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ABSTRACT

DEVELOPMENT OF A NEW METHOD FOR MODE I FRACTURE
TOUGHNESS TEST ON DISC TYPE ROCK SPECIMENS

Alkiliggil, Cigdem
M.Sc., Department of Mining Engineering

Supervisor: Assoc. Prof. Dr. Levent Tutluoglu

September 2006, 145 pages

A new testing method was introduced and developed to determine Mode I fracture
toughness of disc type rock specimens. The new method was named as Straight
Notched Disc Bending and it uses disc specimens under three-point bending. 3D
Numerical modeling was carried out with a finite element program ABAQUS to
find stress intensity factors for both well-known Semi-circular Bending specimen
models and Straight Notched Disc Bending specimen models for varying disc
geometries. Both specimen types included notches where a crack front is introduced
at the tip of the notch to compute the stress intensity factors. For stress intensity
analysis, crack front-upper loading point distance and span length between the two

roller supports at the bottom boundary of the specimens were changed.

Fracture toughness testing was carried on Ankara Golbasi pink colored andesite for
both specimen types; crack front-upper loading point distance and span length
between the two roller supports at the bottom boundary of the specimens were

changed during the tests. For both specimen geometries, notch lengths changing

v



from 5 mm to 20 mm were used. For each notch length, two different roller

supports with span lengths 60 mm and 70 mm were used.

For both methods, fracture toughness values determined by using numerically
computed stress intensity factors and failure loads obtained from the experiments
were very close; the new method was verified by comparing the results. The new
method had advantages of lower confining pressure at the crack front and lower

stress intensities with a possible smaller crack tip plasticity region.

Keywords: Stress Intensity Factor, Mode I Fracture Toughness, Semi-Circular Bend

Specimens, Fracture Testing on Rock Cores, Numerical Modeling



(0Y/

DISK TiPI KAYA NUMUNELERINDE MOD I CATLAK TOKLUGU TESTI
ICIN YENI BIR YONTEMIN GELISTIRILMESI

Alkiliggil, Cigdem
Yiiksek Lisans, Maden Miihendisligi Boliimii

Tez Yoneticisi: Dog. Dr. Levent Tutluoglu

Eyliil 2006, 145 sayfa

Disk tipindeki kaya numunelerinin Mod I ¢atlak toklugunu belirlemek i¢in yeni bir
test metodu ortaya koyulmus ve gelistirilmistir. Yeni yontem Diiz Centikli Disk
Egilmesi olarak adlandirilmistir ve bu yontem disk numunelerini ii¢ nokta egilme
teknigiyle kullanir. Bir sonlu eleman programi olan ABAQUS kullanilarak hem ¢ok
iyi bilinen Yarim-dairesel Egilme numune modellerinin hem de Diiz Centikli Disk
Egilmesi numune modellerinin degisik Olciileri i¢in 3 boyutlu sayisal modelleme
yapilmistir. Gerilme siddet faktorlerinin bulunmasi i¢in her iki numune tipi de ugta
bir catlak onii icermektedir. Gerilme siddeti analizleri i¢in, numunelerin ¢atlak onii
ile iist yiikleme noktas1 arasindaki mesafe ve alt sinirindaki iki yuvarlak cubuk

destek arasindaki uzunluk degistirilmistir.

Her iki numune tipi i¢cin, Pembe renkli Ankara Golbas1 Andeziti’nin catlak toklugu
analizleri yapilmistir; analizlerde catlak Onii ile iist yiikkleme noktasi arasindaki

mesafe ve numunelerin alt simirindaki iki yuvarlak cubuk destek arasindaki
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uzunluklar degistirilmistir. Her iki numune geometrisi icin 5 mm’den 20 mm’ye
kadar degisen centik uzunluklar1 kullmlmistir. Her centik uzunlugu i¢in 60 mm ve

70 mm lik iki farkli yuvarlak destek uzunlugu kullanilmastir.

Her iki method i¢in, sayisal yontemle hesaplanan gerilme siddet faktorleri ve deney
sonu¢larindan elde edilen kirilma yiikii kullanilarak bulunan c¢atlak toklugu
degerleri birbirine ¢ok yakin c¢ikmis; yeni yontem sonuglar karsilastirilarak
dogrulanmistir. Yeni yontemde, catlak Oniinde daha diisiik kusatilmis basing ve
daha diisiik gerilme siddetleri ile catlak ucundaki muhtemelen daha kiiciik plastisite

bolgesinin olugmasi, yeni yontemin avantajlarindandir.

Anahtar Kelimeler: Gerilme Siddet Faktorii, Mod I Catlak Toklugu, Yarim-dairesel

Biikiilme Numuneleri, Kaya Karotlarinda Catlak Deneyi, Sayisal Modelleme
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CHAPTER 1

INTRODUCTION

1.1 General

Fracture mechanics is the science of describing how a crack or a flaw occurs and
propagates under applied loads in a structure. Cracks may occur in everywhere
therefore application areas of fracture mechanics is extensive. Many sciences and
engineering disciplines such as Materials and Medical Sciences, Aerospace
Engineering, Mechanical Engineering, Civil Engineering, Geological Engineering,
Petroleum Engineering and Mining Engineering have to consider fracture

mechanics in their application fields.

As an example, adhesive joint applications are used in material sciences and
although adhesive usage causes discontinuous interfaces in electronic packages,
adhesive bonding is used in packaging technology for the integration of electronic
devices. When the packages come across with different environmental loadings like
thermal, mechanical, moisture, and electrical, several failures such as cracks will
appear in the adhesive layer, causing the damage of solder joint and the loss of
function and further leading to the failure of whole electronic device (Shi, 2006). In
order to understand and to prevent that failure, fracture mechanics studies should be

performed.

Fracture mechanics is also used in the medicine such as to determine fracture
resistance of bones. In medical sciences, similar tests, which are used to determine
fracture toughness of rocks and metals, are performed to determine fracture

toughness of bones. As an example, disc-shaped compact specimens and three-point



bending specimens were used to determine fracture toughness of cancellous bone in

the Ph.D. Thesis of Cook (2005).

Fracture mechanics has a survival importance in Aerospace engineering. There
were many airplane accidents in the past because of the fracture and fatigue. For
example, On April 28, 1988, an Aloha Airlines Boeing 737-200 aircraft lost part of

its upper fuselage because of the multiple-fatigue cracks.

In civil engineering applications, the fracture studies are done in the analysis of the
crack propagation in huge space concrete structures, such as arch Dams. Moreover,
fracture mechanics is considered in asphalt pavement building. For instance, asphalt
pavements in the northern US and Canada faced with low temperature cracking and
in the paper of Li (2004), a standard method to characterize the resistance to
cracking of asphalt mixtures was studied. Another research, fracture resistance of
rubber-modified asphaltic mixtures exposed to high-temperature cyclic aging, was

made by Othman (2006).

One of the fracture mechanics branches is rock fracture mechanics. Earth sciences
like petroleum engineering, geological engineering and mining engineering cope
with rock fracture mechanics. Finding wide application in the field of hydraulic
fracturing, blasting, rock fragmentation and in many other practical problems, Mode

I fracture toughness is an important property for rocks.

The explosion in rock fracture mechanics research has touched many diverse areas
including blasting, hydraulic fracturing and in situ stress determination, mechanical
fragmentation, rock slope analysis, earthquake mechanics, earthquake prediction,
plate tectonics, magmatic intrusions, hot dry rock geothermal energy extraction,
fluid transport properties of fracturing rock masses, propagating oceanic rifts,
crevasse penetration and other glaciological problems, the development of steeply
dipping extension fractures that are nearly ubiquitous at the earth’s surface and are
formed through folding, upwarping and rifting and the modeling of time-dependent

rock failure (Atkinson, 1987; Whittaker et al., 1992).



1.2 Importance of Fracture Toughness in Rock Fracture Mechanics
Fracture toughness is an important parameter in Earth Sciences. It is used as:
A parameter: for classification of rock material.

Gunsallus and Kulhawy used fracture toughness in their research as a rock strength

classification parameter.

In the study of Bearman (1996), fracture toughness was used as a rock strength

classification parameter to predict comminution behavior.

An index: for fragmentation processes such as tunnel boring and model scale

blasting.

Nelson and Fong (1986) found out that prediction of cutter forces and force

penetration relationship are possible by using fracture toughness.

In the study of Momber (2006), fracture toughness was used in an index with
strength parameter to verify the proposed transition-index. This index is used in the
principal process for non-traditional drilling and cutting methods, such as

hydrodemolition, hydrodynamic fragmentation, and cavitating drilling.

A material property: in the modeling of rock fragmentation like hydraulic
fracturing, explosive simulation of gas wells, radial explosive fracturing, and crater

blasting as well as in stability analysis.

Fracture toughness is widely accepted as the criteria for fracture propagation in the
hydraulic fracturing simulation, that is the fracture is supposed to extend further

when K; > K;c (Chen and Chen, 1995).

The fracture toughness of the underground rock material at great depth is an
important parameter in the numerical simulation of hydraulic fracturing treatments

of reservoir pay-zones in petroleum industry (Chen and Zhang, 2002).



A sound knowledge of mechanical properties of rocks at high temperatures and
pressures is essential for modeling volcanological problems such as fracture of lava
flows and dike emplacement. In particular, fracture toughness is a scale-invariant
material property of a rock that describes its resistance to tensile failure (Balme

et.al, 2004).
1.3 Fracture Toughness Values of Some Rock Types

Since 1960s a large number of fracture mechanics tests were carried out on rocks by
researchers. Variety of testing techniques and methods were used in these tests.
Some of the relatively recent results were summarized in Table 1.1. In this table

rock types were tried to be grouped according to the geological origin.

Table 1.1 Fracture toughness values of rocks with related testing method

i Kic
Rock Type gf;;gﬁ MPa \/; Source
Johnstone (w =18%) SECB 0.05 Harberfield & Johnstone, 1990
Johnstone (w =18%) SCB 0.06 Lim, et. al., 1994
Fine grained sandstone SCB 0.28 Singh & Sun, 1990
Coarse grained sandstone SCB 0.35 Singh & Sun, 1990
Fine grained sandstone SC3PB 0.56 Whittaker, 1992
Fine grained sandstone CCBD 0.62 Fowell & Chen, 1990
Sandstone BDT 0.67 Whittaker, 1992
Alvdalen sandstone CB 0.73 Ouchterlony, 1987
Ruhr sandstone CB 1.03 Miiller & Rummel, 1984
Ryefield sandstone SECBD 1.04 Whittaker, 1992
Flechtingen sandstone CB 1.15 Backers, et al., 2003
Montcliffe sandstone CB 1.18 Bearman, 1999
Grimsby sandstone SR 1.47 Gunsallus & Kulhawy, 1984
Alvdalen sandstone SR 191 Ouchterlony, 1987
Pennant sandstone CB 2.10 Bearman, 1999
Pennant sandstone SR 2.56 Meredith, 1983
Saudi Arabia limestone SENRBB 0.39 Khan & Al-Shayea 2000
Middleton limestone CB 0.73 Bearman, 1999
Harrycroft limestone CB 0.82 Bearman, 1999
Welsh limestone SCB 0.85 Singh & Sun, 1990
Indiana limestone SECB 0.97 Ingraffea & Schmidt, 1979
Indiana limestone CCP 0.97 Sun & Ouchterlony, 1986
Indiana limestone SC3PB 0.99 Whittaker, 1992
Irondequoit limestone SR 1.36 Gunsallus & Kulhawy, 1984
White limestone BDT 1.38 Whittaker, 1992
Shelly limestone SR 1.44 Meredith, 1983
Grey limestone BDT 1.58 Whittaker, 1992




Table 1.1 (Continued) Fracture toughness values of rocks with related testing method

i Kic
Rock Type gd?tt}ilcl)%l MPa \/; Source
Wredon limestone CB 1.70 Bearman, 1999
Klinthagen limestone SR 1.87 Ouchterlony, 1987
Reynales limestone SR 2.06 Gunsallus & Kulhawy, 1984
Siltstone SECBD 0.80 Whittaker, 1992
Fine grained marble BDT 1.00 Whittaker, 1992
Coarse grained marble BDT 1.12 Whittaker, 1992
Carrara marble CB 1.38 Miiller & Rummel, 1984
Treuchtlingen marble CB 1.70 Miiller & Rummel, 1984
Ekeberg marble CB 1.76 Ouchterlony, 1987
Ekeberg marble SR 2.25 Ouchterlony, 1987
Colorado oil shale SCB 1.02 Chong,et al., 1987
Utinga granite (Rift plane) CNBD 0.60 Almeida, et al., 2006
Falkenberg granite CB 0.65 Miiller & Rummel, 1984
Utinga granite (Grain plane) CNBD 0.73 Almeida, et al., 2006
Utinga granite (Hardway plane) CNBD 0.82 Almeida, et al., 2006
Favela granite (Grain plane) CNBD 0.90 Almeida, et al., 2006
Favela granite (Rift plane) CNBD 0.97 Almeida, et al., 2006
ITidate granite SR 1.12 Takahashi et al, 1986
Favela granite (Hardway plane) CNBD 1.16 Almeida, et al., 2006
Daejeon granite BDT 1.18 Yoon & Jeon, 2004
Cornwall granite CB 1.32 Miiller & Rummel, 1984
Bohus granite CB 1.42 Ouchterlony, 1987
Falkenberg granite CB 1.52 Miiller & Rummel, 1984
Granite SECBD 1.65 Whittaker, 1992
Newhurst granite SCB 1.72 ‘Whittaker, 1992
Iidate granite CB 1.73 Miiller & Rummel, 1984
Epprechtstein granite CB 1.74 Miiller & Rummel, 1984
Stripa granite SECRBB 1.74 Sun & Ouchterlony, 1986
Merrivale granite SR 1.80 Meredith, 1983
Westerly granite SR 1.82 Meredith, 1983
Penryn granite CB 1.83 Bearman, 1999
Pink granite SR 2.03 Meredith, 1983
TGP granite SENRBB 2.08 Yu,2001
Krakemala granite CB 2.16 Ouchterlony, 1987
Straht Halladale granite SR 2.19 Meredith, 1983
Krakemala granite SR 222 Ouchterlony, 1987
Iidate granite CB 2.26 Takahashi et al, 1986
Westerly granite SR 2.27 Ouchterlony, 1987
Stripa granite SR 2.36 Sun & Ouchterlony, 1986
Bohus granite SR 2.40 Ouchterlony, 1987
Stripa granite SR 2.70 Ouchterlony, 1987
Westerly granite CT 2.70 Schmidt & Lutz, 1979
Westerly granite CT 2.70 Sun & Ouchterlony, 1986
Rasjo granite SR 2.80 Ouchterlony, 1987
Ogino tuff SR 1.06 Matsuki et al, 1987
Ogino tuff CB 1.08 Matsuki et al, 1987
Goyniik tuff SR 1.29 Santay, 1990
Falkirk dolostone SR 1.66 Gunsallus & Kulhawy, 1984
Kankakee dolostone SR 1.66 Gunsallus & Kulhawy, 1984
Oatka dolostone SR 1.78 Gunsallus & Kulhawy, 1984
Markgraf dolostone SR 1.80 Gunsallus & Kulhawy, 1984
Romeo dolostone SR 2.47 Gunsallus & Kulhawy, 1984




