll parameters.
Similar to the subcritical crack growth parameters, 12 groupgk thie number of
specimens of 5, 7, 10, 20, 30, and 40 at stress rates of 0.01 MPa/s and/4Gvisiea
generated by the subset method. The subsets were selected yarshaimallowed
repetition from the whole set of fracture strength data. Eatese different groups has
100 sets of fracture strength data. The Weibull parameters estimated by the

maximum likelihood method. Fig. 4.9 shows the variation of the Weibulnpeters as a



207

function of the number of specimens. The influence of the number of speciom the

coefficient of variation of the Weibull parameters is shown in Fig. 4.10.
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Fig. 4.10 Dependence of the coefficient of variatifor the Weibull parameters on the number of
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The Weibull modulusn values strongly depend on the number of specimens. The
Weibull modulusm values rapidly decreased for the number of specimens less than 10
When the number of specimens was equal to or greater than 10, thel\Weibulusm
value tended to converges on true value. The coefficient of variafidhe Weibull
modulusm decreased with increasing the number of specimens. The Wmibdillusm
seems to be very sensitive to the number of specimens, pahidolathe number of
specimens less than 10, and it approaches the true value of the Webulus with
increasing the number of specimens. In contrast, the Weibué peaameter , was
almost constant regardless of the number of specimens. The obtsn#d have shown
that a minimum number of 20 specimens is required to have an apg@apemiee of

accuracy in determining the Weibull parameters for Coconino sandstone.

4.4.3 Influence of the Weibull parameters on the subcritical crack growth garame
The mean and standard deviation of the fracture strength and thel\fparhuieters

have the following relation from the statistical theory:

3 (4.20a)

. P30 /_ 3; (4.20b)

\l

wherée? is the mean of the fracture strength, is the standard deviation of the fracture
strength, and, is the Gamma function. For the ran§&Q ,QS T,3, can be

approximated as:
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3 u 0" 7 - (4.21)

The mean and standard deviation of the fracture strength m leading rate was
calculated by Equation (4.20) with Weibull parameters. The meatufeastrength is

plotted as a function of stress rate in Fig. 4.11. The solid lipesents the best fit

regression line.

¢ & Mean strength
l0g10(y)=0.5502+0.02675l0910(X)

[0}
----- l0g10(y)=0.5736+0.02582l0910(X)

Fracture strength [MPa]

0.01 0.1 1 10
Loading rate [MPa/s]

Fig. 4.11 Mean strength and the Weibull scale patam, versus stress-rate curve.

The subcritical crack growth parameters were determined no=b@6 andD = 3.55.
There is a good agreement between these values and the paadermined

previously. The scale parametey is the stress such that 36.8% of the specimens will
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survive. So, the slope of - stress rate diagram is related to the subcritical aqyamkith
parametemn. Fig. 4.11 also present the regression line,@s a function of stress rate.
The slope gives the parameteof 38, which is also good agreement with the previous
results.

The Weibull modulusn is related to the fracture strength scatter. The highealue
will result in the smaller variability in the subcriticabck growth parameters. In order to
investigate the influence of the Weibull paramateion the subcritical crack growth
parameter, the Weibull modulaswas increased from 5 to 20.

Monte Carlo simulation was performed to generate a set itibfist strength data. A
random number between 0 and 1 was generated and it was used as thditprobabi
failure P; in Equation (4.10). Then, a fracture strengtivas calculated with the known
values of the Weibull parametems and , at a specific stress rate. We used the same
values of the Weibull parametey obtained from the GD constant stress-rate testing. The
Weibull parameter, of 3.37, 3.46, 3.75 and 4.0 was used at stress rate of 0.01, 0.1, 1,
and 10 MPa/s, respectively and the Weibull moduotusf 5, 10, 15, and 20 was chosen.
The Weibull modulusn was kept constant in a fictitious data set regardless of the loading
rate. A fictitious data set had 4 different loading rate andr2dgth data were generated
in each loading rate, so a total of 80 strength data was emdplOyee a fictitious data
set was generated, the subcritical crack growth parametBrsandA were determined
by using Equations (4.4), (4.5), and (4.6). The above procedure was depeatemes,
consequently, 100 sets of the subcritical crack growth parameteesgenerated in each

the Weibull modulusn.
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Fig. 4.12 shows the average and standard deviation of the subcrdidalgcowth
parameters determined from the fictitious data as a functiomeofeibull modulusn.
The subcritical crack growth parametedecreases and approaches 39 as the Weibull
modulusm increases. The standard deviation of the subcritical cracktlyqpavameters
markedly decrease with increasing the Weibull modaius
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Fig. 4.12 Average and standard deviation of thecstital crack growth parameters determined by Mont
Carlo simulated constant stress-rate testing ametibn of the Weibull modulust: a) subcritical crack
growth parametem; b) subcritical crack growth paramet®yc) subcritical crack growth parameter

The dependence of the coefficient of variation of the subéritieck growth
parameters on the Weibull modulusis shown in Fig. 4.13. It is observed that the

coefficient of variation of the subcritical crack growth paramet&gnificantly decreases
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as the Weibull modulusn increases The parameteD increases with increasing the
Weibull modulusm. The parameteA decreases with increasing the Weibull modunfus
The rate of decreasing in the coefficient of variation forgh@meten is much greater
than the other parametdbdsandA. It can be concluded that the Weibull modutusnost

affect the variability of the subcritical crack growth parameter
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Fig. 4.13 Dependence of the coefficient of variatmf the subcritical crack growth parameters on the
Weibull moduluam.

The Weibull modulusn also affects the distribution of the subcritical crack growth
parameters. Fig. 4.14 shows histograms for the subcritical graekh parameten and
A with respect to the Weibull modulus. At lower m value, a lognormal distribution
gives the best fit to the histogram for the parameteell. At higher m value, a normal

distribution gives the best fit to the histogram for the parametIn contrast, the
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distribution of the parametéy could be approximated by a normal distribution regardless

of them values.

Fig. 4.14 Histograms for the subcritical crack gtovparametem and A with respect to the Weibull
modulusm: a) subcritical crack growth parametewith m = 5; b) subcritical crack growth parameter
with m = 5; ¢) subcritical crack growth parametewith m = 20; d) subcritical crack growth parameter

with m = 20.
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4.5 Conclusions

The present research focuses on the statistical aspects of the camsisunats test. A
brief summary of results obtained from this study is presented below:

The effects of the number of specimens on the subcriticalk cgaowth
parameters were examined using the GD specimen. The paramstews a
dependency on the number of specimens. Increasing the specimen nesulisr r
in markedly decreasing the coefficient of variation of the stibaricrack growth
parameten. The parameten is more sensitive to the number of specimens than
the parameter® andA.
The mean and standard deviation of the subcritical crack growth gtradn
were obtained by randomly selecting subsets from the fullodtacture data. It
is found that there was good agreement between the pararattanided from
the statistical subset method and the equation derived from statistical theory
The Weibull modulusm depends strongly on the number of specimens. In
contrast, the Weibull scale parametgis kept constant regardless of the number
of specimens. Both Weibull parameters increase with increasing loateng ra
The Weibull modulusn has the most effect on the variability of the subcritical
crack growth parametar. The slope of the Weibull parametey— stress rate
diagram is related to the subcritical crack growth paranmeter
The distribution of the subcritical crack growth parametes affected by the

number of specimens and the Weibull modutus The distribution of the
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parametem could be approximated by a lognormal distribution for the lower
number of specimens and lower m values. But, as increasing the nomber

specimens or higher m value, the distribution changes to a normal distribution.
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CHAPTER 5
SUBCRITICAL CRACK GROWTH IN ROCKS UNDER SHEAR

LOADING

5.1 Introduction

Time-dependent deformation of rocks plays an important role in thetdong
stability of rock masses and underground structures. Slow tectonicnmante may
continue and accumulate over a long period of time. In systems stdbjémig-term
loading, subcritical crack growth is the principal mechanismicgube time-dependent
deformation and failure of rocks [18]. Subcritical crack growtbngironmental-assisted
crack growth, which can allow cracks to grow over a long periothw &t stresses far
smaller than their failure strength and at tectonic strag Rcks are a heterogeneous
mixture of various solid minerals, grains, voids, pores, and cracker\Wgbor or water
penetrates into the microstructures of rocks and interacts watinesd or stressed bonds
near the crack tips. This process facilitates a weakenesl wtath can be broken at
lower stresses. Thus, the crack propagates slowly over time, finalil catastrophic
failure occurs.

Subcritical crack growth under mode | loading can be expressékdebgmpirical

power law relationship [27,28,75,82,83]:
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(5.1)

where,v is the crack velocityA andn are mode | subcritical crack growth parametirs,

is the mode | stress intensity factor, an@ kK the mode | fracture toughness. The

characteristics of subcritical crack growth are evaluatedidiermining the subcritical

crack growth parameters.

Rocks and rock masses have discontinuities varying in size fronocnacks to huge

faults. Under geological conditions such as long-term low stréénd@ading, these

discontinuities act as local stress concentrators and cradkdevdeveloped at the

boundaries of discontinuities. Fracture problems in rock structures cumenonly

involve shear loading. Suppose we have a circular crack in antenfiredium under

shear stress (Fig. 5.1). The edge of the x axis of the circtdak (point A) is at the

condition of pure Mode II. On the other hand, the edge of the y akie @ircular crack

(point B) is at the condition of pure Mode III [5].

Fig. 5.1 Circular crack in an infinite solid mediwsubject to a far field shear stress.



218

Even though a rock mass may be subjected to a simple compressemsion load, due
to the complexity of the rock fabric and the random orientation @ksrarack growth
can occur in mode Il or mode lll. Thus, the effect of mode Il ahdodding on
subcritical crack growth also should be considered.