Table 1.1 (Continued) Fracture toughness values of rocks with related testing method

Testing Kic
Rock Type Method MPa \/; Source
Tampomas andesite CB 1.26 Abrahamsson, et al, 1987
Ankara andesite MR 1.59 Sener, 2002
Tampomas andesite CB 1.68 Abrahamsson, et al, 1987
Whitwick andesite CB 2.17 Bearman, 1999
Bolton hill diorite CB 2.22 Bearman, 1999
Cliffe hill diorite CB 2.77 Bearman, 1999
Aspb diorite SENRBB 3.21 Nordlund, et al., 1999
Finnsjon granodiorite SR 3.35 Ouchterlony, 1987
Basalt SECBD 1.80 Whittaker, 1992
Basalt SC3PB 2.27 Whittaker, 1992
Basalt BDT 3.01 Whittaker, 1992
Ingleton greywacke CB 2.38 Bearman, 1999
Cornish greywacke CB 3.15 Bearman, 1999
Kallax gabbro SR 2.58 Yi, 1987
Kallax gabbro SR 3.23 Yi, 1987
Grey norite SR 2.69 Meredith, 1983
Whin Sill dolerite SR 3.26 Meredith, 1983
BDT : Uncracked Brazilian Disk Test
CB : Chevron Bend

CCBD : Central Cracked Brazilian Disc under diametral compression test
CCP : Centre Cracked Panel

CNBD : Chevron-Notched Brazilian Disc

CT : Compact Tension

MR : Modified Ring test

SC3PB : Single edge straight through cracked rectangular plate in three-point bending test
SCB : Semi-Circular Bend test

SECB : Single Edge Cracked Beam under three-point bending test
SECBD : Single edge cracked Brazilian disk in diametral compression
SECRBB:: Single Edge Cracked Round Bar Bend

SENRBB: Single Edge Notched Round Bar in Bending

SNBD : Straight-Notched Brazilian Disc

SR : Short Rod

1.4 Statement of the Problem and the Thesis Objective

In previous studies of rock fracture testing, generally disc type specimens were used
due to the simplicity of coring. A lot of testing techniques such as the Semicircular
specimen under three-point bending (SCB) technique for fracture testing of rocks
were developed for conducting fracture toughness tests on disc type rock core
specimens, since rock cores are readily available from drilling work and that is why

the specimen preparation is easy for them.



As a loading configuration, diametrical compression or three-point bending were
used to gain fracture toughness of the rock cores. During tests, researchers
investigated the effects of the sample geometry in terms of sample thickness and
diameter, notch length, angle and type, and span ratio (for three-point bending),

testing method, loading rate and temperature.

This study aims to make improvements in the testing techniques and to develop a

new testing technique for fracture testing of rock cores.

In this study, to determine fracture toughness, experiments were performed on half
discs and discs. Three-point bending was used as a loading method for both sample
types. The effects of the sample geometries were studied by changing the notch and
the span length of the samples. Disc with three-point bending that is Straight
Notched Disc specimen under three-point Bending (SNDB) method, which is a new
method, was introduced to determine the Mode I fracture toughness of the pink
colored Ankara Golbasi andesite. Half disc under three-point bending, namely
Semi-Circular specimen under three-point Bending (SCB) was studied by other
researchers before. Therefore, in this study, tests with SCB type specimens were

performed for comparison purposes.

To determine stress intensity factors, generally ABAQUS, ANSYS, CRACK3D,
FRAC3D, FRACTRAN, FRANC2D/L, FRANC3D, LS-DYNA, NASGRO,
NASTRAN and TDLCR programs are used in the world. On the other hand,
ABAQUS, ANSYS, FRANC2D/L and FRANC3D software are available in Middle
East Technical University. In numerical modeling of the SCB and SNDB
techniques to find the stress intensity factors, ABAQUS program which is a finite
element program was used here. All the numerical studies were conducted with 3D

models.
1.5 Sign Convention

Although stresses are positive in compression and negative in tension by sign
convention in rock mechanics, compressive stresses are negative and tensile stresses

are positive throughout this study as in general solid mechanics, since the work here
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involves the use of general linear elastic fracture mechanics principals and

numerical modeling with a general purpose finite element package ABAQUS.

1.6 Outline of the Thesis

After a brief introduction in Chapter 1, historical overview of the fracture
mechanics, loading modes, fracture criteria and some fracture parameters are
mentioned in Chapter 2. Rock fracture test techniques with previous studies are
reviewed in Chapter 3. Numerical modeling of the SCB and SNDB for estimation
of stress intensity factor is presented in Chapter 4. Laboratory work with
experimental setup is devoted in Chapter 5. Finally, conclusions and

recommendations for further studies are given in Chapter 6.



CHAPTER 2

FRACTURE MECHANICS

2.1 Historical Overview

The earliest works considering fracture mechanics belonged to Griffith. He began
his studies around 1920s. In those days, it was postulated that the theoretical
uniaxial strength of a material was equal to 0.1 times Young’s Modulus of the
particular material. However, it was not the truth. It was examined that the exact
values of critical strength were as much as 1000 times less than that predicted value,
and Griffith wished to investigate that contradiction. He discovered that in each
material there were many microscopic cracks and these small cracks in fact reduced
the overall strength of the material since when a load was applied to these cracks,
stress concentration was experienced. Stress concentration means the stress is
concentrated around the crack tips or flaws and these cracks will grow much more
rapidly, therefore causing the material to fracture long before it ever reaches its
theoretical strength. According to Griffith’s Theory, while the value of stress
actually reached the theoretical maximum, the overall average of the stress was
lower. Furthermore, not only the microscopic cracks but also any void like holes
that have been drilled out in the material, corners, or hollow areas in the internal
area of the material could cause stress concentration and fracture will begin in one
of these areas due to the stress concentration. During his studies, Griffith found that
there was a relation between crack length and surface energy connected traction-

free crack surfaces and applied stress and he formed Equation 2.1.



o= |2E @2.1)

where,
a = crack length
2y = surface energy
E = Young’s modulus

o = applied stress

Although Griffith’s Theory was so significant, there were some limitations on
Griffith’s Theory. He was only considering elastic, brittle materials, in which no

plastic deformation took place.

Since Griffith’s theory was developed only for brittle materials as mentioned above,
Irwin extended the theory for ductile materials in the 1940s. He hypothesized that
for ductile materials, there was also a definite energy from plastic deformation and
that energy had to be added to the strain energy which was originally considered by
Griffith.

Irwin noticed that for ductile materials, the surface energy term is so small when it
is compared to the energy associated with plastic deformation thus it can be

omitted. Additionally, he described a quantity which is called the strain energy

release rate or "crack driving force," and it is symbolized as Z  Trwin postulated
that the strain energy release rate is the total energy absorbed during cracking per
unit increase in crack length and per unit thickness. In the mid-1950s, he concluded
that the local stresses near the crack tip are almost equivalent to Equation 2.2 as a

general form.

o, = £ 0)+... (2.2)

where

r, 0= cylindrical coordinates of a point with respect to the crack tip

K = stress intensity factor
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Moreover, Irwin explained that the energy approach (ﬁ ) is equal to the stress

intensity approach (K). According to him, when a critical strain energy release rate

(ﬁ ) or critical stress intensity (K.) is accomplished, crack propagation occurs.

In 1960s, scientists began to focus on the plasticity of the crack tips and in 1968, the
plastic deformation as nonlinear elastic behavior was modeled by Rice. In addition,
he extended the energy approach to nonlinear materials. He pointed out that the
energy release rate can be expressed as a path-independent line integral, called the J
integral. Rice's theory has provided the development of fracture mechanics in
United States. In the meantime, Wells (1961) intended a parameter called crack tip
opening displacement (CTOD), which led the fracture mechanics research in

Europe.
2.2 Linear Elastic Fracture Mechanics

Linear Elastic Fracture Mechanics (LEFM) assumes that the material is isotropic
and linear elastic. Isotropic and linear elastic (Figure 2.1) means the material
properties are independent of direction and these materials have only two
independent elastic constants which are Young’s Modulus (E) and Poisson’s ratio
(v). Derived from the LEFM assumption, the stress field near the crack tip is
calculated by considering the theory of elasticity. Moreover, it is applicable to
brittle fracture situations where the load-deflection response of the cracked body is

essentially linear up to the point of fracture.

o| LEFM

Linear Elastic
e

Figure 2.1 Stress - Strain curve of the LEFM
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LEFM is valid only when the inelastic deformation is smaller than the size of the
crack. If large zones of plastic deformation develop before the crack propagations,

Elastic Plastic Fracture Mechanics (EPFM) should be used instead of LEFM.

LEFM equation is expressed generally as in Equation 2.2. By considering linear
elasticity theories, the stress field near a crack tip depends on the location, the
loading conditions, and geometry of the specimen (Equation 2.3).

Cracktip _

0,

Crack tij . . — ~Cracktj
o, (Location, Loading , Geometry) = o, " (r,0,K) (2.3)

where,
Location = polar coordinates, r and

Loading and Geometry = stress intensity factor, K
2.3 Loading Modes

Fracture classification is based on the fracture mode terminology of classical
fracture mechanics. Three basic failure modes are possible in fracture mechanics.

These are mode I, mode II and mode III (Figure 2.2).

¥
o
=k |
Iode I Mode II

Figure 2.2 Fracture modes
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Mode I: it is also called the tensile opening mode. In Mode I, the crack faces

separate in a direction normal to the plane of the crack.

Mode II: the crack faces are mutually in the direction normal to the crack front in

Mode II and it is termed as in-plane sliding or shear mode,

Mode III: the tearing or out of plane mode is Mode IIl. Namely, the crack faces are
sheared parallel to the crack front in Mode II1.

These crack deformations can occur separately or in any combinations.

Combinations of the modes are called as mixed mode.

In LEFM, most formulas are derived considering these modes by assuming either

plane stress or plane strain conditions (Figure 2.3).

Plane Stress Condition: In a thin plate, the stress through the thickness (c,,) cannot
change noticeably owing to the thin section and it is equal to zero (o, = 0). This is

termed as plane stress condition.

Plane Strain Condition: In a thick body, the material is constrained through the
thickness and strain in z-direction is equal to zero (g,, = 0). This condition is called

as plane strain condition.

, Lo il
1 -l -
i R ,’ ,/ .
! R »
R i 4 O o — ™ O
1> L4
=
Savaomans Pl B
# K, ¥
C)-ZZ
c,20,0,20 0,=0 0420, 0,20 0,=v0c,+0,)
gn:(]‘ g”—_-(}. gzz:(} Sn,:O.\ gyy:(). EZZO
Plane Stress Condition Plane Strain Condition

Figure 2.3 Plane Stress and Plane Strain Conditions for plates under biaxial positive tensile stresses
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2.4 Crack Tip Stress and Displacement Components

The crack tip stress and displacement components of a linear elastic isotropic
material can be expressed separately for all three modes by considering Equation

2.2 as follows (Figure 2.4).

Figure 2.4 Location of local stresses near a crack tip

The small differences in formulas for plane stress and plane strain are handled by
K, where

T_—V (Plane Stress)

k=4 'tV (2.4)

3—4y  (Plane Strain)
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Crack Tip Stress Components of Mode I:

~e{e]-{a)e(3]
7, =Aco 21 & Jsuf 2

(2.5)
0 (Plane Stress)
O = V(O'xx + O'yy) (Plane Strain)

T = K, cos(gjsin(gjcos(ﬁj 7.=0,7._=0
v o 2 2 2 ) T

Crack Tip Displacement Components of Mode I:

u, :ﬁ L cos 4 K—1+2sin’ 9
T 2G\ 2«7 2 2

2.6
u. :& Lsin g K+1-2cos? g 26)
Y26\ 2« 2 2

u, =0

Crack Tip Stress Components of Mode I1:

K, . (6’) (9) (39)
O, =———=sin| — || 2+cos| — |cos| —
N2 2 2 2
o, = K sin(gj cos(gj cos(ﬁj
Y 2 2 2 2
0 (Plane Stress) (2.7)
- V(O' w TO, ) (Plane Strain)

K, 0 . (6) . (360
7, =—==cos| — | l=sin| —|sin| — ||, 7, =0, 7. =0
N27r 2 2 2
Crack Tip Displacement Components of Mode I1:
uxzﬁ L sin 4 K+1+2cos’ 4
S 2G\2rx 2 2
2.8
uvz—& L cos 9 K —1-2sin’ 9 (28)
: 2G \ 2« 2 2

u =0

ped

15



Crack Tip Stress Components of Mode I11:

_o 2.9)

Crack Tip Displacement Components of Mode I11:

u =0
u, = 0
(2.10)
K
G \2x 2
In order to compute mixed mode stress field, Equation 2.5, 2.7 and 2.9 are added.

(Total) __ () ) (1)
o; =0, +0; +0; 2.11)

Furthermore, to calculate mixed mode displacement around the crack, Equation 2.6,

2.8 and 2.10 are summed.

_(Total) — ul(l) +ul(11) +u(111) (2.12)

i i

u

2.5 Fracture Criteria

In order to predict fracture direction and evaluate fracture loadings of cracked
materials various fracture criteria are available. The widely used ones are maximum
tangential stress criterion, minimum strain energy density criterion and maximum

energy release rate criterion.
2.5.1 Maximum Tangential Stress Criterion, 6,,,,

Maximum tangential stress criterion, which is also called maximum circumferential

stress criterion, was proposed by Erdogan and Sih in 1963.According to maximum
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tangential stress criterion, fracture occurs in the direction where the circumferential
stress surrounding the crack tip is the maximum. To compute crack propagation

angle, 8, Equation 2.13 is considered.

tan(gj = —2K, (2.13)
Kl + (Kl )2 +8(K11 )2

As seen from the Equation 2.13 crack propagation angle with maximum tangential

stress criterion could be determined by knowing stress intensity factors, K; and Kj;.
2.5.2 Maximum Energy Release Rate Criterion, G,,,,

Maximum energy release rate criterion was suggested by Griffith. In maximum
energy release rate criterion, fracture propagation direction depends on the
maximum energy release rate around the crack tip. Equation 2.14 shows the
corresponding crack propagation angle depends on the stress intensity factors, K;

and K} as mentioned in the maximum tangential stress criterion.

K>+K?

1 1

0= arctan(%j (2.14)

2.5.3 Minimum Strain Energy Density Criterion, S,,;,

In 1974, Sih postulated that the critical value of the local strain energy could affect
the crack instability and could be a criterion to determine crack propagation
direction. The minimum of strain energy density around the crack tip states crack
propagation direction. By solving Equation 2.15 and 2.16, angle of crack

propagation can be calculated.

[2cos @ —(k—1)]sin BK > +2[2cos 20 — (k—1)cos O]K K, +[(x —1—-6cosB)sin O]K2 =0
(2.15)
and

[200529— (I(—l)cost?][(,2 + 2[(K—1)sint9—4sin2¢9][(, K, + [(K—l)cost?— 6cos29]K,2, >0
(2.16)
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2.6 Fracture Toughness

Fracture Toughness is the resistance to fracture and it is also termed as the critical
value of stress intensity factor. In general, fracture toughness depends on
temperature, environment, loading rate, the composition of the material and its
microstructure, together with geometric effects. Fracture toughness is denoted as K.

The dimension of K. is:

Dim[KC] = %JZ = FL>'"* = Stress -\ Length = Pam (2.17)

Fracture toughness can be established from a single fracture toughness specimen in
terms of stress intensity factor (K), crack-tip opening displacement (CTOD or J) and

the J-integral (J). These are the some typical fracture parameters.
2.6.1 Stress Intensity Factor

The stress intensity factor, K, which was introduced in Equation 2.2, defines the
magnitude of the local stresses around the crack tip. This factor depends on loading,
crack size, crack shape, and geometric boundaries. Engineers mostly pay attention
to the maximum stress near the crack tip and whether it surpasses the fracture

toughness. Therefore, the stress intensity factor is generally expressed in terms of

the remote stress applied to component, ¢ at * — U and # =0 Stress intensity factor

is a stress-based measure and it is calculated mainly from the Equation 2.18:

K=m/7z><a><f(ﬁJ (2.18)
w
where:

o = remote stress applied to component (not to be confused with the local
stresses, o, in Equation 2.2)

a = crack length

f (a/w) = correction factor that depends on specimen and crack geometry
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Figure 2.5 shows the stress intensity relationships for a few of the more common

loading conditions.

The dimension of K is same as the fracture toughness:

Dim|K]= %JZ = FL'>'? = Stress - \/Length = Paxlm (2.19)
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Figure 2.5 K; calculations for a few of more common loading conditions (www.efunda.com)
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2.6.2 Crack-tip Opening Displacement

There are two types of description for Crack-tip opening displacement (CTOD or
0): one of them is the opening displacement of the original crack tip (Figure 2.6)
and the other is the displacement at the intersection of a 90° vertex with the crack

edges (Figure 2.7).

Figure 2.6 CTOD of the original Crack Figure 2.7 CTOD at the intersection of a 90°
(www.efunda.com) vertex with the edges (www.efunda.com)

CTOD is a strain-based measure, and it is separated into two components which are
elastic and plastic (Equation 2.20). While the elastic part of CTOD is obtained from
the stress intensity factor, K considering LEFM, the plastic component is derived
from the crack mouth opening displacement which is measured by the help of a clip

gauge (Figure 2.8).

0=0

elastic

+ 5plastic (220)

Clip gauge

1!
|
Accurately positioned Il‘I |||

knife edge

|II [I} Test piece
Total crack-\
length — —ﬁu L,

Tip opening

Figure 2.8 Clip gauge at the crack opening
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2.6.3 Computation of Stress Intensity Factors

As stated before there are a number of closed form solutions available to determine
the stress intensity factors for relatively simple geometries and loading conditions.
Complicated problems need to be handled by numerical modeling. In the numerical
modeling work for the computation of stress intensity factor there are three fracture
techniques which are Displacement Correlation Technique, Modified Crack Closure

Technique and J-Integral Technique.
2.6.3.1 Displacement Correlation Technique

To obtain stress intensity factors, this method correlates the nodal displacements
from a finite element analysis, at specific locations, with the analytical solutions

(Anderson, 1991).

Equation 2.21 shows the crack opening displacement 6(r) at a distance r from the

crack tip along the crack face.

S(r)=K, (’(—”J . 2.21)
y7i 27

where
1 = shear modulus

K = 3 - 4v for plane strain and « = (3 — v)/(1+ v) for plane stress

The crack opening displacement is also calculated by a displacement expansion

where the higher order terms are neglected. The Equation 2.22 shows the

L=V )\ﬁ (2.22)
J J L

vj.1 and v;, = relative displacements in y-direction, at j-1 and j-2 nodes

expression.
S(r)= (4V
where
L = element size (Figure 2.9)
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YA

Figure 2.9 Quarter point elements at the crack tip (Denyse de Aradjo, et al., 2000)

From the Equations (2.21) and (2.22) stress intensity factor is calculated as in

Equation 2.23 (Denyse de Aradjo, et al., 2000).

(M |27 _
K,_(HJ\/? (@, -v,.,) (2.23)

2.6.3.2 Modified Crack Closure Technique

This method is based on the preliminary work of Irwin. According to the method,
the same work is done to close the crack from “a + da” to “a” and to extend it from

a” to “a + da” (Figure 2.10). In this case, strain-energy release rate is obtained for

Mode I is in Equation 2.24.

= lim—— ["v(r)o, (r)dr (2.24)

G &0 2 &y 0

where
da = virtual crack extension
oy = normal stress distribution ahead of the crack tip

v(r) = crack opening displacement at a distance r behind the new crack tip
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ovdistribution

v(x=da-x,0 =m) \

\ oy(x=r0=0)
\

Figure 2.10 Irwin’s concept of crack-closure integral (Denyse de Aratjo, et al., 2000)

In the linear elastic analysis, stress intensity factor is related to the strain-energy

release rates through the Equation 2.25 (Denyse de Aratjo, et al., 2000).

K+1
G, =——K? (2.25)
8

2.6.3.3 J-Integral Technique

J-integral, J is defined as a path-independent line integral (Figure 2.11) that
measures the strength of the singular stresses and strains near a crack tip was

introduced by Rice (1968). J is calculated on nonlinear elastic materials with crack.

Figure 2.11 J-integral contour path surrounding a crack-tip (www.efunda.com)

24



J is derived from the Equation 2.26:

Jdu,
J =[wdy-T, %ds (2.26)
T X

where,
&

w = the strain energy density, i.e. strain energy per unit volume, (w = I o,de;)
0

T; = traction vector, (T, = o,n j)

I' = an arbitrary path around the crack tip
n = unit outer normal vector to path [

¥ = stress component

£ = strain

u = displacement vector

s = distance along the path T

Stress intensity factor in Mode I is calculated with the Equation 2.27. (Denyse de
Aratjo, et al., 2000)

8
K, =05, /K—f_‘l(\/J1 — 7, AT+ ,) 2.27)

where
1 = shear modulus

Kk = 3 - 4v for plane strain and « = (3 — v)/(1+ v) for plane stress

For linear elastic problems, all three numerical techniques mentioned here for
calculation of conditions the stress intensity factors gave consistent results. The
results from the Modified Crack Closure Technique and J-Integral methods can be
considered exact, indicating that the use of simplified formulae and associated
fields, respectively, are reliable. The Displacement Correlation Technique,
considered by many authors a method of low precision, presented satisfactory
percentage error (below 5% for the stress intensity factor in the dominant mode and

below 10% for the non-dominant mode).(Denyse de Aratjo et. al., 2000).
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CHAPTER 3

ROCK FRACTURE TESTING ON DISC TYPE
SPECIMENS

In the rock engineering field, crack deformations occur in opening mode (Mode 1)
for parts under tension, however since the structures are generally under
compression crack deformations occur in shear mode (Mode II) or in mixed modes

(Mode I-II).

In order to assess the stress intensity factor under Mode I conditions, International
Society for Rock Mechanics (ISRM) suggests three methods which use following

specimen types:

- Short Rod (SR) Specimens
- Chevron Bend (CB) Specimens
- Chevron-Notched Brazilian Disc (CNBD) Specimens

To evaluate the fracture toughness of rocks there is not any standard method
suggested by ISRM, however various methods were used to evaluate fracture

toughness of rocks.

Some of the additional testing methods used in the previous work to find fracture
toughness use the following specimen types for which stress intensity evaluations

are given in the related literature:

- Straight-Notched Brazilian Disc (SNBD) Specimens
- Straight-Notched Semi-Circular Bend (SNSCB) Specimens
- Punch Through Shear (PTS) Tests
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3.1 SR Specimens

Short Rod specimen was developed by Barker (1977). In SR specimen, a chevron
notch is cut in cylindrical specimen and fracture toughness computation is done by
an analytical method which is achieved by ISRM (1988) and a correction factor for
the nonlinear behavior of the material is calculated with another equation depending
on the Load-CMOD curve of the fracture experiments. SR method is only used to

determine Mode I fracture toughness.
3.1.1 Specimen Preparation and Testing Equipment

In the beginning, cores are taken from rock blocks. Then, cylindrical samples are
obtained from these blocks. In order to provide loading surface in tension, a
rectangular grip groove is machined in one end of the short rod specimen (Figure

3.1 and Figure 3.2).

Figure 3.1 Short Rod Specimen Figure 3.2 Loading surface
(Sousa & Bittencourt, 2001) (Sousa & Bittencourt, 2001)
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After grip groove is opened, two slots are cut at opposing angles. Moreover, these
slots must form a triangular ligament which is called as chevron. The specimen

dimensions for Short Rod are given in Figure 3.3 and in Table 3.1.

Figure 3.3 Short-Rod Specimen Dimensions

Table 3.1 Specimen dimensions for Short Rod (Ouchterlony, 1988)

Symbol Definition Value Tolerance

D Specimen diameter D >10 x grain size
w Specimen length 1.45D +0.02

0 Subtended chevron angle 54.6° +1.0°

ap Distance to Chevron notch tip 0.48D +0.02D

W-ay Chevron length 0.97D +0.02D

t Notch width <0.03D or Imm’

E3 . .
whichever is greater

In order to perform Short Rod Fracture Testing, Tensile Loading Machine and
Displacement measuring system are used (Figure 3.2). There are two levels of
testing in SR method. In Level 1 testing, maximum load during bending is recorded

and in Level 2 testing, load and displacement measurements are taken into account.
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3.1.2 Fracture Toughness Determination

For Level 1 testing, according to the ISRM (1988), fracture toughness of the SR

specimen is accomplished by Equation 3.1.

Ky, =C,240F, /D" (3.1)

where
F,...= failure load
D = specimen diameter

Ck = correction factor to account for the size variation of the specimen;

C, - (1 _0.6AW  1.4Aq,

- - 0.01A9j (3.2)

where
AW = variation in specimen height

Aa, = initial position of chevron notch apex

A@ = chevron notch angle

For Level 2 testing, fracture toughness evaluation of the SR specimen start with
Equation 3.1 and Equation 3.2. Afterward a nonlinearity correction factor is
calculated and corrected fracture toughness of SR specimen is evaluated as in

Equation 3.3 by using Load-CMOD curves (Figure 3.4).

A Ax
F —,
A )
F
,
£,
o
S/
&
II
4
n"}‘ }__
L CMOD
Axy

Figure 3.4 Definitions for computation of correction factor based on Load-CMOD plot
(Sousa & Bittencourt, 2001)
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. 1+
K& = /1—"KSR (3.3)
-p

where p = Ax, / Ax (Figure 3.4)

3.1.3 Related Studies

Short rod specimens were used to analyze experimentally fracture processes in
concrete by Sousa and Bittencourt in 2001. By using short rod samples, fracture
toughness tests of concrete were performed. In experiments, crack mouth opening
displacement (CMOD) was measured with a MTS Model 632.03C.20 clip on gauge.
Furthermore, MTS Model 810 closed-loop testing machine was used to apply load
at a rate between 2 and 3 N/s and that load application was controlled by the

CMOD.

During the test, CMOD versus applied load graph was drawn. Dependent on that
plot, the system was unloaded down to 10-20% of the maximum observed load and
reloaded subsequently (Figure 3.5). In order to calculate nonlinearity of the concrete
behavior, correction factor was computed from unloading-reloading cycles. That
correction factor should be applied to the fracture toughness calculation to acquire

the actual fracture toughness of the concrete.

10

—H . i {r J.l"l.

/¥ o frmam) = .'; W /| cmod (mm}
o 0.0z 0.04 0.06 o 0.02 004 0.06

Figure 3.5 Plots of load versus CMOD obtained from tests (Sousa & Bittencourt, 2001)

30



3.2 CB Specimens

CB specimen was proposed by Ouchterlony (1988). In chevron bend specimen, v-
shaped notch is sawed in cylindrical specimen and loaded under three-point
bending. Fracture toughness of the CB specimen is evaluated like fracture
toughness of the SR specimen. . CB method is only used to determine fracture

toughness in Mode L.
3.2.1 Specimen Preparation and Testing Equipment

Cylindrical samples are obtained from bored rocks. Cores are cut into needed
lengths. Then, by the help of rotary saw, two notches which are formed a v-shape
ligament are achieved in opposite angles. This v-shape ligament which is termed as
a chevron shaped notch is in the middle of the core perpendicular to its axis. After
preparation of the sample, the ready specimen is subjected to a three-point bending
load. The loading and resulting fracture propagation is servo-controlled by a clip

gauge that measures the chevron notch opening (Figure 3.6).

lF
O _
|'| @I=50

=

5=166.5

L=200-250

Figure 3.6 Dimensions of the Chevron Bend Specimen (Ouchterlony, 1988)
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3.2.2 Fracture Toughness Determination

Equations 3.1-3.3 are used to calculate fracture toughness of CB. In equations Kcp

is calculated instead of Kgg.
3.2.3 Related Studies

In order to determine mode I fracture toughness of Aspddiorite, Backers (2003)
studied on CB method, Level 2 testing. Sample preparation was achieved by
considering Ouchterlony, 1988. Typical sizes of the specimens used in the

experiments are shown in Table 3.2 (Figure 3.6).