A significant amount of research has been conducted to determinabtréical
crack growth parameters in mode | using the double torsiorbtegste use of subcritical
crack growth parameters in modes Il and lll is rare, yet impofta many applications
[18,75,82,83]. The double torsion test determines the subcritical crack graxatineters
using the relation between the crack velocity and the stressitytéactor. However, the
double torsion test only can be applied to mode | loading and there is nalequiest
of the double torsion test for mode Il and Ill loading. Because ofetheasons,
alternative test methods have been suggested and a constantastressthod is one of
them. The constant stress-rate test does not require the measuoéra crack velocity
or a crack length, but uses the relation between the fracteregt and applied stress
rate. The advantages of this test are 1) standard rock meclestispecimens can be
utilized and 2) it can be applied not only to mode | loading but als@mte i and mode
Il loading as well [28].

In a previous study (Chapter 3), the subcritical crack growth péeesrfor Coconino
sandstone under mode | loading were determined using the constaswateagst. The
validity of the constant stress-rate test for rocks weammaxed, compared with the
conventional testing method. In this paper, we extend the constant-rateegest

technique to mode Il and Il subcritical crack growth in rocks. Thoelenll and Il
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subcritical crack growth parameters have been determined usingi@ocandstone. For
mode Il loading, the short beam compression specimen, the singtespleeanen, and
the double shear specimen were used. For mode Il loading, the tofsemircular

cylindrical specimen and the torsion of a rectangular sectionnsgecwere used. In
addition, the effect of confining stress, specimen size, and sai@ration on subcritical

crack growth under mode Il loading has been investigated.

5.2 Constant stress-rate testing for shear loading

The constant stress-rate test uses the relation betwdeacthees strength and applied
stress rate. The basis of the constant stress-rate it ithe strength increases with
increasing applied stress rate in a given environment.

Subcritical crack growth is environmental-assisted crack prewt crack velocity
depends on the chemical reaction between solid and water. If weeasizatma similar
relation exists between the crack velocity and the stresasityefactor under shear
loading, then the subcritical crack velocity under mode Il andlofiding can be

expressed as [27,28,49,50]:

Ly "y (5.2)
H&
where, the subscriph denotes the fracture mode (i.e. m = Il or IN}, is the crack

velocity under mode Il or Il loadingn, and A, are the subcritical crack growth
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parameters under mode Il or Il loading, is the stress intensity factor under mode Il or
lll loading, andKc is the fracture toughness under mode Il or IIl loading.

The generalized expression of the stress intensity factor under mode lbadikilg is

H H (5.3)
where,Y is a geometry factor related to the crack geometgyis an applied shear stress
under mode Il or 11l loading, analis a crack length. Using Equations (5.2) and (5.3) with
some mathematical manipulations, a relation between the inengsir(,,) and the

fracture strength £ under mode Il or lll loading can be determined as [34]:

(K n: (kw (kly (5.4)

H

where,Dy, is another subcritical crack growth parameter under modellll loading and

expressed as following:

(Kl 4 (k —H& H 5 1 g (5.5)

H H ' H

The subcritical crack growth parameters can be determined wWiikaa regression
analysis based on Equation (5.4) when log (fracture stressjtisdobs a function of log
(stress rate). The parameigrandDy, can be determined from the slope and intercept of

the regression line. The parametgiis:

WoT (5.6)

where, is the slope of the regression line.

The parametdd, is:
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|, SV (5.7)
where, is the intercept of the regression line.

The parameted,,, can be expressed as follows using Equation (5.5) and (5.7):

I el 58)
The inert strength is the ultimate strength from a fradestedue to the mechanical
rupture of bonds rather than environmentally assisted crack growth.chicprahe inert
strength is determined by conducting the test in an inert envaainfeuch as vacuum or
oil) or conducting the test at a very high loading rate whenebgubcritical crack growth

occurs [34]. In our study, the inert strength was determined fiertest conducted at the

fastest loading rate of all the tests conducted.
5.3 Materials, specimen geometry and experimemtalguure

5.3.1 Materials

The rock type used in this research is Coconino sandstone from goearnédagstaff,
Arizona. Coconino sandstone occurs widely in the Colorado Plateau mglndithern
Arizona, northwest Colorado, Nevada, and Utah. It is present in the @amgbn,
where it is visible as a prominent white cliff forming lay&he Coconino Sandstone is
the thick buff-colored layer close to the top of the canyonswéliis relatively uniform
and fine-grained sandstone with light yellow minerals. The standagdhanical

properties of Coconino sandstone were determined in the previous shajppt€C3). The
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mechanical properties are: unconfined compressive strength (BCE)8.01 MPa,
Young’'s modulus (E) = 24.29 GPa, Poisson’s ratjo50.357, and tensile strengthoT

= 6.38 MPa.

Coconino Sandstone was deposited by water, so bedding planes can create 8eaknesse

Since the strength of the Coconino sandstone is affected by thedpgudiaine direction,

all specimens used in this study were prepared so that ttie pm@pagation direction is
perpendicular to the bedding planes. All specimens were oven-drid@tfor at least

24 hours. After that, the specimens were placed in a desiccatxuce the exposure to
humidity in the air until the specimens were tested. The tesbogn maintained a

relative humidity less than 15%.

5.3.2 Mode Il test

We carried out three types of mode Il fracture mechangts—tehe short beam
compression, the single shear, and the double shear tests. The shocobgaression
tests were extensively used to examine the effect of confatfags, water saturation and
size on the subcritical crack growth parameters. Four statss of 0.01 MPa/s, 0.1
MPa/s, 1 MPa/s, and 10 MPa/s were employed. 7 or 8 specimeaseaserd in each
loading rate, for a total of 28 or 32 specimens to determinsuiberitical crack growth

parameters for a given set of conditions.
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5.3.2.1 Short beam compression test

A short beam compression test (or double notch shear test) has debém destermine
the mode Il fracture toughness of reinforced concrete [59,60] and {plan@ shear
strength of reinforced plastics [61], and fiber reinforced carauji2,63]. The specimen

geometry and test fixture are illustrated in Fig. 5.2.

A
Y
F+

Fig. 5.2 Schematic illustration of specimen geognetnd test fixture; a) short beam compression test
specimen geometry; b) test fixture.

The specimen has a heightbE 101.6 mm, a width afv = 50.8 mm and a thickness
of B = 25.4 mm. Two parallel and opposite straight-through notches were cut

perpendicularly at the central part of specimen. The notchesahl@vgth ofa = W/2 =
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25.4 mm and are separated by a lengtb=020.32 mm. The notch separation ratd
was set to 0.2 for the whole test. A guide frame was used to prbuekling and
bending of specimen during the test. When the specimen was mounteskibewide
frames, the frame was fixed so that the specimen was peevBotn lateral movement.
Two Teflon sheets were inserted between the specimen and thee foame to reduce
friction.

The nominal mode Il shear strength, which is the average shess between the

notches at failure, was calculated using the following expression:

6
= (5.9)

where, ; is the shear strength aRgis the applied force at failure (when a shear crack is
produced).
The mode Il stress intensity factdf, was determined using the FRANC2D/L finite

element code [58] and expressed as:

§ 6 _
SIS STTTgu b= (5.10)

The procedure for determining the stress intensity factor equailbbe presented in
section 5.4.

Three different confining stresses, 5 MPa, 10 MPa and 15 MPa, usetk to
investigate the effect of confining stress. The confiningsstr@as generated by a
hydraulic cylinder jack, ENERPAC JSL-101 (69 MPa (10,000 psi) capacinnected

to a hydraulic hand pump, ENERPAC P-80 (69 MPa (10,000 psi) capacity). The
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specimen was subjected to a confining pressure simultaneouslyawiaxial load to
avoid failure before actual axial load was applied.

The effect of specimen size on subcritical crack growth mvesiigated by using four
different specimen sizes. The height : width : thickness ckclangth ratio remains
constant for each specimen dimension. Similar short beam compregsmmens with
the width of 38.1 mm, 50.8 mm, 63.5 mm, and 76.2 mm were used.

Subcritical crack growth occurs because the chemical aragtian environmental
agent, such as water, weakens the bonds at crack tips. So the infdienater on
subcritical crack growth is very important. We also investij#ite effect of water on the
subcritical crack growth parameters by using the constant sateskest.

Three types of specimens were prepared; completely dried, 50%gde def
saturation and fully saturated specimens. The specimens weralogd at 40°C for 24
hours and the dried specimens were weighted. Fig. 5.3a shopisa tglation between
time and specimen weight during oven drying. After 2 hours, thghiveemained
constant, so we can assume that the oven dried specimens w@ieteained after 24
hours. Again, after immersion in water for 48 hours the specimens removed from
the immersion bath and surfaces dried with a paper towel. Satgtatade-dry weight
was measured. After measuring the weight, the specimens wapeed in plastic wrap
to maintain constant water content and tested. Fig, 5.3b shows d tgfatan between
time and weight after immersion in water. After 7 hours theispet weight remained

constant, so we can assume that the specimens in water for 48\ewarfully saturated.
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Fig. 5.3c shows a typical relation between time and degreewhsan during air dry.
After 1 hour the specimen’s degree of saturation measured about 50%.

Since we knew the dry weight and fully saturated weight ospleeimens, we were able
to calculate the weight for a 50% degree of saturation. Scspgbeimen weight was
measured several times after 1 hour to find the exact wegghdsponding to a 50%
degree of saturation. Once we met the suitable weight, specimens were wrnaplpstld
wrap in order to maintain constant moisture content and tested.
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Fig. 5.3 Variations of specimen weight and degresaturation with respect to time: a) typical riat
between time and specimen weight during oven dyytypical relation between time and weight after
immersion in water; c) typical relation betweendiand degree of saturation during air dry.
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5.3.2.2 Single shear test

The specimens had the nominal dimensions; width 76.2 mm, heighH = 71.12
mm, and thicknesB = 25.4 mm. The straight-through notch with a lengtta ef 25.4
mm was cut on the top and bottom using a diamond wheel saw. The thickrtess
notch was 2.0 mm. The schematic illustrations of the specimen ggoamel the test
setup are shown in Fig. 5.4. Rollers were attached between thefrgumdeand the steel
plate on the right so that the steel plate freely moves indheal direction. The rollers
minimize friction between the right guide frame and the gikdé. A heavy weight was
placed on the top of the left guide frame to prevent tilting. @Gmespecimen was placed
in the guide frame, the left guide frame was fixed so thatsgezimen was laterally

constrained, which facilities shear failure in the specimen.

R
Iy “

E H v

+ W Rollers

Fig. 5.4 Schematic illustration of the SS specirgenmetry and test fixture; a) single shear testismn
geometry; b) test fixture.
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The nominal shear strength of the single shear specimen is expresses as:

6
_ 5.11
T B (5.11)
where b is half of the specimen height.
The mode Il stress intensity factor was also determined usadg-RANC2D/L finite

element code and given as:

6 -

——5 (5.12)

9 LZL< %= é<%5="

5.3.2.3 Double shear test

The specimen geometry and test setup are illustrated irb.bigThe double shear
specimen has two sets of notches on the top and bottom. The straogightimotches
with the lengtha = 25.4 mm were machined using a diamond saw. The specimen has a
height ofH =71.12 mm, a width dfV = 76.2 mm, and a thicknessB®f 25.4 mm.

Axial force was applied to the central part of the specifies.guide frame was used
to give lateral constraint. Two Teflon sheets were inserttgides the specimen and the
guide frame to reduce friction.

The nominal shear strength of the double shear specimen is given as:

6

= (5.13)

The mode Il stress intensity factor was also determined usadg-RANC2D/L finite

element code and given as:
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988 TL <%= TT<%=' (5.14)

Teflon
sheet

2mm-—p{
T

mm

Fig. 5.5 Schematic illustration of the DS specingeometry and test fixture; a) double shear testispm
geometry; b) test fixture.

5.3.3 Mode Il test

The difficulties in mode Il test are to generate torsiooatef in a conventional
compression machine. Here we used special grip systems to tgenerque in
compression loading. Two types of mode Il fracture mechanits tethe torsion of a
circular cylindrical specimen and the torsion of a rectangudati specimen were

performed. Four stress rates of 0.01 MPa/s, 0.1 MPa/s, 1 MPa/40aNdPa/s were
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employed. 7 or 8 specimens were tested in each loading rateg gitotal of 28 or 32

specimens that were used.

5.3.3.1 Torsion of a circular cylindrical specimen

The specimen is a cylinder with a diam@er 50.8 mm, a length = 114.3 mm, and
a circumferential notch of depth= 25.4 mm. The circumferential notches with thickness
2 mm were cut in the middle of the specimen perpendicular to teefthe cylinder by
a diamond wheel saw. Fig. 5.6 shows the specimen geometry ofiplis cand test setup.
Split collars were attached to the ends of the specimen.

The two parts of the collar were fastened with screws. In todgive more friction
between the specimen and the collar, additional screws were ruskd collars. The
specimens were placed on the two opposite support pins and axial loagppliasl at
each end of the split collar.

The nominal mode Ill shear strength of the circumferentiallgheat cylindrical

specimen is given as [56]:

where, T is the torque and b is the radius of the specimen.
The mode Il stress intensity factor was expressed as [46]:
O ) ~ ~ ; ~ J ~ *
9 SS: LZL <§= " <§= T <§: | Z <§:
(5.16)

~ <_=.|—
SZ81 =" ——
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Fig. 5.6 Schematic illustration of the circumferalty notched cylindrical specimen geometry and tes
fixture; a) circumferentially notched cylindricgdecimen geometry; b) split collars; c) test fixture
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5.3.3.2 Torsion of a rectangular section specimen

The specimen has a height-b£53.3 mm, a width o¥V = 81.3 mm, and a thickness
of B =78.7 mm. A notch with a depth of 41.9 mm and three side grooves ddptla of
14 mm were cut with a diamond wheel saw. The notch and side groovedliiakiness
of 2 mm. Side grooves facilitate the fracture propagation in a mibdenner. Fig. 5.7
shows the geometry and the loading configuration of the torsiomeaftangular section
specimen. The left loading plate was attached to the guide frame to hold tineespec
The nominal mode Ill shear strength of the torsion of a rectangetdion specimen is

given as [72]:

= (5.17)

where,T is the applied torque, is the geometry coefficient, atdandc are the length of
uncracked portion. Table 5.1 gives the value wfith respect to the ratio/c.

Table 5.1 Value of with respect to the ratio b/c [72].

b/c
1.0 0.208
1.5 0.231
2.0 0.246
2.5 0.256
3.0 0.267
4.0 0.282
5.0 0.292
10 0.312
0.333

An analytical equation of the stress intensity factor for dh&dn of a rectangular
section specimen does not exist, so a 3-D finite elementsam@yneeded to evaluate the

stress intensity factor. The stress intensity factor was not evaluates stuidy.
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Fig. 5.7 Schematic illustration of the torsion ettangular section specimen geometry and testréixa)
torsion of rectangular section specimen geomejrgpbcimen dimension; c) test fixture.
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5.4 Stress intensity factor for the short beam aesgon geometry

For the short beam compression geometry (Fig. 5.17a), from expefinesotss we
know that shear cracks propagated not co-planar with the pre-exmstiches but
perpendicular to the pre-existing notches. Thus, we assumed tHhafistiiaus cracks

with a length existed perpendicular to the pre-existing notches (Fig. 5.8).

notch

L

fictitious crack

fictitious crack notch
—

Il

Fig. 5.8 Small fictitious cracks perpendicularlte pre-existing notches.

Nodal stress intensity factors at the tip of the fictitiowks were calculated at a
given lengthl and presented as a function2fc. Since actual short beam compression
test specimens don’'t have fictitious cracks, the stress intefagitgr of short beam
compression test specimens need to be estimated at veryaloes of2l/c. It was
observed that at very low values2fc, the nodal stress intensity factors approached very

small values but increased linearly wilic for moderate values @/c. For a very small
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crack length, the finite element analysis may not be atxwsmce it requires an
extremely fine mesh and practically it is hard to geteesach a fine mesh. Hence, the
nodal stress intensity factor at a giv&Hl is determined by an extrapolation of the curve
which depicts the variation of nodal stress intensity factor veispect to dimensionless
crack lengti2l/c.

In order to determine the nodal stress intensity factor by, FdMspecimen sizd =
101.6 mmW = 50.8 mmpB = 25.4 mm and notch lengéh= 25.4 mm were selected and
the applied loadP was 0.8896 kN (200 Ibf). The finite element mesh used in this ssudy i

shown in Fig. 5.9.
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Fig. 5.9 Finite element mesh for the short beammession specimen: a) with boundary conditions; b)
with small fictitious crack2l/c =0.1; c) 2l/c =0.3; d) 2l/c =0.5; e) 2I/c =0.7.
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Fig. 5.10 presents the nodal stress intensity factors determamedhii extrapolation

of the curve at a givet/H.

Nodal stress intensity factor [psi

1000
——— y=118.2+258.7x

Nodal stress intensity factor [psi

1000
¥=92.4+198.7x

Nodal stress intensity factor [psi

Nodal stress intensity factor [psi

1000

500
250
C

e)

750

600

450

300

150

0

9)

*
200

y=172.7+452.8x

3

0 0.75

5 3 0.45 0.6
Dimensionless crack length,  2l/c

*

>

02 04 06 08
Dimensionless crack length,  2l/ic

02 04 06 0.8
Dimensionless crack length,  2l/ic

y=80.48+158.2x

/

0

0.2 0.4 0.6 0.8
Dimensionless crack length,  2l/c

in]

Nodal stress intensity factor [psi

Nodal stress intensity factor [psi

Nodal stress intensity factor [psi

1500

¥
——— y=138.2+323.1x

1200

-

*
300

>

o 0.2 0.4 06 0.8
Dimensionless crack length,  2l/ic

b)

1250

——— y=103.3+222.2¢

1000

02 04 06 0.8
Dimensionless crack length,  2l/ic

d)

750

y=85+178.5x

600
450

300
-

*
150

0
0 02 04 06 08
Dimensionless crack length,  2l/c

f)

Fig. 5.10 Nodal stress intensity factors determifnech an extrapolation of the curve at a giw¢H: a)c/H
=0.1; b)c/H =0.15; c)c/H =0.2; d)c/H =0.25; e)c/H =0.3; f)c/H =0.35; g)c/H =0.4.
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Using Equations (5.3) and (5.9), the nodal mode Il stress intensity fac&ort beam

compression specimen can be expressed as:

- 6 -—

= (5.18)

And, the normalized stress intensity factors (same as the ggofaetor Y), given as

F(c/H), can be determined as follows:

B
€9 % h ? (519)

The functionF(c/H) can be determined by curve fitting of the normalized stress
intensity factors with respect to notch separation ratio. Fig. hawssthe variation of

the normalized stress intensity factors with respect to notch separaiton rat
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Fig. 5.11 Variation of the geometry factor withpest to notch separation ratio.
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A best fitting curve through the data has the form:

€g% h SIS S TTTg% h (5.20)
This gives the final expression of the mode Il stress iniefettor for the short beam
compression geometry as shown in Equation (5.10). Similar proceduresapmied to

the single and double shear specimens to determine the modesdl istiensity factor

formula.