Table 3.2 Dimensions of the CB specimen for K- determination

Geometrical parameter  Value In Backers’ study
Specimen diameter D ~51 mm
Specimen length, L >3.5D 200-250 mm
Support span, S (3.33+£0.02)D 169.5 mm
Chevron angle, 0 90.0° £ 1.0° 90°

Chevron tip position, a, (0.15+0.01) D 7.50 £ 0.06 mm
Notch width, t 0.03D 1.5 mm

A stiff, servo-controlled MTS (Material Test Systems Corporation, Minneapolis,

MI, USA) loading machine was used in experiments. The maximum force capacity

of the MTS is 4600 kN.

3.3 CNBD Specimens

To measure the fracture toughness of ceramics, Shetty et al. (1985) used CNBD
specimen firstly. In CNBD specimen, circular cuts are opened to the centers of both
sides of the disc shape specimen. Fracture toughness is calculated by an equation
which depends on normalized stress intensity factor. Stress intensity factor is
computed with numerical methods and an equation can be derived by fitting the
numerical results. CNBD specimen is used not only achieved fracture toughness in

Mode I but also fracture toughness in Mode II and mixed modes.
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3.3.1 Specimen Preparation and Testing Equipment

The chevron notches are made using a slow speed circular saw. The rock disks are
first marked on both sides along the diameter of the disc to show the two extreme
points up to which the saw can cut. The marked Brazilian disc is pressed against the
rotating circular saw until the saw reached the two marked extreme points. The disc
is removed and turned. Then the same procedure is repeated from the other side of
the disc. This makes a central opening, 2ay (Figure 3.7). During the notch-making
process, the discs are held manually against the saw, making it difficult to obtain

precise dimensions and crack geometry.

e

Figure 3.7 CNBD under diametrical compression (Khan and Al-Shayea, 2000)

A strain-controlled loading frame is used for the load application. The applied load
and load point displacement are obtained using a computerized data logger (Figure

3.8).
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Figure 3.8 Loading setup for fracture testing on CNBD specimen (Khan and Al-Shayea, 2000)

3.3.2 Fracture Toughness Determination

Fracture toughness is calculated by using expression suggested by ISRM (1995).

The expression is in Equation 3.4.

Pmax *
K, = Y

B'\/B min

where
D = diameter of the Brazilian disc
B = thickness of the specimen

Poax = compressive load at failure

Y, = critical dimensionless stress intensity factor

* va

Y . =ue

min

where

u and v = constants determined by ay/R and B/R

(3.4)

Dimensionless stress intensity factor is derived from by fitting the numerical results

of various geometries of CNBD specimens.
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3.3.3 Related Studies

In the study of Khan and Al-Shayea (2000), slow speed circular saw with a disk of
80 mm diameter and 1.8 mm thickness was used. The length of the extreme point
on each side from the center along the diameter of the disc was 30 mm. Moreover,

central opening, 2ap, was about 29 mm.

Chang et al. (2002) used Keochang Granite and Yeosan Marble produced in Korea
for testing. CNBD specimens 75 and 54 mm in diameter and 15-35 mm in thickness
were used to investigate effects of specimen size on fracture toughness values. The
cutting machine for preparing a chevron notch for the CNBD specimen was
manufactured to satisfy the ISRM suggested geometrical conditions for the CNBD
disk specimen (Table 3.3). The diameter and thickness of the diamond saw were 50

and 0.8 mm, respectively.

Table 3.3 Standard geometrical dimensions of the CNBD specimen

Description Values Dimensionless
expression

D (mm) 75.0

B (mm) 30.0 op=B/R=0.80

ao (mm) 9.89 oy =a/R = 0.2637

a; (mm) 2437 o, =a,/R=0.65

D (mm) 52.0  o,=D/D;=0.6933

h, (mm) 16.95

Y in (dimensionless)  0.84
Notch width (mm) <15
a, (mm) 1931 on=a,/R=0.5149

3.4 SNBD Specimens

SNDB specimen was developed by Chong and Kuruppu (1984). In SNBD
specimen, straight notch is opened to circular disc with drill bit and wire saw.

Fracture toughness is calculated by a mathematical expression. The expression
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includes normalized stress intensity factor, which is determined by using numerical

methods.

Mode I, Mode II and mixed mode fracture toughness determination is possible by

using SNBD method.

3.4.1 Specimen Preparation and Testing Equipment

Firstly, cores are obtained from the rock blocks. They are cut into circular discs,
using a high speed diamond plated rotary saw. The sliced discs are sanded to ensure
uniform thickness. Then a hole is initially drilled at the center of the discs using a
drilling bit in a lathe. The bit is made to penetrate the rotating disc to the mid-
thickness of the specimen, afterward the disk is reversed and the hole is completed.
The wire of the saw is passed through the drilled hole and a notch of any length is
machined in the disk. The depth of the cut is precisely controlled by a moving
platform on which specimen is mounted (Figure 3.9). Testing equipment and setup

are similar to that of CNBD specimen test (Figure 3.8).

Figure 3.9 SNBD Specimens (Al-Shayea, 2002)

3.4.2 Fracture Toughness Determination

For fracture toughness computation, Equation 3.5 was proposed by Atkinson et al.
(1982).

Pa

N (3.5

K
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where
K; = stress intensity factor in Mode 1
R = radius of the Brazilian disc
B = thickness of the specimen
P = compressive load at failure

N; =non-dimensional coefficients which depend on a/R

For N;, Equation 3.6 was derived by Shetty and Rosenfield (1985) by fitting the

numerical results of Atkinson et al. (1982).

2 3
N, =0.99+0. 141(% + 0.863(£j + 0.886(£j (3.6)
R R R

3.4.3 Related Studies

In the testing program of Khrishnan (1998), cylindrical soft sandstone samples of
size 7.19 cm were cored by a specially designed. The cores that obtained were
sliced at 2.54 cm thickness and they were leveled to 2.11 cm size. To have straight
edge notch, a special technique was developed since the specimens are soft. Two
thin square cardboard pieces with 0.1 cm thickness, 7.24 cm widths were prepared
and each piece has a slot at the center with a 1.05 cm length. The specimen was
sandwiched between these pieces firmly by the help of elastic bands. The notch was

cut from both sides by using a triangular shaped steel blade of 0.05 cm thick.

In the study of Khan and Al-Shayea (2000), rock blocks were collected from a
limestone rock formation outcropping in the Central Province of Saudi Arabia. In
the experiments of SNBD, cores were 84 mm and 98 mm in diameter, core
thickness was 22 mm, and drill bit diameter and wire saw thickness used in the
experiments had a value of 3 mm and 0.25 mm, respectively. The Brazilian disks
were tested with crack orientations ranging between 0 to 75° and were tested under
diametrical compression.. The crack to radius (a/R) ratio and thickness to diameter

(B/D) ratio were chosen as 0.3 and 0.23, respectively (Figure 3.10).
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Figure 3.10 SNBD under diametrical compression (Khan and Al-Shayea, 2000)

SNBD were also used to study the effect of crack size on mixed Mode I-II fracture
toughness. The diameter and thickness (D and B) of the disks were 84 and 19 mm,
respectively. The two normalized crack sizes (i.e., a/R) used in this investigation

were 0.3 and 0.4.
3.5 SNSCB Specimens

SNSCB technique was advocated by Lim et al. (1994). SNSCB specimen is
obtained from a half disc. A straight notch is cut into half disc. Fracture toughness
is determined from an equation which depends on a numerical constant, normalized
stress intensity factor. SNSCB specimen is used for Mode I, Mode II and mixed

mode studies.
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3.5.1 Specimen Preparation and Testing Equipment

Cores are obtained from the rock blocks and they are sliced into circular disks,
using a high-speed diamond plated rotary saw. The sliced disks are polished to
ensure uniform thickness. Then the disks are cut along the diameter into two equal
halves. A radial line is marked at the required orientation with respect to the loading

direction.

A notch of any required length is then made along this marked line by using a wire

saw. It was difficult to machine a crack at an angle greater than 60° (Figure 3.11).

Figure 3.11 SNSCB Specimens

A strain-controlled loading frame is used for the load application. The applied load,
load point displacement, and crack opening are acquired using a computerized data

logger (Figure 3.12).
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Figure 3.12 Loading setup for fracture testing on SNSCB specimen (Khan and Al-Shayea, 2000)

3.5.2 Fracture Toughness Determination

To estimate fracture toughness in Mode I, firstly, normalized stress intensity factor
is calculated with Equation 3.7. The stress intensity factor in the equation is

achieved by using numerical methods.

3.7)

where,
Y;=normalized stress intensity factor
K, = stress intensity factor
a = notch or crack length
.
2RB
P = failure load
R = specimen radius

B = specimen thickness

By using same equation fracture toughness is calculated with experimental data and

normalized stress intensity factor calculated by numerical results.
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3.5.3 Related Studies

In the study of Khan and Al-Shayea (2000), rock blocks were collected from a
limestone rock formation outcropping in the Central Province of Saudi Arabia. In
the experiments of SNSCB, core diameter was 98 mm, core thickness was 22 mm,
and wire saw used in the experiment had a thickness of 0.25 mm. The semi-circular
specimens were tested with notch orientations between 0 to 60° and tested under a
three point bend loading configuration with a span to radius ratio (S/R) of 0.8

(Figure 3.13). The notch to radius ratio (a/R) of 0.3 was used.

Support
J roller

F 3
4

28 :

Figure 3.13 A semi-circular specimen containing an angled edge crack under three-point-bending
(Khan and Al-Shayea, 2000)

3.6 PTS Tests

PTS method was proposed by Backers et al. (2002) to compute fracture toughness
in Mode II. In PTS test, circular notches are cut in both and of the specimen.
Fracture toughness is calculated by using a mathematical expression. The
displacement gradient at the notch tip in the equation is determined from FEM

analysis.
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3.6.1 Specimen Preparation and Testing Equipment

Cylindrical samples are cut to length equal to diameter. End surfaces are polished
perpendicular to the lateral surface. Circular notches are drilled at both ends leaving
an intact portion in the centre of the core. The inner part is punched down while a

confining pressure acts perpendicular on the sample surface (Figure 3.14).

P =t
o

I ! t t

initial state shearing state

Figure 3.14 Axial stress and confining pressure applied in PTS test (Backers et al., 2002)

3.6.2 Fracture Toughness Determination

Fracture toughness in Mode 11 is calculated from Equation 3.8.

1(dv du E
K, =—|—+—|——m 3.8
) (dy de 2(1+0) (3-8)

where
Kjjc = fracture toughness in Mode 11
¢ = initial crack length (is assumed to be equal to the notch width, #)

%,% = gradients of the displacements v and u in x and y directions (Figure
ly dx

3.15)
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Figure 3.15 (a) Geometry and nomenclatures around the notch tip (b) when deformed

3.6.3 Related Studies

Yoon and Jeon (2004) applied PTS test to Daejeon granite. A rock core of 52 mm in
diameter was cut into pieces with length equal to the diameter. The depth of upper
notch was 5 mm. The bottom notch depth of 7, 17, and 27 mm was drilled. Typical

specimen geometry for the test and its dimensions are shown in Figure 3.16.

Confining Pressure

L

Figure 3.16 PTS Sample Dimensions (Yoon and Jeon, 2004)
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Table 3.4 PTS Specimen dimensions

Description Value (mm)
Height, H 52
Diameter, D 52

Upper notch depth, a 5

Bottom notch depth, b 7,17,27
Notch width, t 3

Inner diameter, ID 26

Intact portion, IP 20, 30, 40

Riidersdof limestone, Carrara marble and Aue granite were used in the study of
Backers et al. (2002). The sample geometry, the principle loading and its dimension

were given in Figure 3.17.

Six rock types with different mineral content and grain sizes were used in the
Backers et al. (2004). The rock types are briefly characterized in Table 3.5. The

sample geometry, the principle loading and its dimension were given in Figure 3.17.

Table 3.5 Compilation of selected rock properties of the six rock types

Rock Type O o E v
MPa MPa GPa

Aspé6 diorite 219415 1541 68+8 0.24

Aue granite 134£7 8+1 48+8 0.19

Mizunami granite 166+35 9+2 50+8 0.37
Carrara marble 1016  ~7 49 0.23
Flectingen sst. 96+13 61 21+5 0.12
Riidersdorf lim. 40 5+1 22 0.22
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Figure 3.17 Sample geometry and loading set-up for the PTS-Test (Backers et al., 2002 and 2004)

3.7 Conclusions on the Related Studies

Sousa and Bittencourt (2001) concluded that fracture toughness of SR specimens
was influenced by the increase in the water/cement ratio and by the increase in the

aggregate size in inversely.

Backers (2003) drew a conclusion with his studies on CB specimens that the
influence of the loading rate on Mode I fracture toughness of the sandstone was

negligible.

Khan and Al-Shayea (2000) used SCB specimens under three-point-bending and
Brazilian disk specimens under diametrical compression in their mixed mode I-1I
study to investigate the effect of testing method and specimen geometry such as
diameter, thickness, and crack length and type on measured fracture toughness. The
results show that specimen diameter and crack type have a substantial influence on
the measured fracture toughness; however, loading rate, crack size, and specimen
thickness seem to have a negligible effect on the fracture toughness. Mode I fracture
toughness is significantly influenced by specimen diameter and crack type, while
their effects on Mode II fracture toughness are generally negligible. The different

specimens (Brazilian disc, and semicircular) can give comparable results only when
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the proper span to diameter ratio is used. The Brazilian disc with a straight notch
was found to be the most convenient geometry to use for fracture toughness

determination.

In the study of Chang et al. (2002), rock fracture toughness under mixed-mode
conditions was measured by using the straight through crack assumption (STCA)
applied to the CNBD specimen and SCB specimen. Size effects, in terms of
specimen thickness, diameter and notch length on fracture toughness, were

investigated.

The CNBD specimen can be used to measure mixed-mode and mode II fracture
toughness values by the STCA method. It is also unnecessary to perform
precracking for the CNBD specimen because it uses a chevron notch which induces
self-precracking during testing and leads to a stable crack propagation. As a result,
it is concluded that the CNBD specimen is the most preferable and versatile among

disc-type specimens used in this study.

Krishnan et al. (1997) pointed out the SNBD specimen is the most convenient
configuration when the soft sand stone is considered since the SNBD specimen
configuration permits the use of the same setup and conditions for mode I, mode II
and mixed mode I-II testing with fewer preparations than other type of tests. Also
the effect of anisotropy and bedding planes in fracture toughness can be evaluated
easily by orienting the notch with respect to the area of interest (e.g. bedding

planes).