5.5 Test results

The experimental results of the short beam compression tegtseaemted in Fig.
5.12a, where the mode Il shear strength is plotted as a functioading rate using a
log-log scale. The solid line in Fig. 5.12 shows the best-fit regmedine based on the
log shear strength versus log loading late relations. Thag@enode 1l shear strength at
the lowest loading rate of 0.01 MPa/s was 20.92 MPa and the avea Il shear
strength at the highest loading rate of 10 MPa/s was 24.93 Miearate of increase in
the shear strength was about 19.2 % from the lowest to highdsidaate. Based on the
regression curve, the subcritical crack growth paranmetexs determined to be 36 + 9.

To determine the subcritical crack growth paramitdioth the inert strength and the
mode Il fracture toughness are required. The inert strengthdet@rmined from the test
conducted at the fastest loading rate of 10 MPa/s, which gave aof&de&8 MPa. The
mode Il fracture toughness of 1.58 Miawas determined using Equation (5.10). The

parameteA = 1.65x10 + 6.03x10" m/s was determined using Equation (5.8).
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Figs. 5.12b and 5.12c show the results of the linear regression fomghe and
double shear tests. The subcritical crack growth parametamsl A were determined to
ben = 35 + 13 andA = 2.18x10° + 9.91x10' m/s,n = 37 + 17 and\ = 1.77x10"

7.54x10" m/s, respectively, for single and double shear test.
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Fig. 5.12 Fracture strength as a function of logdate for mode Il tests: a) short beam compresdsisty b)
single shear test; c) double shear test.
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The subcritical crack growth parameters under mode |l loademg determined as
=34 + 14 and\ = 2.05x10 + 8.70x10¢" m/s for the circumferentially notched cylindrical
specimen and = 37 £ 9 for the torsion of a rectangular section specimenlBighows
the results of the mode Ill shear strength as a functiopuifea loading rate for both
mode Il specimens. The corresponding coefficients of correlatipof(fhe regression
line were 0.41 and 0.59, respectively, for the circumferentially notdyéddrical

specimen and the torsion of a rectangular section specimen.
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Fig. 5.13 Fracture strength as a function of logdiate for mode Il tests: a) Torsion of a circular
cylindrical specimen; b) Torsion of a rectangulection specimen.

Fig. 5.14 shows the experimental results of the mode |l sheagthties a function of
applied stress rate with different confining stresses. The isoacrcrack growth
parameters were determined ms= 41 + 9 andA = 6.78x10° + 2.08x10" m/s, for
confining stress of 5 MPa, = 63 + 22 and\ = 4.62x10° + 1.36x10" m/s for confining

stress of 10 MPa, amil= 76 + 23 and\ = 3.34x10 + 8.09x1® m/s for confining stress
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of 15 MPa. The rates of increase in the shear strength were Ehduo, 12.7 %, and
9.8 % from the lowest to highest loading rate for confining swe€ssMPa, 10 MPa, and
15 MPa, respectively. The mode Il shear strength increasedingittasing confining
stress. The average mode Il shear strengths at the lowdistgoate of 0.01 MPa/s were
50.67 MPa, 77.32 MPa, and 110.61 MPa, respectively, for confining stress & 518
MPa, and 15 MPa. The average mode |l shear strengths at tiesthigading rate of 10
MPa/s were 60.52 MPa, 87.13 MPa, and 121.44 MPa respectively, for confheisg) &f
5 MPa, 10 MPa, and 15 MPa. For the loading rate of 0.01 MPa/s, the rateeafse in
the mode Il shear strength was 429 % from no confining stresmfmiag stress of 15
MPa. For the loading rate of 10 MPal/s, the rate of increase imakle Il shear strength

was 387 % from no confining stress to confining stress of 15 MPa.
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Fig. 5.14 Facture strength as a function of loadiatg for the SBC specimen with different confining
stresses.
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The experimental results of the short beam compression téstdiffiérent specimen
sizes are presented in Fig. 5.15. The subcritical crack growth etetam and A were
determined to b@ = 36 + 15 andA = 1.19x10 + 6.94x10" m/s,n = 35 + 8 andA =
2.38x10° + 8.80x10' m/s,n = 36 + 11 andh = 3.02x10 + 1.15x10° m/s respectively,
for the width of specimen, W = 38.1 mm, 63.5 mm, and 76.2 mm. The mode Il shear
strength decreased with increasing the specimen size. Foplkexanthe lowest loading
rate, the average mode Il shear strengths were 20.59 MPa and 1B0Eespectively,
for the smallest specimen and the largest specimen.
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Fig. 5.15 Facture strength as a function of loadatg for the SBC specimen with different specirsizes:
a) W =38.1 mm; b) W=63.5mm; c) W=76.2 mm.
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Fig. 5.16 shows the experimental results of the mode Il sheagtstras a function of
applied stress rate with different water contents. The sudatrdrack growth parameters
n andA were determined to be= 38 + 6 andA = 1.64x10 + 3.05x10' m/s,n =37 £ 10
andA = 1.97x10 + 8.32x10" m/s respectively, for the degree of saturation of 50 % and
100%. Also the mode Il shear strength decreased with increasinpgiree of saturation.
For example, at the lowest loading rate, the average modeall stiengths were 20.59
MPa and 17.76 MPa respectively, for the complete dried and the fallyated

specimens.
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Fig. 5.16 Facture strength as a function of loadatg for the SBC specimen with different waterteats:
a) 50% degree of saturation; b) 100% degree ofa#n.

5.6 Discussion

The increases in shear fracture strength with increasidomépeate clearly show how

shear fracturing in Coconino sandstone is controlled by subtriiaak growth. The



244

subcritical crack growth parametér is related to the crack velocity when the stress
intensity factor approaches the fracture toughness, and thegtaranis a measure of
the susceptibility of the material to stress corrosion sucltha chemical interaction
between an environmental agent and a strained bond at the ira8ometimes the
parameten is called the subcritical crack growth index or the stress corrosion index [18

The values of subcritical crack growth parameters obtained frerthtbe different
mode Il tests are similar to each other.

The variability of the parameters for a particular test carelmuated by the
coefficient of variation (CV). It is defined as the ratiotbé standard deviation to the
mean. The CV of the parametedetermined from the mode Il tests are 24.2 %, 37.6 %,
and 45.2 % respectively, for short beam compression, single shear and double tshear tes

In constant stress-rate testing, the scatter in strengtfaied to the variability of the
subcritical crack growth parameters. The strength of rockosgly influenced by pre-
existing microstructures. The bigger specimen will have a highgbability to have
more and bigger microstructures than smaller specimens. Frenpdhit of view, the
double shear specimens have larger uncracked portion compared to short be
compression and single shear specimen and this may reshigher variability in
strength of double shear specimen. Thus, the CV of the paramdtézrmined from the
double shear specimen is higher than other specimens.

Also, Fig. 5.17 shows the fracture trajectories of the mode Illmpasi The short
beam compression specimen produced almost pure shear cracks, butsiogliend

double shear specimens, tensile cracks occurred first followddiloye due to shear
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cracks. The occurrence of tensile cracks may influence totréregth of the single and
double shear specimens. So, the short beam compression tests afavoratde tests

for the mode Il crack growth.

Fig. 5.17 Fracture trajectories of the mode Il #pens: a) short beam compression test; b) singlardest;
c¢) double shear test.

The experimental results of the mode Il and Il tests showthieawalues of the
subcritical crack growth parameters are considered to be shmitach other regardless
of the loading configuration and the specimen geometries. Theitstddarack growth

parameters for the mode | tests obtained from the previous clesaa compared to
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those for the mode Il and Il tests. Fig. 5.18 shows the variafidhe subcritical crack
growth parameters with respect to the loading configurationsaAse seen from Fig.
5.18, the subcritical crack growth parametas almost same regardless of the loading
configurations and the specimen geometries. Also the parakeseconsidered to be
similar, even though the values in grooved disk and single edge notclothespare
higher than others.

The variability of the parametaris much higher than that of the parameteEven
though the values of subcritical crack growth parametand A are similar between
modes |, Il and Ill, subcritical crack velocities will befdrent since Equations (5.1) and
(5.2) involve the fracture toughness, which is different depending on ngpadi
configurations.

Very little is known about the effect of fracture mode on subalitirack growth in
rocks. Singh and Shetty studied subcritical crack growth under comimoée | and I
loading in soda-lime glass using diametral-compression speci@dnThey found that
crack growth rates in mode | and Il loading were almost equalfaldiehat subcritical
crack growth is environmentally-induced crack growth rather thashamecal rupture of
bond can be used to explain these results. The parameterinfluenced by the
environmental reaction with the strained bonds at the crack tip. Tdmicdl reaction
rate will be similar regardless of loading configuration. Alsder mode Il or Il loading
the dominant cracking mechanism at the crack tip is tensionalcsostnuctures at the

crack tip will be similar regardless of loading configuration.
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The effect of confining stress on subcritical crack growimportant for geological
applications since most rocks are confined at a depth. Fig. 5.19 shovesi#ten of the
subcritical crack growth parameters under mode Il loadiny vei$pect to the confining
stress. The parameter linearly increases with increasing confining stress and the
parameteA exponentially decreases with increasing confining stresscioi& velocity
decreases with increasing confining stress. These resultBtulee fact that the strength

of rocks increases with increasing confining stress.
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The confining pressure has an influence on 1) stress state atdtketip, 2) the
mechanical properties of the environmental agent, and 3) chemicabmsdeetween the
fluid and the crack tip [91]. Stress corrosion is also affelsjethe microstructures at the
crack tip [91]. Since increasing the confining stress cause<losure of pre-existing
microcracks, and reducing the microcrack density, crack velocityeases and the

parameten will increase.
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Increasing the specimen size results in increasing §n@arthe subcritical crack
growth parameteA. But, the parameteris independent of the specimen size (Fig. 5.20).
The increase of thA is consistent with other size effects that indicate a rodker@ng
with increasing size. The parametehas the relation with stress corrosion. The increase
of the specimen size does not much affect on the chemical reactioicrostructures at
the crack tip. So, the parameteremains same regardless of the specimen size. Size
effect of subcritical crack growth is important to extrapolat¢he field scale from the
lab test results.