According to Yoon and Jeon (2004), and Backers et al. (2004), PTS test is the most
promising method for determination of Mode II fracture toughness. In the study of
Yoon and Jeon (2004), relation between the Mode II fracture toughness and
confining pressure was found to be proportional; Mode II fracture toughness
increases with the increasing confining pressure. Moreover, numerical analyses
revealed that maximum shear stress is concentrated at the upper inner notch tip and
bottom outer notch tip. Crack occurred in this region of high shear stress are

predominantly occurred in Mode I1.
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CHAPTER 4

NUMERICAL MODELING FOR ESTIMATION OF
STRESS INTENSITY FACTORS

In order to calculate stress intensity factors of the samples with different
geometries, numerical computations were carried out. The package programs used
in this study were ABAQUS, ANSYS, FRANC2D/L and FRANC3D. Disc type
specimens require 3D modeling for stress analysis and stress intensity factor
computations. For 3D modeling a choice had to be done among ABAQUS, ANSYS
and FRANC3D. In the verification trials, among these the most user friendly
package was found to be ABAQUS due to the ease in learning and running
applications with the program. To decide if this program produces accurate results
for stress intensity factor calculations comparable to the result of other packages,
simple models with known analytical results for model verification were first
employed. After verification studies, the program was decided to be appropriate for

further stress intensity factor computations.

4.1 Package Programs
4.1.1 ABAQUS

ABAQUS is a finite element (FE) program used for stress, heat transfer, and other
types of analysis in structural, mechanical, civil, biomedical, and related
engineering applications. It was developed by Habbitt, Karlson and Sorensen, Inc.
(HKS) in 1978. ABAQUS Version 6.5 was leased by METU is used in modeling

work here.
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Two dimensional and three dimensional fracture analyses can be performed with

ABAQUS. ABAQUS uses J-Integral method to compute stress intensity factors.

4.1.2 ANSYS

ANSYS is a FE software used to model problems in structures, thermal flow, fluid
flow and electromagnetic. ANSYS was developed and is supported by ANSYS, Inc.

Licensed ANSYS Version 9.2 was used in modeling verification example here.

Although two dimensional and three dimensional fracture modeling can be
conducted with ANSYS, three dimensional modeling is difficult due to the structure
of the programming part of the ANSYS package. To compute stress intensity
factors, J-Integral method and displacement correlation technique are available in

ANSYS.

4.1.3 FRANC2D/L

FRANC2D/L (FRacture ANalysis Code for 2D), which is finite element program, is
a two dimensional crack propagation simulator. It was originally developed by Paul
Wawrzynek at Cornell University and also the recent additions and expansions of
the program were conducted at Cornell University. FRANC2D Version 3.1 is

available for free downloading in Cornell Fracture Groups websites.

FRANC2D/L is used with CASCA program. CASCA is used to build initial mesh
of the model. After building initial mesh with CASCA, crack is defined in
FRANC2D/L program and this program computes the stress intensity factors. There
are three techniques for estimating stress intensity factors in the program which are
displacement correlation technique, J-integral technique and modified crack closure

integral technique.

4.1.4 FRANC3D

FRANC3D (FRacture ANalysis Code for 3D) developed by Cornell Fracture Group

since 1987 is a hybrid software that combine solid modeling, mesh generation and
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fracture mechanics for nucleating and propagating cracks in the model geometry. In
this program, Stress intensity factors are computed using the displacement

correlation technique for all cases (Chan et al., 1970).

FRANC3D is neither a boundary nor a finite element analysis code, although it is
capable of writing input files for a variety of commercial BEM (boundary element
method) and FEM (finite element method) codes like ANSYS and ABAQUS.
FRANC3D Version 3.0 is available for free downloading in Cornell Fracture

Groups websites.

Before using FRANC3D, in order to form solid model firstly OSM (Object Solid
Modeler) program was used. In this study, BES analysis part of the program was

used for stress analysis and to compute stress intensity factors.

4.2 Verification Example

In order to compute stress intensity factor of a model, plate with a single, flat, part-
through edge crack was selected as an example. The dimensions and geometry of
the model were given in Figure 4.1 and Table 4.1. The example was taken from

ANSYS Tutorial.

Vov ¥

Figure 4.1 Single edge crack model under tension
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Table 4.1 Dimensions and mechanical properties of the single edge crack model

Dimensions and Properties Values
Width of the plate, w 0.2m
Height of the plate, & 0.2 m
Thickness of the plate, ¢ 0.003 m

Crack length of the plate, a 0.02m
Load on the plate in tension, ¢ 100 MPa
Young’s modulus, E 200 GPa
Poisson’s ratio, v 0.3

4.2.1 Analytical Calculation of Stress Intensity Factor

Analytical solution for stress intensity factor in mode I for this example is given in

Equation 4.1.The Equation 4.1 was driven by Pilkey (1994).

K, =oNm xF,(a) 4.1

The correction factor is:

a
a=—
w

F, ()= (1-0.1a> +0.96a* }J1/cos(zc)

For the example above, by using Equation 4.1, K; was found as 25.680 MPa+/m .
4.2.2 Numerical Calculations of Stress Intensity Factor

For this verification example in order to simplify the model by taking advantage of
the symmetry conditions, the analyses were performed on one half of the model in
ABAQUS (for 2D and 3D applications), ANSYS (for 2D application),
FRANC2D/L and FRANC3D programs, and one quarter of the model in ANSYS
(for 3D application) program. For half models because of the symmetry on x-
direction, model was fixed there on x-direction. In order to prevent body motion,
the model was fixed also in y-direction from the right edge center of the model.
Moreover, since the analytical equation is valid for plane strain condition, the three-
dimensional model boundaries perpendicular to z-direction were fixed to generate

an equivalent model to the plane strain models (Figure 4.2). For quarter model, in
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addition to boundary conditions above, bottom boundary of the quarter part was
fixed in y-direction except crack front to allow movements along the crack. For

comparison all models are shown together in Figure 4.3.

Load

Fized in z- direction

Fized in
#-direction and
rotation for

symmetry Fized in v- direction

Crack tip

Figure 4.2 Boundary conditions and mesh of an example model
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FRANCZD/L KZU - Carnell
FRacture AMalysis Code Version 2.1 11/22/04

2D model in FRANC2D/L program

?ABAQUS‘

3D model in ABAQUS program
ANSYS

3D model in FRANC3D program

Figure 4.3 Central crack plate model with different programs
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To compute the stress intensity factor of the verification example, ABAQUS,
ANSYS, FRANC2D/L and FRANC3D programs were used. Computed K; values at
the crack tips were compared in Table 4.2. In the table, percentage error was

calculated from Equation 4.2.

Kcamp - Kanal
Error (%) = ————x100% 4.2)
anal
where,
K .. = analytical solution for the stress intensity factor
K., =computed stress intensity factor

Since the mesh densities and number of nodes are different for the model plate of
each program, it is not possible to reach an exact conclusion about accuracy of a
single program. As seen from the Table 4.2 all programs produced almost the same
results. ABAQUS produced a value with a little error of 2.282% although the mesh

intensity used was not as intensive as the ANSYS 3D quarter model.

Table 4.2 Comparison of the K; results

K; (MPaym) Error (%)

Pilkey’s Solution 25.6800

Numerical Results

ABAQUS (2D) 26.4542 3.015
ABAQUS (3D) 25.0939 2.282
ANSYS (2D) 26.5770 3.493
ANSYS (3D) 25.3580 1.254
FRANC2D/L 26.6800 3.894
FRANC3D 24.9586 2.809

3D modeling was necessary for the disc type specimens used in the experimental
studies, therefore, in numerical modeling two-dimensional plane strain programs

like ABAQUS, ANSYS2D and FRANC2D/L.
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In ANSYS program, a macro has to be written to model crack opening and to find
the stress intensity factor at the crack tip. Because of the difficulties in writing

macros, ANSYS program was not preferred in 3D analysis.

Although FRANC3D is more user friendly than ANSYS and produced a reasonably
accurate result, the input procedure for this program is time consuming and takes
more effort in generating different specimen geometries with varying notch and
span lengths. In addition, displacement correlation technique used by FRANC3D to
compute stress intensity factors usually generate less accurate results as mentioned

before in Chapter 2.

In consequence, ABAQUS software was preferred to use for stress and fracture

analysis of the disc type specimens used in the experiments.
4.3 ABAQUS Software

ABAQUS program was written and maintained by Hibbitt, Karlsson and Sorensen,
Inc (HKS). The company was established in 1978, and today has several hundred
employees with offices around the world. In Turkey ABAQUS office is in Istanbul
and the company name is 'A to Z Advanced Engineering Technologies' (A-Ztech
Ltd.).

4.3.1 ABAQUS Capabilities

ABAQUS, as mentioned before, is a highly sophisticated, general purpose finite
element program. ABAQUS includes:

- Capabilities for both static and dynamic problem:s,

- The ability to model very large shape changes in solids, in both two and three

dimensions,

- A very extensive element library, including a full set of continuum elements, beam

elements, shell and plate elements, among others.
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- A sophisticated capability to model contact between solids

- An advanced material library, including the usual elastic and elastic — plastic

solids; models for foams, concrete, soils, piezoelectric materials, and many others.

- Capabilities to model a number of phenomena of interest, including vibrations,
coupled fluid/structure interactions, acoustics, buckling problems, and so on (Brown

University, 2001).

4.3.2 ABAQUS Modules

ABAQUS is a very user friendly program. In order to define the geometry and other
physical properties of the model and then to submit the model for analysis, several

different modules are used step by step in the program as following.

4.3.2.1 Part Module

Part module is used to create, edit, and manage the parts in the current model. Part
module has ability to create deformable, discrete rigid or analytical rigid parts.

Solids, shells, wires, cuts, and rounds can be drawn by part module.

4.3.2.2 Property Module

Property module is briefly used to define material properties of the model and

assign this property to model.

4.3.2.3 Assembly Module

Assembly module is basically used to create part instances and position them

relative to each other in a global coordinate system.

4.3.2.4 Step Module

Step module is used to perform a sequence of one or more analysis steps. The
sequence of steps provides a convenient way to capture changes in the loading and

boundary conditions of the model. Step module also has an ability to specify output
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requests. For instance, in fracture mechanics applications, to obtain stress intensity
factor data at the end of the analysis, a history output request is defined in step

module.

Under the menu options of step module J-Integral and stress intensity factor
computation options are available. Maximum tangential stress criterion, maximum
strain energy release rate criterion or Ky = O criterion can be selected to calculate
the crack propagation direction at initiation. Calculation of contour integrals for the
evaluation of the J-integral and the stress intensity factors is carried out in a region
surrounded by a number of contours specified by the user. Stress intensity factors
are computed for the elements in the chosen contour region around the notch tip.
Then user can request an averaging of the stress intensity factors in the chosen

region to end up one single accurate value for the particular notch tip.

4.3.2.5 Interaction Module

Interaction module is used to satisfy mechanical and thermal interactions between
regions of a model, connections between two points of a model or between a point
of a model and ground. Moreover, springs and dashpots between two points of a
model or between a point of a model and ground are applied by interaction module.
Furthermore, to define a crack in a region interaction module is used. Crack can be
defined in two ways one is sharp crack that is also called seam and the other is

blunted crack.

4.3.2.6 Load Module

Loads and boundary conditions are defined by considering step module in Load

module.

4.3.2.7 Mesh Module

The Mesh module is used to generate meshes on parts and assemblies of the model.
Mesh attributes such as seeds, mesh techniques, and element types are determined

in mesh module. In fracture tests, crack tips cause stress concentrations and stress
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and strain gradients are large as a crack tip is approached. Therefore, to get accurate
stresses and strains, the finite element mesh must be refined in the vicinity of the

crack tip.
4.3.2.8 Job Module

Job module is used to submit the analysis for processing. During process, job
module can monitor progress of the process. Job module starts the Visualization

module.
4.3.2.9 Visualization Module

Visualization module finally shows the results of the analysis in terms of deformed

shapes, contours, symbols, animations, and graphs.
4.4 Stress Intensity Factor Computation for SCB

Semi-circular bend specimen with a straight edge notch was modeled by using
ABAQUS program. Specimen geometry was changed by using different notch sizes
(a/R) and span lengths (S/R). Mesh refinement studies were carried out to obtain a
better accuracy for the estimation of stress intensity factor. Stress intensity factors
for different specimen geometries were computed and compared to the work of

other researchers.
4.4.1 Geometry, Boundary Conditions and Crack Modeling

The radius and thickness of all SCB specimens modeled were 50 mm. Various
notch lengths (5, 10, 15, 20, 25, 30.5, 33.5 and 40 mm) and different span lengths
(25, 30, 35 and 40 mm) were studied to study the effects of normalized notch length
(a/R) and normalized span length (S/R) on stress intensity factor, respectively.

Model geometry is in Figure 4.4.
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Figure 4.4 SCB Geometry

Two boundary condition options were tried in the models for the application of
vertical load: (i) a unit negative vertical load (Fy = -1 N) is applied on the top roller
where bottom roller supports and their rotations (Ry, Ry and R,) are kept fixed in all
directions which means that the contact points of the bottom boundary of the
specimen model is fixed in vertical y-direction, (Figure 4.5-a). (ii) half of the unit
load P/2 (Fy = +0.5 N) is applied to each of the bottom roller supports and the top
roller support and its rotations are fixed in all directions which means that upper
contact point of the specimen model remains fixed in y-direction (Figure 4.5-b). For

all cases roller support material is modeled as analytical rigid.

Application of the boundary conditions and 3D ABAQUS model appearance are
presented in Figure 4.6. In the figure fixed directions were indicated with orange
triangles, fixed rotations were symbolized with blue triangles and load was

represented with yellow arrow.
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P/2 P/2
F,=+Pf2=+0.5N F,=+P/2=+0.5N
=0, Ry=0 U =0, Rg=10
y=0 Ry=0
=0 Fz=0 u=0,Fz=0
(b)

Figure 4.5 Boundary conditions of two loading options
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Figure 4.6 Boundary Conditions on the 3D ABAQUS model of SCB specimen

For one typical semi-circular specimen model, stress analysis was done and stress
intensity factor was computed for two boundary condition options. The details of
comparisons and results are illustrated in “4.4.2 Confirmation of Stress Analysis

Results” part in Figure 4.8-Figure 4.12. Results showed that stress analysis results

and stress intensity factor (found as 160.819 for SCB model) for both
boundary loading options were equal to each other. Similar results were obtained
for SNDB model trials. This is due to the same external work done on the
boundaries for both loading conditions. Although the model with two load
application points at the bottom boundary was similar to the experimental loading
conditions, the loading option with a load at the top was used in further modeling
work. The reason for this was that with this option, it was possible to make
comparisons with previous studies; previous studies such as by Lim et al. (1993),
Ayatollahi and Aliha (2004 and 2006), Ayatollahi et al (2006), were always

performed by using loading option with a single load application point at the top.
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The crack was defined in interaction module. Stress intensity factor can be
computed by using contour integral estimates. To perform a contour integral
analysis, the crack front and the crack extension direction were selected (Figure 4.7-
a). Different crack extension directions can be selected in the module which will
yield different combinations of stress intensity factors K;and K. In our case crack
extends in the vertical direction parallel to the applied load or in the direction of the
maximum principle stress. Crack tip loading is supposed to be pure Mode I loading
for our specimens. Therefore crack extension direction is attached in the vertical

direction to the front of the initial vertical notch.

To construct the FE mesh around the crack front and to control the singularity at the
crack tip, a ring of wedge shape elements was assigned to the crack front and
surrounding this ring hexahedral elements were used for the remainder of the
contour integral region. The ring of wedge shape elements was achieved by using
swept meshing technique. In Figure 4.7-a, b, the crack tip is marked with a green

GGX”

To compute the stress intensity factor, stress intensity factors of contour integral
region marked in Figure 4.7-b were calculated and averaged by using history output

request menu at the step module.
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Figure 4.7 Crack front and contour integral region of the SCB model
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4.4.2 Confirmation of Stress Analysis Results

Before starting to model different geometries with various notch and span lengths,
stress analysis were done for one model with two boundary condition options

mentioned above to see the model was working properly or not.

Stress analyses were performed for SCB specimen geometry with normalized notch
length (a/R) was equal to 0.2 and normalized span length (S/R) was equal to 0.8.
The results after analysis, stresses (oxx and oyy) and displacements (uy and uy) were
obtained for both options. Stress and displacement magnitudes seem to be small
because all the modeling work here was conducted by a unit load application of 1 N
in order to carry out stress intensity factor analysis in a normalized way. Once stress
intensity factors for different specimen geometries are obtained in a normalized way
for unit loads, failure load magnitudes obtained from the experiments can be
applied easily to these normalized stress intensity factors for the fracture toughness

computation in a particular test.

Compression is negative and tension is positive in the program. S11 equals to stress
in x-direction (Gxx), S22 shows the stress in y-direction (Gyy), and Ul and U2

represents the horizontal and vertical displacements respectively.

The typical results presented in “(a)” figures are obtained for a boundary load
application of IN to the top roller support whereas the results presented in “(b)”
figures are obtained for a boundary load application of 1/2 N to each of the roller

supports at the bottom boundary of the specimen.

Figure 4.8 shows the stress distributions in x-direction. As seen from the Figure 4.9,

tensile stresses rapidly increase around the crack front.

63



s, s11
{Ave. Crit.. 75%)
+5.05¢+03

+4.27e+03

+3.48e+03

+2.69¢+03
+1.91e+03
+1.12e+03
+3.38e+02
-4.48¢+02

-1.23e+03
-2.02¢+03
-2.80e+03
-3.59¢+03
-4.38e+03

S, S11
(Ave. Crit.. 75%)
+5.05¢+03
+4.27¢+03
+3.48e+03
+2.69e+03
+1.91e+03
+1.12e+03
+3.38e+02
-4.48e+02
-1.23¢+03
-2.02¢+03
-2.80e+03
-3.59¢+03
-4.38e+03

(a) Load application of 1N to the top roller support

(b) Load application of 1/2 N to the bottom roller supports

Figure 4.8 o,, contours
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(a) Load application of 1N to the top roller support

(b) Load application of 1/2 N to the bottom roller supports

Figure 4.9 o, contours around the crack tip
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Figure 4.10 shows the stress contours in y-direction (cyy), which was denoted as
S22 in the program. As seen from the figure compressive stresses in the specimen

model were highly concentrated on at the contact regions of the roller supports.
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(a) Load application of 1N to the top roller support
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(b) Load application of 1/2 N to the bottom roller supports

Figure 4.10 6, contours
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In Figure 4.11, x-displacements were illustrated. Deformation in opening mode was
seen in x-displacement contours. Figure 4.12 shows y-displacement contours (uy). It
was clearly seen in Figure 4.12-a that the model was loaded by top roller supports
and fixed around the two roller supports at the bottom, whereas in Figure 4.12-b,

the model was loaded by the two rollers at the bottom and fixed around the top

roller support.
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(b) Load application of 1/2 N to the bottom roller supports

Figure 4.11 u,, contours
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(b) Load application of 1/2 N to the bottom roller supports

Figure 4.12 uy, contours

According to the stress analysis, the results showed that as mentioned above, the

both load application condition models were working properly.
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4.4.3 Convergence Studies

To figure out the optimum mesh intensity for the SCB technique with a/R = 0.2 and
S/R = 0.8, a numerical convergence study was performed. Four mesh densities were
examined (Figure 4.13). Mesh intensity around the crack tip was increased instead

of increasing other parts to see the mesh intensity effect on stress intensity factor.
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Figure 4.13 SCB finite element meshes
(I) Coarse mesh, (II) Medium mesh, (II) Fine mesh, (IV) Very fine mesh

The results of the analyses were plotted considering normalized stress intensity
factor (Y1) and mesh intensity (Figure 4.14). Normalizing the stress intensity factor,

Y, is carried out according to the other researchers’ works (Lim et al., 1994).
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Y, =——— (4.3)
O N
where
K, = mode I stress intensity factor
P
C,=——"
2RB
P = applied load
R = specimen radius
B = specimen thickness
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Figure 4.14 Convergence in Y; with increasing mesh intensity at SCB

The difference in Y; between the fine and very fine mesh is less than 1.6% therefore
fine mesh was employed for the remaining study. Fine mesh was formed with eight
rings of elements around the crack front to form the contour integral region in order

to compute stress intensity factor.
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4.4.4 Comparison with Previous Studies

The numerical results obtained for the Mode I loading with S/R = 0.5, 0.6, 0.7 and
0.8 were depicted in Figure 4.15. The results of Lim et al. (1993) for S/R = 0.5 and

0.8 were found to be in excellent agreement.
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Figure 4.15 Computed normalized mode I stress intensity factor Y; for SCB

4.4.5 Results

0,9

In order to cover a wide range of SCB geometry, a total of 32 different geometries

were analyzed for mode I loading. The results according to normalized stress

intensity factors (¥;) were tabulated in Table 4.3.
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Table 4.3 Normalized mode I stress intensity factors for the SCB method for various geometries

S/R /R

0.1 0.2 0.3 04 0.5 0.61 0.67 0.8

05 27233 24818 25277 2.8513 3.5233 4.8908  6.1372 12.4588
0.6 3.3281 3.3281 3.2688 3.6879 4.4842 6.1119  7.6173 15.2201
0.7 39699 3.8314 4.0021 45014 54707 7.9061 @ 9.0236 17.9979
0.8 4.6284 4.5366 47440 53696 6.4340 8.6106 10.6175  20.9190

Consequently, as seen from the Table 4.3 the rate of Y; variation increases as the
notch length increases. Moreover, the span length also affects the Y;. ¥; increases

with increasing span length.

By considering Table 4.3, it is possible plot a 3-D graph of Y; variation depending
on a/R and S/R (Figure 4.16).

Figure 4.16 3-D Graph of Y, for different a/R and S/R for SCB technique
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With the help of Figure 4.16 and Table 4.3, Y; values for different notch lengths and
span lengths could be calculated. In this study, an equation was achieved to
calculate Y;. the equation developed included the effect of various a/R and S/R
ratios together different from Lim’s equations where different equations were given

for specific span lengths as below.

S
Y05 = 4782 1.219(%) +0.063 exp(7.045(%)] for =2 =08

Y 067y =3.638 - 0.139( j +0.039 exp(7.387

(4.4)
j +0.039 exp[7.282(% J for % =0.6

1B

Y061 = 3:286—0.432

= RS

Y05 = 2959 — 2.716(

= RS
N——
+
o
e}
~J
(@)}
[¢]
>
o]
VR
N
(8]
S
9]
VR
= RS
N—
N—
85
-
[
)
()]

within the range 0.03 < a < 0.8. For span lengths, that is So/R ratios different from

the ones above another equation is suggested as below:

L =Y + ﬁB, 05< & <08 (4.5)
1{S,/ R} R R
O+ (ma)

where, according to Lim’s notation
SR = actual span ratio employed
So/R = the nearest span ratio analyzed in Lim’s paper to S/R, i.e. SR = 0.5,
0.61, 0.67 or 0.8
ASy¢/R = deviation from Sy/R, i.e. (S,- Sp)/R
Y,

1

B=6.557+16.640(a/R)**+27.970(a/R)*+215.084(a/R)'®,  for 0.03 <a/R<0.8

(s, ry= normalized stress intensity at a given span ratio Sy/R

Instead of using separate expressions a compact formula was derived here. By using
TableCurve 3D program and surface fit options, the regression analyses were
performed to fit an analytical function to Y;. As a result the following single

equation including the a/R and S/R ratios together was obtained.
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2 3
0.615— 9.676(2} + 18.904(2} - 9.987(2} + 5.235(2}
Y, = 2 : - (4.6)
1- 1.136(61) + 0.876(“} - 0.866(61} - 0.019()
R R R R

within the range 0.1<a/R<0.8 and 0.5<S/R<0.8 with R* = 0.99955.

4.5 Stress Intensity Factor Computation for SNDB

After performing SCB technique, the SNDB method was achieved to calculate
normalized stress intensity factor for SNDB geometry. Disc bend specimen with a
straight notch was modeled by using ABAQUS program. Specimen geometry was
changed by using different notch sizes (a/B) and span lengths (S/R). Mesh
refinement studies were carried out to obtain a better accuracy for the estimation of

stress intensity factor.
4.5.1 Geometry and Boundary Conditions

The radius and thicknesses were 50 mm for all SNDB specimen models as SCB
model geometries. Different notch lengths (5, 10, 15, 20, 25, 30, 35, 40 and 45 mm)
and various span lengths (25, 30, 35 and 40 mm) were performed to figure out the
effect of a/B and S/R on stress intensity factor, respectively. Model geometry is in

Figure 4.17.
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Figure 4.17 SNDB Geometry

Since the study of stress analysis of SCB specimen geometries showed there is no
difference between the two boundary condition options for the failure load
application, only one boundary condition option was tried in the SNDB models for
the application of vertical load. A unit negative vertical load (Fy = -1 N) is applied
on the top roller where bottom roller supports and their rotations (Ry, Ry and R,) are
kept fixed in all directions which means that the contact points of the bottom
boundary of the specimen model is fixed in vertical y-direction (Figure 4.18). For

all cases roller support material is modeled as analytical rigid.

Boundary conditions application and 3D ABAQUS model appearance are
illustrated in Figure 4.19. Fixed directions were symbolized with orange triangles,
fixed rotations were represented with blue triangles and load was indicated with

yellow arrow in the figure.
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Figure 4.18 Boundary conditions of loading option

Figure 4.19 Boundary Conditions on the 3D ABAQUS model of SNDB specimen
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The crack was introduced in interaction module. To accomplish contour integral
analysis, the crack front and the crack extension direction were selected (Figure
4.20-a). Crack tip loading is supposed to be pure Mode I loading for SNDB
specimens like SCB specimens thus crack extension direction is attached in the

vertical direction to the front of the initial vertical notch (Figure 4.20-b).

In the SNDB specimen geometry, a ring of wedge shape elements could not be
assigned to the crack front because the swept meshing could not be used due to the
curved nature of the surface of the SNDB specimen model. As a result, wedge
elements can not be created here, and the crack tip singularity is not included for the
contour integral estimates. However, according to the ABAQUS manuals in most
cases the singularity at the crack line can be ignored if the mesh is sufficiently
refined to model the deformation around the crack tip or crack line and the resulting
high strain gradients. Moreover, the singularity can be ignored if the contour
integral output is considered only. As seen from the Figure 4.20, mesh was refined
around the crack front. To compute stress intensity factors, contour integral region
was defined and the stress intensity value found by an averaging process in this

region was used as the stress intensity factor of this model.
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Figure 4.20 Crack front and contour integral region of the SNDB model
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4.5.2 Convergence Studies

For SNDB method, to perform convergence study, a/B = 0.2 and S/R = 0.8 was
selected. Four mesh densities were studied (Figure 4.21). Crack tip mesh density

was increased to see the effect on stress intensity factor.

For SNDB technique, Y7 is calculated from Equation 4.7.

Y, = .7

where
K, = Mode I stress intensity factor

_ P
=

O,

P = applied load

R = specimen radius

")5.5:
NS

[T ]
[ ]
e
1]
]
.
==
8

[/

L
L

Figure 4.21 SNDB finite element meshes
(I) Coarse mesh, (II) Medium mesh, (III) Fine mesh, (IV) Very fine mesh
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Figure 4.22 Convergence in Y; with increasing mesh intensity at SNDB

As seen from the Figure 4.22 the distinction in Y; between the fine and very fine
mesh is approximately 0.3%. Hence, fine mesh was enough for remaining studies
related to SNDB specimens. Fine mesh was defined with nine rings of elements
around the crack front. These rings were also used to form the contour integral

region to compute stress intensity factor.

4.5.3 Results

A total of 36 various geometries were studied for mode I loading, to perform wide

range of SNDB geometry. The results were shown in Table 4.4.

Table 4.4 Normalized mode I stress intensity factors for the SNDB method for various geometries

a/B
SR 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.5 2.0577 1.9428 1.9373 2.1849 2.6417 3.4666 5.1731 8.9616 22.9699
0.6 2.4981 24319 2.4912 2.7867 3.3788 4.4303 6.4567 11.2892 28.2386
0.7 2.9063 2.8580 2.9743 3.3621 4.0263 5.2108 7.6138 13.0023 32.7873
0.8 3.3143 3.3079 3.4656 3.9345 4.6991 6.0983 8.7321 14.9568 38.0640
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The variations in the Y; were similar to SCB technique results. Namely, the rate of
Y, variation increases with increasing notch length. Similarly, the Y; increases with

increasing span length (Figure 4.23).
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Figure 4.23 Computed normalized mode I stress intensity factor ¥; for SNDB

By considering Table 4.4, it is also possible to plot a 3-D graph of Y; variation
depending on a/B and S/R (Figure 4.24). Furthermore, by using TableCurve3D
program and surface fit options, the regression analyses were performed to fit an
analytical function to Y;. Consequently, the following single equation depending on

the a/R and S/R ratios together was achieved.

a a)? S sy SY
—3.940—3.212(] 3.79!{] +23.057()—28.54({] +13.918(j
y = B B R R R (4.8)
! a a 2 a 3 S
1—0.295()—1.273[] —0.57]{j —0.033[j
B B B R

within the range 0.1<a/B<0.9 and 0.5<S/R<0.8 with R* = 0.99998.
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Figure 4.24 3-D Graph of Y; for different a/B and S/R for SNDB method

4.6 Comparison of the SCB Method with the SNDB Method

For comparison purposes, distribution of horizontal stresses (oxx) and out of plane
stresses (0,,) were considered first. In the previous models for the determination of
the stress intensity factors unit loads had been used for the normalization procedure
to generalize the results. However, to reach the actual order of stress magnitudes
that existed in the tested specimens boundary loads with a comparable order of
magnitude were applied to the SCB and SNDB stress analysis models. For both
SCB and SNDB model geometries, load levels at failure obtained from the
experiments were applied to the models with the same proportional geometrical
properties, that is the same load application point-notch front distance (a/R = 0.2 for

SCB specimen and a/B = 0.2 for SNDB specimen) and the same span length (S/R =
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0.7 for both). Applied loads were 6.85 kN for SCB specimen and 14.76 kN for
SNDB specimen.