Fig. 5.21 shows the variation of the subcritical crack growth paresmetder mode Il
loading with respect to the water saturation. The parametes almost constant
regardless of water saturation, and the parandetecreases by a small amount when the
specimen is fully saturated. The effect of water saturatiorocksris to deteriorate their
strength. The main reason for this is thought to be that wdteatsan weakens the bond
between grains and reduces the coefficient of friction betwepearais. Waza et al. [92]
studied the effect of water on subcritical crack growth in atelesd basalt. They
observed that the slope of K-V diagram for water-saturated rock was neatlglga the
slope for dry rock. Also they found that the crack velocity of the water-sadurack was
two to three orders of magnitude greater than that of the dry ojkenRB3] and her
colleagues performed the double torsion test with 82 different sandsfimmes27
different formations in wet or dry condition. They found that 46% of sands showed
a decrease, 43% of sandstones remained the same, and 11% of sarsthsiweesan

increase in the parametewithin the range of the standard deviation.
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From the experimental results the subcritical crack growtdmpeiem is not affected
by loading configuration, specimen geometry, specimen size, esmvifonmental
circumstances, therefore it could be considered as a matenstnt of rocks. On the
contrary, the parameteX is influenced by loading configuration, specimen geometry,

specimen size, and environmental circumstances.
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5.7 Conclusions

In this study, the subcritical crack growth parameters umaele 11 and Il loading
were determined experimentally by using the constant stressasts. We make the
assumption that the expression of the subcritical crack velémitynode Il and Il
loading is similar to that for mode | subcritical crack grovethg utilize the power law
relation for subcritical crack growth and extends the constagsstate testing method to
mode Il and Il conditions. The effect of confining stress, spetisieze, and water
saturation on the mode Il subcritical crack growth parametersxsamined. A brief
summary of this study is presented below.

The mode Il stress intensity formula for short beam comipreggeometry was
determined by finite element method. Fictitious cracks wargoduced
perpendicular to the existing notch and extrapolation technique wastased
determine the nodal stress intensity factor.

The experimental results of the mode Il and 1l tests showtligavalues of the
subcritical crack growth parameters are considered to beasitnileach other
regardless of the loading configuration and the specimen geom#ttien we
compare mode | tests obtained from the previous research, theisabcrack
growth parameten is almost same regardless of the loading configurations and
the specimen geometries. Also the paramAtexr considered to be similar, even
though the values in grooved disk and single edge notched specimeglae hi

than others.
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Under the mode Il loading, the parametefinearly increases with increasing
confining stress and the parameterexponentially decreases with increasing
confining stress. The crack velocity decreases with increasingncanftress.
These results well fit the fact that the strength of rackeeases with increasing
confining stress.

Increasing the specimen size results in a linear increatfe isubcritical crack
growth parameteA. The parameten, on the other hand, is independent of the
specimen size. The increasefois consistent with other size effects that indicate
a rock weakening with increasing size.

The parameten is almost constant regardless of water saturation, and the
parameteA increases a small amount when the specimen is fully saturated.
From the experimental results the subcritical crack growthnpeatern is not
affected by loading configuration, specimen geometry, specimass sind
environmental circumstances, therefore it could be considered naateaial

constant of rocks.
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CHAPTER 6

FRACTURE CHARACTERISTICS OF COCONINO SANDSTONE

6.1 Introduction

In rock mechanics, conventional failure criteria based on theg#trparameters have
been used to describe the failure of structures and to predict the failureccenalitrock.
The failure criteria such as Mohr-Coulomb criterion or Hoek-Braniterion have been
used extensively in the design of engineering structures in f@¢kdn order to consider
uncertainties in the analysis, a safety factor is employénhiiothe calculated maximum
allowable stresses. This procedure of design has been successftivef many
engineering structures in rocks for a long time.

However, in many cases rock failure cannot be adequately exblayethe
conventional failure criteria alone. For rock materials, onceaekcand/or discontinuity
has occurred, the state of stress in the vicinity of thekdipds changed significantly,
and these criteria cannot deal with the fracture process andtgteglcrack initiation and
propagation in rock materials. For these reason, the disciplinaafife mechanics was

introduced to rock mechanics and has led to the development of rockdraetahanics

[1].

In the catastrophic failure of rocks, both fracture toughness rmgjitt are important

parameters controlling the fracture characteristics. The ubactoughness is a
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guantitative expression of a material resistance to failmen a crack is present. Some
particular applications for the fracture toughness of rock arephrameter for the rock
classification, 2) an index of the fragmentation process ssi¢thnmel boring and model
scale blasting, and 3) a material constant in the modeling of ragiknéntation such as
rock cutting, hydraulic fracturing, and the stability analysis of roclcsiras [4].
According to the loading configurations, there are three basittife modes of crack
tip deformation (Fig. 6.1), i.e. Mode | (or opening mode), Mode llifgulane shearing
mode) and Mode Il (or out-of-plane shearing mode). Correspondinthetothree
cracking modes, there are three stress intensity factors kneWn &, andKy,. Also
there are three fracture toughnes$gs, Kc, and Kyc corresponding to the three
cracking modes. In general, joints are related with the openatg imode 1), whereas
faults are related with the shearing mode (mode Il and mode lll). &bkiltg mode may
vary along the fracture front and may undergo mixtures of modgednd Il loading in

geological structures.

—yf V74

a) b) <)

Fig. 6.1 Three basic mode of fracture: (a) Modepenhing mode); (b) Mode Il (in-plane sliding modE);
Mode Il (anti-plane shear or tearing mode).



256

The fracture toughness can be determined experimentally byinmgathe fracture
stress for a large plate that contains a through-thicknask of known length. A variety
of experimental methods for mode | fracture toughness have bedopsl’and used for
rock materials [1,4,95]. However, relatively few experimental methioalge been
suggested for mode Il and mode Il fracture toughnesses. For exdahglaternational
Society for Rock Mechanics (ISRM) have suggested standahthitees for mode |
fracture toughness [4,95]. But, no standard test method for the maaad Il fracture
toughnesses exist. One of difficulties in the fracture toughresisint shearing is to
produce pure shear cracks in laboratory tests. Since most regaker in tension than
compression, not only shear cracks but also tension cracks are prachgs¥dshear
loading. These tension cracks can be suppressed by applying normahfiming
pressure [96,97].

In this study we have determined the modes I, I, andrdtitdre toughnesses of
Coconino sandstone experimentally. Grooved disk (GD) [52,53], single edge chotche
bending (SENB) [55], and compact tension (CT) [98] tests have beenrpedidor the
mode | fracture toughness. For the mode Il fracture toughness,bgaont compression
(SBC) [28,59,60,99], single shear (SS), and double shear (DS) testsdasvearried out.
Circumferentially notched cylindrical specimen was employedetermine the mode |li
fracture toughness. For the simplicity of the specimen prepayaaw-cut notches were
used instead of specimen pre-cracking. The fracture toughnessesdetermined at
different loading rates to examine the effect of loading rAtso conventional rock

mechanics tests such as Brazilian test, three-point bendingrtestial compression test,
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and triaixal compression test have been performed to determingatidarsl strength
parameters. In addition, the effects of confining stress and spedire on the mode Il

facture toughness were examined using the short beam compression test.

6.2 Materials and experimental procedure

6.2.1 Test material
The rock specimens used in this research are Coconino sandstone froemnnort
Arizona. Coconino Sandstone is commonly observed in Grand Canyon, wharele
seen as a thick buff-colored layer. Coconino sandstone occurs widtlg i@olorado
Plateau including northern Arizona, northwest Colorado, Nevada, and Utak. |
relatively homogeneous and fine-grained sandstone composed of pure godrt7tse
color of the Coconino sandstone ranges from white to buff. Sevegd ldocks of
Coconino sandstone were obtained from a local rock shop.
The bedding plane direction affects the strength of the sandstoak,specimens were
prepared so that the crack propagation direction is perpendicular to the bedding planes.
All specimens were oven-dried at 40°C for at least 24 hours.tA#terthe specimens
were placed in a desiccator to reduce the exposure to humidityeimit until the

specimens were tested. The testing room maintained a relative humidityaed5%.
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6.2.2 Conventional rock mechanics tests

The indirect tensile strength was determined from the Braalisc test. Also, the
flexural strength was determined using the three-point bendin§ptesbmparison. The
Brazilian disc specimens have a diametel 8f50.8 mm and a thicknessBf 25.4 mm.
The three-point bending specimens have a prismatic beam shape¢hwitmominal
dimension of 162.6 x 38.1 x 38.1 mm (lengthk heightb x width B) and support spas
=4b=152.4 mm. Both tests were performed using the VERSA-TESAEER000 (max.
capacity of 267 kN) loading frame at a stress rate of 1 MPa/s.

The indirect tensile strengthis given as [26]:

6

- 6.1
-5 (6.1)
where,P is the applied load.
The flexural strengtR is expressed as [26]:
L6z
. — 6.2
B5: 62)

where,P is the applied loads is the support spam is the specimen width, aridis the
specimen thickness.

Uniaxial compression tests were performed on cylindrical sie&s having a height
to diameter ratio of 2.5 without any lateral confinement. The sggmrhave a diameter
of d = 50.8 mm and a height di = 127 mm. This test determines unconfined
compressive strengtliuCS), Young’s moduluskE) and Poisson’s ratio ). Two electrical
resistance strain gauges were attached on the specimenasureexial strain and

circumferential strain. A constant displacement rate of 0.4572 mm{eqjuivalent of
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0.558 MPa/sec) was employed and the specimens failed at aroundit@anifhe tests
were conducted using the SBEL CT-500 (max. capacity of 2,224 kN) loading machine.
The triaxial compression test was used to determine the thtremgelope, Coulomb
failure criterion parameters (internal friction angleand cohesiorC), and the Hoek-
Brown failure criterion parameters (uniaxial compressivengtie ., and m). The
confining pressure was generated by an ENERPAC P80 (max. gapla6d MPa) hand
pump. The axial load and the confining pressure were increasedasisuusly and in
such a way that the axial stress and confining pressureapereximately equal, until
the pre-determined test level for the confining pressure wakedaThen the axial load
was increased at a constant displacement rate of 0.4572 mm/miwna{equiof 0.558
MPa/sec) until the specimen failed. A total of 6 different con§j pressures (1, 2, 5, 10,

20, and 30 MPa) were employed.

6.2.3 Mode | fracture test
6.2.3.1 GD specimen

Szendi-Horvath [52] used the GD specimens to determine the fréotigieness of
small size soda glass. Also, Singh and Pathan [53] determinechtheré toughness of
variety types of rocks using the GD specimens. The advantagfes GD specimens are
little use of material and easy specimen preparation.
The nominal dimensions of the GD specimens were 50.8mm in diarD¢t@nd 25.4mm
in thickness B) (Fig. 6.2a). A single edge notch with a death 7.6 mm and a thickness

= 2 mm was cut through one face of the specimen using a diamoetisalae The notch
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depth to specimen thickness ratg) was set to 0.3. The disc was loaded by a diametral

compression at a loading rate of 1 MPa/s, which is the nominaletestisess rate of

R 2R
e

The stress intensity factor for the GD specimen can be atdcuby the following

equation [52,53]:

, 8 (6.3)

where,P is the applied load.

6.2.3.2 SENB specimen

The SENB specimen is widely used in determining the fractughhess of metallic
materials and is the ASTM suggested standard method [100]. Sdhfdditdetermined
the fracture toughness of Indiana limestone with the SENB spesinfe schematic
diagram of the SENB specimen is presented in Fig. 6.2b. The Sip@men had
similar specimen dimensions and the same loading configuratiaineashree-point
bending test.

The nominal dimensions of the SENB specimens is 162.6 x 38.1 x 38.1mgth (e
x thicknessb x width B) with support spai® = 152.4 mm. The straight-through notch
with a length ofa = 11.4 mm and a thickness of 2 mm was cut on the bottom face using a
diamond wheel saw. The notch length to specimen thickness aétjowas set to 0.3.

The specimen is supported on its two of the bearing edges of tbenfatte and a load
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is applied in the opposite side of the notch with a loading rate of d/dyiRhich is the

, ) Re
nominal flexural stress rate ofR =—=.
_ﬁ,
%
B T
e
Qo
U v
a) b)

c)

Fig. 6.2 Specimen geometry and test setup for heenh tests: a) GD test; b) SENB test; c) CT test.
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The stress intensity factor equation for the SENB specimen is givenoassf{ab]:

L6z _
B5:

€ % (6.4)

where,P is the applied loads is the support spas€4b), B is the specimen width, arid

is the specimen thickneds(a/b) is given as:
- % < %=% T L°L %5 S< %5:; '

J@;
< %:_):< %5:

€ & (6.5)

The effect of loading rate on the mode | fracture toughness were invegstigatg the
SENB specimen. Four different loading rates of 0.01, 0.1, 1, and 10 MPaés

employed to determine the effect of loading rate on fracture toughness.

6.2.3.3 CT specimen

The CT specimen is commonly used to determine the fracture t@sgbhmetallic
materials. This is also an ASTM standard test method [100]. €bmetry of the CT
specimen is illustrated in Fig. 6.2c.

The CT specimens have the nominal dimensions; WMdth 63.5 mm, heighH =
71.12 mm, and thickne&= 25.4 mm. A straight-through notch with a lengtlaef 8.47
mm was introduced using a diamond wheel saw and the thickness of the notch was 2 mm.
The notch length to effective specimen width ratedb) was set to 0.2. The CT

specimens were loaded at a loading rate of 0.1 MPa/s, whicé minal stress rate of

>»R

R —.
Ee
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Usually the load is transmitted through the pin holes in the &dirapn. However,
we used an “L” type grip system so the loading configuration rdiffefrom the
conventional pinhole CT specimen. Ko and Kemeny [98] developed the istierssity
factor equation for this CT specimen geometry using the fifgt@ent procedure and it

is given as follows:

6
[0/ — 66
&< %5p (6.6)

where,P is the applied load is the specimen thickness, ands the effective specimen

width. F(a/b) is given as:
€<= 28 TT T<wg= | 2<% S | <%=

SSZ < %5:. L < %5=.

Also, three different sizes of the CT specimens were usedatoirex the effect of
specimen size on the fracture toughness. The height : width : thickness ratio andhithe notc
length to effective specimen width ratio remain constant fon sg@ecimen dimension.
The widths of specimens used for the size effect are 50.8 mm, &3.%amad 76.2 mm
respectively.

All of the mode | fracture toughness tests were performed th@nNgERSA-TESTER
AP-1000 loading frame. All of the fracture toughness values wedegndieed from the
peak load obtained in simple monotonic loading to failure. The specsEn
requirement and the non-linearity correction factor were not takenaiccount in this
research. Because of this, the fracture toughness valudsecannsidered as apparent

fracture toughness values.
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6.2.4 Mode Il test
6.2.4.1 SBC specimen

A short beam compression test (or double notch shear testedérasused by
Watkins and Liu [59] and Liu et al. [60] to determine the mode litdr@ctoughness of
reinforced concrete. Also, it has been used to determine thene-pleear strength of
reinforced plastics [61], and fiber reinforced ceramic [62,63]. Peeimen has a simple
rectangular prism shape (Fig. 6.3a).

The nominal dimensions of the SBC specimen are: a heightdf01.6 mm, a width
of W=50.8 mm and a thickness Bf= 25.4 mmTwo parallel and opposite notches were
cut from the lateral face to the central part of specimée. Aotches are separated by a
length ofc = 20.3 mm and have a lengthat W/2 = 25.4 mm. An axial compressive
load was applied on the end surfaces of the specimen with a loading Ratel dMPa/s.

To prevent the specimen from buckling, bending, and the sudden collagse of t
loading platen during the test, a heavy guiding frame was edtallthe loading frame.
When the specimen was mounted between the guiding frames, the femrghtened
by screws so that the specimen was not allowed to move hatéralo Teflon sheets
were placed between the specimen and the guiding frames to reduaa. frict

The nominal mode Il shear strengtf) (vas calculated using the following expression:

6
= (6.8)

where,P is the applied load.

The stress intensity factor for the SBC specimen is [99]:
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§ 6 _
<18 STTTg% h=g (6.9)

Fig. 6.3 Specimen geometry and test setup for théenil tests: a) SBC specimen; b) SS specimen;X) D
specimen.

The SBC specimens were employed to investigate the eaffetbading rate,

confining stress, and specimen size on the mode Il fracture t@asyhBenilar to the
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mode | fracture toughness test, the tests were conducted umdeisvaading rates, R
from 0.01 to 10 MPa/s to examine the effect of loading rate. ThffsFedit confining
stresses, 5 MPa, 10 MPa and 15 MPa, were involved to investigatéettteoétonfining
stress. Confining pressure was generated by an ENERPAC P80 hand $iomiar
procedures of trixial tests were applied to the SBC speciméhsdifferent confining
stresses. Also, four different loading rates were employedfarent confining stresses
from 5 to 15 MPa.

For the effect of specimen size, four different specimen sisge utilized. The
height : width : thickness ratio and the notch length to specimein watib were kept
constant for each specimen dimensions. The widths of specimens usieel $are effect

are 38.1 mm, 50.8 mm, 63.5 mm, and 76.2 mm respectively.

6.2.4.2 SS specimen

The SS specimens are similar to losipescu shear test [6%]oabte-edge cracked
plate in four-point bending [1]. Reinhardt et al. [66], Barr et al. [67¢)zB[68], and
Swarts and Taha [69] used the losipescu test specimen to stusdlyetfiefracturing in
concrete.

The SS specimen had the nominal dimensions; Witth76.2 mm, heighd = 71.12
mm, and thicknesB = 25.4 mm. The two symmetrical straight-through notches with a
length ofa = 25.4 mm and a thickness of 2 mm were cut on both sides using @andiam

wheel saw.
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The geometry of the SS specimen and experimental set dlustrated in Fig. 6.3b.
The SS specimen requires a special specimen holding assenditgitothe specimen
shape during the test. A heavy guiding frame was utilized to holsp#@men. Once the
specimen was placed in the guide frame, the left guide fraasefwed so that the
specimen was laterally constrained, which facilities sfalure in the specimen. Rollers
were attached between the guide frame and the steel plate oglt so that the steel
plate freely moves in vertical direction. The specimens vee@edd with a loading rate of
R=1 MPa/s. A heavy weight was placed on the top of the left guaeef to prevent
tilting.