Horizontal stress contours (oxx) in the models were plotted as seen in the example
Figure 4.25. Then the notch front stress field was studied in detail as in Figure 4.26-
a for SCB specimen and in Figure 4.26-b for SNDB specimen. Notch front
horizontal stresses for both models were highly tensile increasing rapidly as the
notch front was approached. Notch front tensile stresses for SCB model were seen
to be higher in Figure 4.26. Variation of notch front stresses with the distance from
the notch front was plotted in Figure 4.27 for both SCB and SNDB specimens. The
stress values forming the distribution curves were obtained from the nodal point
data following a specified path parallel to the notch plane in to the specimen. Then,
considering the possible computation errors due to the mesh intensity the nodal

point data were fitted to obtain smooth stress distribution curves in Figure 4.27.

5, 811
{Ave. Crit.: 75%)
+1.74e+07
+1.54e+07
+1.34e+07
+1.14e+07
+9.39e+06
+7.37et+06
+5.36e+06
+3.35e+06
+1.33e+06
-6.82¢+05
-2.70et+06
-4.71et+06
-6.72et+06
-8.74et+06
-1.08et+07
-1.28et+07
-1.48et+07
-1.68et+07
-1.88e+07

Figure 4.25 An example to horizontal stress contours (c,,) (in SNDB model)
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(a) Applied load was 6.85 kN for SCB specimen

(b) Applied load was 14.76 kN for SNDB specimen

Figure 4.26 Horizontal stress contours around the notch front
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Figure 4.27 Variation of the notch front horizontal stresses ahead of the notch front

In Figure 4.27, crack tip horizontal stress curves are seen to tend infinity as the
crack tip is approached. These curves were intersected with the tensile strength
value Ty = 7.00 MPa as found in the laboratory experiments presented in the next
section. This way an estimate of the extent of a possible plastic or yield zone around
the crack tip was believed to be achieved. According to these estimates the extent
for SNDB model (ry(SND B =375 mm) was about 23% lower than the extent for
SCB model (1ry(SCB )=4.88 mm) for a 10 mm notch (a/R = 0.2) and a span of 70 mm
(S/R=0.7).
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As seen from the Figure 4.26 and Figure 4.27, stress intensities around the notch
front were higher for SCB specimen model therefore there was more extensive yield
zone. As mentioned before (in Chapter 2), LEFM assumption is valid only when the
inelastic deformation is smaller than the size of the crack. If large zones of plastic
deformation develop before the crack propagations, Elastic Plastic Fracture
Mechanics (EPFM) should be used and LEFM assumptions become invalid. That is
why the new testing method with SNDB specimens is expected to produce more

accurate results being less affected by the crack tip plasticity.

Out of plane stress (i.e. confining pressure (o)) contours in the models were
plotted as seen in the Figure 4.28 for SCB specimen model and Figure 4.29 for
SNDB specimen model. Confining pressure data was obtained from the nodal
points on the paths which were located on the notch fronts for both models.
Confining pressure distributions on the notch fronts were plotted and the nodal
point data were fitted to obtain the smooth stress distribution curves in Figure 4.30.
After fitting the curves the Equation 4.8 for SCB model and Equation 4.9 for SNDB

model were obtained.

6, =-2885.47> + 0.1115z + 4.0937  with R*>=0.9418 (4.8)
G,, =-614.287" + 0.0009z + 3.2958 with R*>= 0.9498 4.9)
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Figure 4.28 Confining pressure (6,,) distribution on SCB specimen
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Figure 4.29 Confining pressure (,,) distribution on SNDB specimen
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Figure 4.30 Variation of the confining stresses (c,,) along the notch front (in z-direction)

As seen from the Figure 4.30, corresponding to the central position along the notch,
peak confining stress was 4.09 MPa for SCB specimen and 3.30 MPa for SNDB
specimen. They were both tensile stresses, and peak confining stress was 24%

higher for SCB model.

To determine average values of confining pressures, areas of the regions below the
curves in Figure 4.30 were computed by integrating the equations above over the
thickness (B = 50 mm) for SCB specimen and over the diameter (D = 2R = 100
mm) for SNDB specimen. These integrations for the averaging purposes are

presented in Equation 4.10.
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B/2
Jogz (2)dz

_ —B/2
z(avg.) —

o for SCB specimen model

. 4.10)
IGZZ (z)dz

zz(avg.) —

o for SNDB specimen model

For the SCB and SNDB model examples here, average confining pressure values
were computed as in the equations below.

0.025

[ (- 2885.42% +0.11152 +4.0937 )z

4.11)
O gy = 8 =3.49MPa for SCB model
‘ 0.05
0.05
[(-614.2827 +0.0009z +3.2958)dz “12)
O gy = oo = 2.78MPa for SNDB model

Again the average confining pressure value 3.49 MPa for SCB model was about

26% higher than 2.78 MPa for SNDB model.

Ideally notch front is supposed to have no confining stress for this unconfined test,
confining pressure was found to affect the fracture toughness before by other
researchers (Backers et. al., 2002 and 2004; Yoon and Jeon, 2004; Al-Shayea et al.,
2000; and Al- Shayea, 2002). Having a smaller confining pressure at the notch
front, SNDB specimen conditions were closer to the desired conditions for the
unconfined fracture toughness tests. Furthermore, having a larger tensile out of
plane stress at the notch front was expected to contribute to the undesired crack tip

plasticity by possibly extending the size of the yield zone.

Comparing the stress intensity factors, for the same S/R ratios and the same notch
front-upper loading point distance (i.e., a/R for SCB model and a/B for SNDB
model) stress intensity factor values for SCB specimen models were about 37%
higher than for SNDB specimen models (Figure 4.31). Again this indicated a
possible more intensive crack tip plasticity. In general, stress intensity factors

increased with increasing notch and span length in numerical models.

89



22

---0--- §/R = 0.8 (SCB) d
20 ~ ”

—o— S/R = 0.8 (SNDB) -
18 A
---a--- S/R = 0.7 (SCB) S

16 |

—+— S/R = 0.7 (SNDB)
14 -
12 -

10 A

Normalized Stress Intensity Factor, Y1

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
Normalized Notch Length (a/R for SCB and a/B for SNDB)

Figure 4.31 Stress intensity factor comparison for SCB and SNDB techniques

For the same normalized notch length and normalized span length data points,
fitting a linear relationship to the Y; results of two techniques (Figure 4.32) the

following regression Equation 4.13.

Y

I1(SNDB)

= 0.7273Y gy, With R?= 0.9991 (4.13)

If the normalized stress intensity factor one method is known, the other can be

calculated by using Equation 4.13.
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Figure 4.32 Y, relation between SCB and SNDB methods
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CHAPTER 5

EXPERIMENTAL STUDIES

In laboratory studies, pink colored Ankara Golbasi andesite blocks were used. Rock
blocks were taken from a quarry near Golbasi region in Ankara. In order to perform
fracture tests, two different specimen shapes were used with three point bending
configuration in experiments. One of them was Semi-Circular specimen under
three-point Bending (SCB), which was used before by other researchers. This
sample geometry was used for comparison purposes; the reason for this choice is
that the simplicity of specimen preparation, laboratory setup and test procedure
(Lim et. al., 1994). The other specimen type was the new disc type specimen
introduced here. Disc samples have not been tested with three point bending
configuration by other researchers, yet. This method was called as Straight Notched

Disc specimen under three-point Bending (SNDB).

Before fracture tests, in order to determine physical and mechanical properties of
the pink andesite, uniaxial compressive strength (UCS) tests and indirect tensile

(Brazilian) strength tests were done.
5.1 Physical and Mechanical Properties of Pink Ankara Andesite

5.1.1 UCS Tests

By considering ISRM’s (1979) suggested methods, UCS tests were performed to
determine uniaxial compressive strength, Young’s modulus and Poisson’s ratio.
Three samples were used in UCS tests and all of them were NX size specimens (=
54 mm) and L/D > 2. The MTS 815 Material Testing System was used in tests. Two
external LVDT transducers were used to measure vertical displacement and

circumferential extensometer was used to measure circumferential displacement.
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Figure 5. 1 UCS test specimen with Figure 5. 2 UCS test specimen with
circumferential extensometer before test circumferential extensometer after test

After experiments, load and displacement data was converted to stress and strain to
achieve stress-strain curves (Figure 5.3). By considering these curves, UCS,

Young’s modulus and Poisson’s ratio were calculated (Table 5.1).

otress (hPa)

fa )

0,002 0 0,002 0,004 0,006 0,008
Lateral Strain Azial Strain
Stramn ()

Figure 5.3 Stress-Strain curve of a UCS test
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Table 5.1 UCS test data and results

Diameter Length L/D uUCS E °

Name =y (mm) (MPa)  (MPa)

UCS-1  54.09 129.10 24 85.11 12365 0.156
UCS-2  54.04 12676 2.3 75.96 12126  0.140
UCS-3  54.11 129.07 24 86.52 12530 0.158

Average 82.53+5.73 12340 0.151

5.1.2 Indirect Tensile Strength (Brazilian) Test

Indirect tensile tests were done to measure tensile strength of the pink Ankara
andesite in accordance with ISRM (1978). Six specimens were used in Brazilian
tests and all of them were NX size samples (= 54 mm) and L/D = 0.5-1. The MTS
815 Material Testing System was used in tests. Two external LVDT transducers

were used to measure vertical displacement.

Figure 5. 4 Brazilian test specimen before test Figure 5. 5 Brazilian test specimen after test
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After experiments, load-displacement curves were plotted (Figure 5.6). According
to these curves, tensile load at failure was achieved and tensile strength was

calculated (Table 5.2).
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Figure 5.6 Load-Displacement graph of a Brazilian test

Table 5.2 Indirect tensile strength test data and results

D L L/D Ty
mm mm MPa

Name

Braz-1 53.45 2935 0.55 6.60
Braz-2 53.43 2786 0.52 5.94
Braz-3 53.30 2732 051 7.15
Braz-4 53.40 28.06 0.53 7.86
Braz-5 53.47 30.23  0.57 7.45
Braz-6 53.40 32.00 0.60 7.03

Average 7.00+£0.67
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5.2 Specimen Preparation

5.2.1 SCB Specimen

Firstly large blocks were brought to the cutting saw lathe by the help of crane and
cut into carriable blocks (Figure 5.7 and Figure 5.8).

Figure 5.7 Crane and lathe Figure 5.8 Block cutting

After that, those blocks were cored with boring machine (¢ =102 mm) , the cores
have diameter of about 100 mm (Figure 5.9). In sample cuttings, rotary saw was
used to cut discs in to about 55 mm thicknesses. Since the diameter of the saw was
so large, deflection occurred. To remove that deviation, cutting discs were polished

with grinding machine to 50 mm thickness (Figure 5.10).
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Figure 5.9 Boring machine Figure 5.10 Polishing machine

By the help of goniometer, center of the disc was marked and a line passing through

the disc diameter was drawn (Figure 5.11).

Figure 5.11 Goniometer on disc sample

The disc was cut into halves following this line by using Smartcut 1004 precision
diamond saw apparatus. It was so difficult to hold the disc with hand during cutting

thus a holding fixture was attached to the Smartcut 1004 (Figure 5.12).
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Holding
Fixture

Figure 5.12 Smartcut with holding fixture apparatus

In order to cut the notch properly according to the desired dimensions an apparatus
was designed by using ABAQUS program (Figure 5.13). Notch length was adjusted
with the help of a digital caliper (Figure 5.14). During the travel of the holding
fixture on the tracks, a notch with the desired length was cut through the specimen.

After notch was cut, load application points were marked on the sample.

ABAQUS

Figure 5.13 An apparatus model to open a straight notch to the semi-circular specimen by using
ABAQUS Program
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Figure 5.14 Cutting platform for half disc specimens

Before loading the specimen, each specimen was coded considering its testing
method, notch thickness-specimen radius ratio (i.e., a/R), span length-specimen

radius ratio (i.e., S/R) and specimen number (Figure 5.15).

SCB0306-1

Semi-Circular &R 2/ Specimen
spectmen under Mo
three-point Bending

Figure 5.15 An example to show SCB code

5.2.2 SNDB Specimen

To prepare SNDB, the same initial steps were followed. After polishing, load
application lines where the roller supports would contact were marked on the discs.
By using ABAQUS program, another apparatus to precisely cut the notches through
the SNDB specimens, was designed (Figure 5.16). Notch length was measured with
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a digital caliper (Figure 5.17). Before loading, load application lines were marked

on the sample.