The nominal shear strength of the SS specimen is expresses as:

° (6.10)
5 B '
where,P is the applied load, arglis the half of the specimen height.
The mode Il stress intensity factor equation was determined and given as:
0 LZl<gs Scgm—O - (6.11)
& o 5 B

6.2.4.3 DS specimen

The DS specimen is also called punch-through cube specimelvia®]ns [71] used
the DS specimens to determine the mode Il fracture toughnesmofete. Fig. 6.3c
shows the specimen geometry and test setup. The double shearespeasriwo sets of
symmetrical notches on the top and bottom side. The straight-througjtresatith the

lengtha = 25.4 mm and the thickness of 2 mm were machined using a diamonthsaw.
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specimen has a height df= 71.12 mm, a width ofV = 76.2 mm, and a thicknessBf
25.4 mm. Axial force was applied to the central part of the sprTiwith a loading rate

of R =1 MPal/s. The nominal shear strength of the DS specimen is given as:

° (6.12)
5 B '
The mode Il stress intensity factor equation was given as follows:
0 S& < o= <9 :;' _ A
) SS TL <%= TIT<% c B (6.13)

All of the mode Il fracture toughness tests were carried aog tise SBEL CT-500

loading machine.

6.2.5 Mode Il test

The difficulties in mode Il test are to generate torsiopatef in a conventional
compression machine. Here, we used specially designed split ¢oltzokl the specimen
and generate torque in compression loading.

The circumferentially notched cylindrical (CNC) specimen Mias following
dimensions : a diamet&b = 50.8 mm, a length = 114.3 mm, and a circumferential
notch of deptta = 25.4 mm. Circumferential notches with thickness 2 mm wasdhei
middle of the specimen perpendicular to the axis of the cylinder by a diantasd saw.
Fig. 6.4 shows the specimen geometry and test setup. The specimensdaeed on the
two opposite support pins and axial load was applied at each endsplitreollar with a

loading rate ofR =1 MPa/s.
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a)

b)

Fig. 6.4 Specimen geometry and test setup for theentll test: a) test fixture; b) split collars.
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The nominal mode Il shear strength of the circumferentiallgheat cylindrical

specimen is given as [56]:

where,T is the applied torque aris the radius of the specimen.
The mode Il stress intensity factor was expressed as [56]:
SR . . ; . J
% SSz LZL< %= Z" < %= 2T < %=
(6.15)

| Z <°/(5: SZS|<°/¢5:=ﬁ
The mode llI fracture toughness tests were performed usingBERSA-TESTER AP-

1000 loading frame.
6.3 Experimental results

6.3.1 Strength parameters

Eight Brazilian disc specimens were tested and the meardntknsile strength is
7.0 MPa with the standard deviation of 0.62 MPa. A total of seven speciveze tested
for the flexural strength. The value of the flexural strengthlist 1.14 MPa. The results
show that the flexural strength is about 16% larger than the indirect teresiigtist

Other strength parameters, such as UCS, Young's modg)luPdisson’s ratio (),
internal friction angle (), cohesion €), and Hoek-Brown parameten are listed in

Table 6.1.
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Table 6.1 Mechanical properties of Coconino sanmasto
UCS[MPa]| E [GPa] 0[] C [MPa] m To[MPa]
118.01 24.29 0.357 50.6 22.7 25.172 6.3§

The mode Il and mode Il shear strength were also determinedn $eveight
specimens were tested. The in-plane (mode II) shear stremgth33.53 + 2.39 MPa,
21.96 = 3.68 MPa, and 24.07 + 3.68 MPa for SBC, SS, and DS specimen, respectively.
When we compare the in-plane shear strength with the cohesion (23)7 thi values
are very close to each other. Cohesion is also shear streftutac¢onfining stress in
Mohr-Coulomb theory. The out-of-plane shear strength is 11.72 £ 1.45 MPaufbé
plane (mode IIl) shear strength is approximately 50% lower tharintpéane shear
strength.

Fig. 6.5 shows the variation of the strength with respect tgspgbeimen geometry.
The results show that the highest strength was obtained from-fianie shear test. The
tensile strength is lower than the others.

The effect of loading rate on the in-plane shear strengtmoisnsin Fig. 6.6a. The
shear strength and the loading rate are plotted in a log-log scale. Bnststiegth shows
the dependency on the loading rate. As the loading rate incréasasear strength also
increases.

The effect of confining stress on the in-plane shear strengtiown in Fig. 6.6b. The
shear strength linearly increases with increasing the riagfistress. This figure is the
same as the Mohr-Coulomb failure envelope since the shear stisnptbtted as a

function of the confining stress.
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Fig. 6.5 Variation of the strength with respectte specimen geometry.

The slope of regression line is related to internal frictiogleaand this gives the about
80.9°. This is a way over the internal friction angle determirad the triaxial tests. The
confining stress is not effective normal stress acting on therisgesurface but far field
stress. So, when we replace the confining stress as effaotival stress, the slope gives
the internal friction angle of 51.3° (Fig. 6.7). This value is closthat of triaxial tests.
The relationship between the specimen size and the sheartlstieqgesented in Fig.
6.6¢c. Even though there is a scatter in the results, there fnded#end of decreasing

the shear strength with specimen size.
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Fig. 6.6 Variation of the strength with respectayloading rate; b) confining stress; c) speciniza.s

Fig. 6.7 is a plot of shear strength versus normal strebsrespect to different
loading rates. Fig. 6.8 shows that the loading rate dependency on thémohed
internal friction angle. The cohesions are 20.52, 21.14, 22.77, and 26.08 MPa for loading
rate of 0.01, 0.1, 1, and 10 MPa/s, respectively. The cohesions incrdaseading rate.
However, internal friction angles are almost same regardfdsading rate. The internal

fraction angles are 49.8°, 51.4 °,51.4 °, and 51.7 ° for loading rate 0001, and 10

MPal/s, respectively.
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Fig. 6.7 Shear strength versus normal stress wiheact to different loading rates: a) 0.01 MPa)s).l
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6.3.2 Fracture toughness

The average fracture toughness under mode |, Il, and Il load¥ng determined
from 7 to 8 specimens. The mode | fracture toughness values are 0.66 + 0.10, 0.65 + 0.10,
and 0.66 = 0.03 MPan for the GD, SENB, and CT specimens, respectively. There is no
significant change in the mode | fracture toughness for the diffeeentefries.

The mode Il fracture toughness values for the SBC, SS, and D8\epsare 1.58 +
0.19, 1.40 £ 0.23, and 1.58 + 0.23 MRua respectively. The mode Il fracture toughness
value for the CNC specimen is 0.89 £+ 0.11 Mia

Fig. 6.9 presents the variation of the fracture toughness with rdsp® loading
configuration. The results show that the mode Il fracture toughedhs highest value
and the mode | fracture toughness is the lowest value. The mivdetlire toughness is
approximately 2.4 times larger than the mode | fracture touglames4.8 times larger
than the mode Il fracture toughness. The mode Il fracture tougmes®ut 1.3 times
larger than the mode | fracture toughness.

The effect of loading rate on the fracture toughness is presentgéd. 6.10. The
average fracture toughness values determine from the SENB ag&@hspecimens are
plotted as a function of the loading rate in a log-log scatec#n be seen in Fig. 6.10
both the mode | and mode Il fracture toughnesses increase withaitied rate. The
mode | fracture toughness values are 0.55 + 0.05, 0.61 £ 0.05, 0.65 = 0.05, and 0.67 *
0.05 MPam for the loading rate of 0.01, 0.1, 1, and 10 MPa/s, respectively. Thelmode
fracture toughness values are 1.42 + 0.10, 1.42 + 0.12, 1.58 £ 0.19, and 1.72 = 0.19

MPa05 MPam for the loading rate of 0.01, 0.1, 1, and 10 MPal/s, respectively.
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Fig. 6.9 Variation of the fracture toughness wigbpect to the loading configuration.
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Fig. 6.10 Effect of loading rate on the fracturagbness.



277

The relationship between the fracture toughness and the specimen size can lze obtaine
as shown in Fig. 6.11. In case of the mode | fracture toughness, ¢hedrioughness
increases with the specimen size. Even though there is a sodtter mode Il fracture

toughness, the same tendency can be observed in the mode Il fracture toughness.
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Fig. 6.11 Relationship between the fracture toughr@ad the specimen size.

Fig. 6.12 shows that the mode Il fracture toughness seems toabed re the
confining stress. The mode Il fracture toughness increasegheitbonfining stress. At
the confining stress of 15 MPa, the mode Il fracture toughness is 7.93WiRdich is 5

times greater than the fracture toughness without confining stress.
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Fig. 6.12 Variation of the mode Il fracture toughsevith respect to confining stress.

6.4 Discussion

6.4.1 Effect of loading rate on the cohesion and internal friction angle

As can be seen in Fig. 6.8, the cohesion shows the dependency oditigeriata; the
cohesion increases with the loading rate. The internal fricthgleaseems to be only
slightly affected by the loading rate. The internal fantiangle is related to size and
shape of grains. This physical structure is not affected by the loading rate.

The cohesion results from the strength of bonds or cements beheegnains and/or
particles of rock. At a low loading rate, this bond can be brokerrnwronmental

reaction as well as mechanical loading. On the other hand, sttladding rate, this bond
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is mainly broken by mechanical loading only since there is not &nbong to develop
environmental degradation. According to the subcritical crack tgréeory [50], the

cohesion and the loading rate can be related by the following equation:
4. i (6.16)
where,n is the subcritical crack growth parameter.

From the slope of regression line in Fig. 6.8 the subcriticakayamwth parameten is

determined to be 28.

6.4.2 Effect of loading rate on the fracture toughness

The same tendency as strength and cohesion is observed for divg |lcate
dependency on the fracture toughness. Since the fracture toughpesgsartional to the
applied strength at failure, one can assume that the fraotugkrtess also increases with
loading rate. This phenomenon also can be explained with the subarticél growth
concepts.

At a low loading rate, the microfracture process zone aheamtaf tip develops due
to the subcritical crack growth and critical crack growth undeapimied loading. But at
a high loading rate, the microfracture process zone develops withguificsint
subcritical crack growth. The propagation of a fracture orkcraguires a certain size of
the microfracture process zone, therefore in the case of adadging rate, it needs a

higher applied load. Consequently, a higher value of fracture toughness isedeas
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6.4.3 Effect of specimen size on the fracture toughness

Accurate knowledge of the size effects on fracture toughnesgsyisimportant to
apply the small-scale laboratory results to the field-sapi#ications. As can be seen in
Fig. 6.6¢c, the shear strength decreases with specimen sigecarhbe explained simply
that the larger size of the specimen will have the higher pratyatilhaving larger and
weaker flaws. However, in case of the fracture toughness, ahmsvincrease with
specimen size. This is also observed by many other resefit®e+04]. The reasons for
the size effect on the fracture toughness are still uncléss.rifay be related to the size
requirement or some boundary effect. Here, we examine thedsigendency of the
fracture toughness in terms of fracture energy.

The fracture enerdgr can be calculated from the following equation [105]:

K (6.17)

where, A is the area under the load-deformation curve And the area of ligament,
which can be calculated & B(W 8 with B = specimen thicknes¥y = specimen

width, anda = crack length.

Fig. 6.13 shows the load-deformation curves for the CT and the SBQ@nepsci
Table 6.2 shows th@r values under various specimen sizes. Gh@alues increase with
increase of the specimen size. The larger specimens havdraxitge energy, and this

results in the larger values of fracture toughness.
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Fig. 6.13 Load-deformation curves: a) CT specin@r&BC specimens.

Table 6.2 Fracture energy with respect to specisimmin mode | and mode Il test.

Specimen width W [mm]
Mode | Mode I
38.1 - 4359.11
50.8 128.51 5345.96
63.5 206.95 5398.29
76.2 255.40 6022.19

6.4.4 Effect of confining stress on the fracture toughness

The effect of the confining stress is to suppress the developmiet wiicrofracture

process zone ahead of notch tip. This follows since increasin@nifieing stress causes

the closure of pre-existing microcracks, and reducing the orack density increases

rock strength. Thus, a greater applied load is needed to overconunfimng stress to

propagate a crack. These reasons can be used to explain the catfessglependency

on the strength and the fracture toughness.
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6.5 Conclusions

In catastrophic failure in rocks, both fracture toughness and s$trangtimportant
parameters controlling the fracture characteristics. Inrdssarch, we performed various
conventional rock mechanics tests and fracture mechanics tegetmine the strength
parameters and the fracture toughness for Coconino sandstone. Tdvenfydl are
summaries obtained from this study.

In-plane (mode II) shear strength is approximately 2 timghehnithan out-of-

plane (mode Ill) shear strength. Also, out-of-plane (mode Illlask&ength is

about 1.67 times higher than indirect tensile strength.

The average values of the strength are approximately 7.0, 22.8, andR4. &M
tensile, mode Il shear, and mode Il shear strength, respectively.

The mode Il fracture toughness is approximately 1.78 times higherthe mode

lll fracture toughness. Also, the mode Il fracture toughnes$fasital.35 times

higher than the mode | fracture toughness.

The average values of the fracture toughness are 0.66, 1.58, and 0.89 kdPa
the mode I, mode Il and mode llI, respectively.

Cohesion is depended on the loading rate and internal friction angietis
affected by the loading rate. The gradient of cohesion with regpdoe loading

rate is related to the subcritical crack growth paranmeter
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The effect of loading rate, specimen size, and confining stresthe fracture
toughness were investigated. The fracture toughness increaseadihgl rate,

specimen size, and confining stress.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Summary and conclusions

Subcritical crack growth plays an important role in evaluatindotng-term stability
of structures in rocks. The characteristics of subcriticalkcgrowth can be described by
a relationship between the stress intensity factor and the crack velocity.

In this study we present the results of studies conducted totgdh@aconstant stress-
rate test for determining subcritical crack growth parameeterocks, compared with the
conventional testing method, the double torsion test.

Various types of specimens including the Brazilian disk, three-paidirgg grooved
disk, single edge notched bend, and compact tension specimens havestettrone
Coconino sandstone under the constant stress-rate scheme and thécaubraitk
growth parameters have been determined.

The results of the constant stress-rate test are in gomehagmt with the results of the
double torsion test. More importantly, the stress-rate tests tammiee the parametéy
with a much smaller standard deviation than the DT test. Thustistant stress-rate test
seems to be a valid and preferred test method for determining the sabcréak growth
parameters in rocks.

We investigated statistical aspects of the constant satestest. The effects of the

number of specimens on the subcritical crack growth parametes examined using
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the grooved disk specimen. The subcritical crack growth parametkecreases and
approaches 37 as the number of specimens is increased. Thepartdmaeter® andA
are almost constant regardless of the number of specimens.

The mean and standard deviation of the subcritical crack growdamegerA were
obtained by randomly selecting subsets from the full sets otifeadata. It is found that
there was good agreement between the parameters determingtidretatistical subset
method and the equation derived from statistical theory.

In addition, the distribution form of the subcritical crack grondhameters and the
relation between the parametarand A were determined. The distribution of the
parameten could be approximated by a lognormal distribution for the lower numwiber
specimens. But as the number of specimens was increased, tieitthst changes to a
normal distribution. The distributions of the param&eandA could be approximated by
a normal distribution regardless of the number of specimens.

Weibull statistics were applied to the fracture strength watescribe the variability
of the fracture strength and the subcritical crack growth pesteasa The Weibull
modulusm depends strongly on the number of specimens. In contrast, the \\seihlell
parameter , is constant regardless of the number of specimens. Both Weibullgtaram
increase with increasing loading rate. The slope of the Weilauimeter ,— stress rate
diagram is related to the subcritical crack growth paranmetThe Weibull modulusn

most affects the variability of the subcritical crack growth patanm.
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The subcritical crack growth parameters under mode Il and Idingawere
determined experimentally by using the constant stress-eats. tWe extended the
constant stress-rate test technique to modes Il and 11l subcritic&lgn@vth in rocks.

The experimental results of the modes Il and Il tests shatwthe values of the
subcritical crack growth parameters are similar to each .otleen we compare with
mode | tests results, the subcritical crack growth paramesesimilar for all the loading
configurations and specimen geometries. The main reason for thisught to be that
subcritical crack growth is environmentally-induced crack grovather than the
mechanical rupture of bond.

The effect of confining stress, specimen size, and wateasah on subcritical crack
growth under mode Il loading has been investigated. The paramktearly increases
with increasing confining stress and the paraméteexponentially decreases with
increasing confining stress. Increasing the specimen srnégén a linear increase in the
subcritical crack growth parameté. But, the parameten is independent of the
specimen size. The parameteis almost constant regardless of water saturation, and the
parameteA increases by only a small amount when the specimen is fully saturated.

From the experimental results the subcritical crack growtdmpeiem is not affected
by loading configuration, specimen geometry, specimen size, esmvifonmental
circumstances. However, the parameteis affected by confining stress, amdis
expected to vary for different rock types [8]. Overall the patanmecan be considered a

material constant of rocks.
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Finally strength parameters for Coconino sandstone were detdrexperimentally,
including tensile strength, uniaxial compressive strength, cohestemal friction angle,
in-plane / our-of-plane shear strength and the fracture tougisheader modes |, II, and
Il loading.

The in-plane (mode Il) shear strength is approximately 2 thgdser than out-of-
plane (mode IIl) shear strength. Also, the out-of-plane (modshBgar strength is about
1.67 times higher than the indirect tensile strength. The moftacture toughness is
approximately 1.78 times higher than the mode lll fracture toughA&ss the mode IlI
fracture toughness is about 1.35 times higher than the mode | fracture toughness.

The effect of loading rate on cohesion and internal frictioneamgls examined.
Cohesion depends on the loading rate while the internal friction e&nglat affected by
the loading rate. The effects of loading rate, specimen sizec@nfining stress on the
fracture toughness were investigated. The fracture toughnesasesrwith loading rate,

specimen size, and confining stress.

7.2 Recommendations for future research

1) All the experiments conducted using the constant stress-rate methpldy
higher stress rates than actual geologic conditions (long l@nmstrain rate
loading). Thus, time-to-failure tests such as the staigu@ and constant loading

tests may be utilized in the future to provide properties forogeolloading
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conditions and these results can be compared with the results oldtamethe
constant stress-rate method.

The power-law crack velocity — stress intensity factor fortmdahas been used
for the constant stress-rate testing due to its close agneewith lab results as
well as the simplicity in its mathematical treatmentteAdative crack velocity
formulations such as exponential forms have rarely been used becausst
cases it does not improve the fit with lab data. Also it poses anathematical
difficulties compared with the power law formulation. Based onntloelynamic
principles, Dove [106] showed that the exponential formulation mightledter
representation for subcritical crack growth in quartz. Since the erpaherack-
velocity formulation might better represent the subcriticallcgrowth behavior
in certain types of rocks or might better represent the lomg-tezep behavior of
rocks, in the future the constant stress-rate method could be extenietiitie
an exponential crack velocity — stress intensity factor relationship.

The effects of temperature and pH of the saturating fluicherstibcritical crack
growth were not considered in this research. These may be impeldgargnts in

applications such as GBequestration in geologic formations.
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