ABAQUS

Figure 5.16 An apparatus model to open a straight notch to the disc specimen by using
ABAQUS Program

Figure 5.17 Cutting platform for disc specimens

Sample coding was a bit different than the SCB. The SNDB code included testing
method, notch thickness-specimen thickness ratio (i.e., a/B), span length-specimen

radius ratio (i.e., S/R) and specimen number (Figure 5.18).
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SNDB0306-1

Straight Notched Disc  &/B 2E Specimen
under three-point Mo

Bending

Figure 5.18 An example to show SNDB code

5.3 Specimen Geometries

5.3.1 SCB Specimen

In SCB method, radiuses and thicknesses were almost the same and about 50 mm
for each sample. Notch lengths were 5, 10, 15 and 20 mm. Figure 5.19-22 and Table
5.3 show the dimensions of the SCB used in experiments (For some of the detailed
figures see Appendix B, Figure B.1). In experiments, to perform three- point

bending steel roller supports with 10 mm diameter and 100 mm length were used.

o
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107 mm 1
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Figure 5.19 Front view of the SCB Figure 5.20 AA-Cross Section of the SCB
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Figure 5.21 3-D view of the SCB

Figure 5.22 Semi-circular specimens
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Table 5.3 Dimensions of the SCB used in the laboratory work

Name a R B S R sR
mm mm mm mm

SCB0106 1 5.75 49.06 50.30 30.75 0.1 0.6
SCB0106 2 4.75 49.13 50.22 30.75 0.1 0.6
SCB0106 3 5.13 50.00 50.05 30.56 0.1 0.6
SCB0107 1 5.00 50.00 49.91 35.50 0.1 0.7
SCB0107 2 5.50 50.00 50.08 35.75 0.1 0.7
SCB0107 3 5.50 50.00 50.58 35.88 0.1 0.7
SCB0206 1 11.00 49.75 51.03 30.88 0.2 0.6
SCB0206 2 10.25 50.00 49.52 30.75 0.2 0.6
SCB0206 3 10.38 49.50 49.80 30.88 0.2 0.6
SCB0207 1 10.50 50.00 50.55 35.75 0.2 0.7
SCB0207 2 10.00 50.00 50.11 35.88 0.2 0.7
SCB0207 3 10.25 49.50 50.75 35.75 0.2 0.7
SCB0306 1 15.25 50.00 49.89 30.75 0.3 0.6
SCB0306 2 15.50 50.00 49.27 30.75 0.3 0.6
SCB0306 3 15.38 50.00 50.67 30.75 0.3 0.6
SCB0307 1 14.63 49.50 49.81 35.75 0.3 0.7
SCB0307 2 14.50 49.75 50.75 35.75 0.3 0.7
SCB0307 3 17.00 50.25 51.26 35.88 0.3 0.7
SCB0406 1 20.50 50.00 49.84 30.88 0.4 0.6
SCB0406 2 19.88 50.25 49.43 30.75 04 0.6
SCB0406 3 20.13 50.25 50.96 30.75 04 0.6
SCB0407 1 21.13 50.19 50.32 36.00 0.4 0.7
SCB0407 2 20.50 50.00 50.64 35.75 0.4 0.7
SCB0407 3 20.00 50.00 50.39 35.88 0.4 0.7

5.3.2 SNDB Specimen

In disc specimens, diameters were almost the same and they were equal to
approximately 100 mm. Thickness of the discs was almost 50 mm. Moreover, span
length was changed between 35 and 40 mm. Notch thicknesses were chosen 5, 10,
15, 20 mm. The geometry of the disc samples was illustrated in Figure 5.23-27 and
the dimensions of the SNDB samples are listed in Table 5.4 (For some of the
detailed figures see Appendix B, Figure B.2). The same steel support rollers with 10

mm diameter and 100 mm length were used.
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Figure 5.23 Front view of SNDB

Figure 5.25 Top view of the SNDB

A_

Figure 5.27 Disc specimens
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Figure 5.24 AA-Cross Section of SNDB

Figure 5.26 3-D view of the SNDB




Table 5.4 Dimensions of the disc specimens used in the laboratory work

Name a D R B S .pgr
mm mm mm mm mm

SNDB0106 1 6,50 101,74 50,9 50,1 30,88 0,1 0,6
SNDB0106 2 5,50 101,02 50,3 49,6 30,31 0,1 0,6
SNDBO0106 3 5,00 100,98 50,5 50,1 30,51 0,1 0,6
SNDB0107 1 5,50 101,85 50,9 50,4 3592 0,1 0,7
SNDB0107 2 5,50 101,48 50,8 50,2 35,76 0,1 0,7
SNDB0206 1 10,00 101,83 50,9 48,0 3091 0,2 0,6
SNDB0206 2 9,75 101,80 50,9 48,1 30,89 0,2 0,6
SNDB0206 3 9,75 101,71 50,8 47,8 30,85 0,2 0,6
SNDB0207 1 10,50 101,67 50,8 49,7 35,84 0,2 0,7
SNDB0207 2 10,75 101,81 50,9 50,2 35,90 0,2 0,7
SNDB0207 3 9,75 101,80 50,9 50,4 35,90 0,2 0,7
SNDB0306 1 15,63 101,68 50,9 50,1 30,86 0,3 0,6
SNDB0306 2 15,25 101,68 50,8 50,0 30,85 0,3 0,6
SNDB0307 2 15,38 101,77 50,9 51,1 35,89 0,3 0,7
SNDB0307 3 15,50 101,68 50,8 50,0 35,83 0,3 0,7
SNDB0406 1 20,50 101,65 50,8 50,5 30,80 0.4 0,6
SNDB0406 2 20,25 101,68 50,8 50,9 30,85 0,4 0,6
SNDB(0406 3 20,00 101,43 50,7 50,0 30,66 0.4 0,6
SNDB0407 2 20,00 101,70 50,9 51,3 35,87 0.4 0,7
SNDB0407 3 21,00 101,76 50,9 51,2 35,88 0.4 0,7
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5.4 Loading System

MTS 815, servo-controlled hydraulic testing machine, was used as loading system
in the experiments. The testing machine contains two main parts, which are

Electronic Components and Servohydraulic Devices and Mechanical Components.

5.4.1 Electronic Components
5.4.1.1 458.20 MicroConsole

The MTS 815 Material Testing System has been configured with a 458.20
MicroConsole. 458.20 MicroConsole supplies closed-loop control of the test
system. In particular, it contains controls and indicators required for system
operation, such as cycle counter, digital display, hydraulic pressure, program

run/stop, emergency stop and interlock controls.

The 458.20 MicroConsole has been configured with a 458.13 AC Controller and a
458.11 DC Controller (Figure 5.28).

458.20

3
MicroConsole

Figure 5.28 458.20 MicroConsole
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5.4.1.2 458.13 AC Controller

458.13 AC Controller (Figure 5.29) is used for controlling and measuring
displacement. Zero control is used to adjust transducer conditioner output for zero
volts when mechanical input to the transducer is at a desired zero condition. Set
Point control is used to position of the Lower platen of the Load frame. £ 50 mm
linear variable differential transformer (LVDT) transducers signals are picked
through the 458.13 AC Controller and output data is seen from the 458.20

MicroConsole’s digital indicator and recorded to computer.
5.4.1.3 458.11 DC Controller

A 458.11 DC Controller (Figure 5.29) is used for controlling and measuring load. In
this laboratory work, since loading condition was displacement controlled, DC
Controller was used only for measuring. Zero control is used to regulate transducer
conditioner output for zero volts when mechanical input to the transducer is at a
desired zero condition. As LVDT transducers signals, load signals are from the DC

Controller are sent to MicroConsole’s digital display and recorded to computer.

45843 AC Cnirlr 488,11 DC Coirir

voel et

- -
Display Control

Set Point

AR

L

'

Displacoment
80 mm

Figure 5.29 458.13 AC and 458.11 DC Controllers
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5.4.1.4 418.91 Micro Profiler

418.91 Micro Profiler (Figure 5.30) is configured with MTS 815 to provide
command programs for tests in force, strain, displacement, temperature and other
test control parameters. The Micro Profiler generates waveforms to satisfy

command programs.

The Micro Profiler has three operating modes, which are the “Programmed” mode,
the “Direct” mode and the “Remote” mode. “Programmed” mode is used in order to
create segments and grouping them together to form a block or a waveform
program. Up to 99 programs and 99 blocks can be stored under “Programmed”
mode. The “Direct” mode is preferred for immediate execution. Up to 9 programs
can be stored under “Direct” mode. The “Remote” mode allows the Micro Profiler
to be controlled by a computer. In this study, “Direct” mode was used with program
4 for displacement controlled loading. For loading period, rate was adjusted to
0.005. Namely, 0.005 means that 0.005% full-scale in one second (i.e. since the
100% full-scale equals to 100 mm, rate was 0.005 mm/sec).

Figure 5.30 418.91 Micro Profiler

5.4.2 Servo-hydraulic Devices and Mechanical Components

Some of the basic servo-hydraulic devices and mechanical components of the MTS

Material Testing machine are briefly described in paragraphs below.
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5.4.2.1 The MTS Series 315 Load Frame

The MTS Series 315 Load Frame (Figure 5.31 and Figure 5.32) consists of a
movable crosshead to accommodate various sized specimens and load cell
mounting, columns on which the crosshead travels, and a base that provides
actuator mounting. This actuator has a heavy, one piece, U-shaped upper frame
bolted directly to the base plate. This set-up provides very high loading capacity in

a compact frame.

Figure 5.31 SCB Configuration Figure 5.32 SNDB Configuration
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Two feedback transducers are included in the frame structure. One is differential
pressure (AP) cell which monitors the difference in pressure on each side of the
actuator piston. Output signals from this transducer are calibrated to represent the
force output of the actuator. The other is an internal linear variable differential
transformer (LVDT) which provides stroke control of the actuator during specimen

handling (MTS System Catalog, 1992).

In the system, the internal AP based load cell is rated 2800kN. In order to increase
the accuracy, an external 500 kN force sensor (load cell) with + 0.25 kN accuracy is

added to the system to measure load.

In the system, to measure displacement an internal LVDT transducer is used. The
LVDT capacity is + 50 mm with + 0.01 mm accuracy. For this study, in addition to
internal LVDT, in fracture tests two external LVDT transducers were used to
measure vertical displacement (Figure 5.31 and Figure 5.32). The capacity of the

external LVDT transducers is = 10 mm with + 0.005 mm accuracy.

For these fracture tests, to measure the Crack Mouth Opening Displacement
(CMOD), crack opening displacement gage was used. The capacity of the gage is +

4 mm with £ 0.0001 mm accuracy.

5.4.2.2 Hydraulic Power Supply

The Model 506.01E Hydraulic Power Supply (HPS) provides pressurized hydraulic
fluid to the servovalve, which converts a control signal (from AC, DC, or Valve
Controller) to control the direction and amount of fluid flow to the actuator, or
hydraulic service manifold, which filters and distributes fluid to the servovalves. An
HPS typically contains a reservoir for hydraulic fluid, a pump to pressurize the
hydraulic fluid, a motor to run the pump, a heat exchanger to cool the hydraulic

fluid, and sensors to monitor the level and temperature of the hydraulic fluid.
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5.5 Data Acquisition Devices
5.5.1 DBKS80 Analog Multiplexor

The DBKS8O0 is a low-noise, high-speed, unity-gain multiplexer card that provides 16
channels of differential voltage input. Maximum voltage range is +10 V with

typical £[0.025% +150 pV] and maximum #[0.1% +250 puV] accuracy.

In this study, the external load cell (for all experiments in the study), the
circumferential and axial displacement (for stress-strain analysis) data were
acquired with DBK80 device from Channel P10-1, Channel P10-3 and Channel
P10-4, respectively. All these data obtained in terms of volts therefore conversion
was required. For external load cell 1 V equals to 50 kN, for circumferential

displacement 1 V equals to 0.4 mm, for axial displacement 1 V equals to 10 me.
5.5.2 DBKA43 and DBK43A Strain-Gage Cards

DBKS80 connects to the primary data acquisition devices, which are DBK43 and
DBK43A strain-gage cards (Figure 5.33). They are designated as P1 — Analog I/O
as DBKS80 Analog Multiplexor.

In these tests, the COD was achieved with DBK43 Strain-gage card from Channel
P11-0. For COD 1V equals to 0.25 mm. the external LVDT transducers’ data was
acquired with DBK43A Strain-gage card from Channel P12-0-0 and Channel P12-

0-1. For the transducers, 1V equals to Imm.
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Figure 5.33 DBK80 Analog Multiplexor, DBK43 and DBK43A strain-gage cards

5.6 Data Acquisition Program

As a data acquisition program DaqView, which is a 32-bit Windows-based

software, is used. DaqView can be used to operate DBK cards and modules.

In these experiments, after starting the program, firstly, the required channels by
considering experiment type were turned on in channel setup (Figure 5.34). In
Acquisition Setup Tab (Figure 5.35) trigger and stop events were selected as
manual. Scan rate was chosen as 20 scan per second and averaging was equal to
scan rate. Therefore at the final data the scan rate was equal to 1 scan per second.
Then by using Data Destination Tab (Figure 5.36), file formats and directories for
acquired data was selected. After controlling channels working or not, “Acquire”
item was selected under “Data Menu” to start data acquisition. After data
acquisition started, the “Run Button” was turned on the MicroConsole and “Direct
Module”, “Run Enable” and “Program 4” were selected on Micro Profiler. After
output data acquisition finished, the data exported to an Excel file and required

graphs were plotted.
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Figure 5.35 Acqusition Setup Tab

Figure 5.36 Data Destination Tab

5.7 Result of Three-Point Bending Tests

5.7.1 SCB Results

While SCB tests were performed, the data was recorded and by using this data

Load-Displacement and Load-CMOD curves were plotted (in Appendix A, Figure

A.1). Considering these graphs and error bands of these graphs, the maximum load,

maximum vertical displacement and maximum CMOD (CMODy) were determined

as in Table 5.5. By using maximum loads (i.e. critical load), fracture toughness

(Kjc) of the Ankara andesite was calculated. Kj¢ is calculated from the Equation 5.1.
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where

K[C = Ylo-cr\/%

Y; = normalized stress intensity factor

_ P

cr

cr

2RB

P, =load at fracture

R = specimen radius

B = specimen thickness

5.1)

According to Equation 5.1, K;¢ values for each SCB were calculated (Table 5.5).

Table 5.5 Fracture data for each SCB

Pcr DlSp CMODf KIC

Name kN mm mm  Mpavm
SCB0106 1 12.0971 0.2443 0.0334 1.0963
SCB0106 2 12.4716 0.1991 0.0354 1.0277
SCB0106 3 10.0775 0.1947 0.0276 0.8503
SCB0107 1 8.3371 0.1622 0.0310 0.8311
SCB0107 3 8.1073 0.1795 0.0290 0.8365
SCB0206 1 9.0401 0.2032 0.0200 1.0437
SCB0206 2 7.5400 0.1666 0.0456 0.8616
SCB0207 1 6.6518 0.1814 0.0391 0.9158
SCB0207 2 6.9520 0.1849 0.0414 0.9421
SCB0207 3 6.9519 0.2174 0.0327 0.9514
SCB0306 1 5.6300 0.1599 0.0430 0.8074
SCB0306 2 6.2028 0.1379 0.0439 0.9081
SCB0306 3 5.8404 0.1337 0.0416 0.8281
SCB0307 1 4.4179 0.1403 0.0471 0.7686
SCBO0307 3 5.3761 0.1079 0.0527 0.9652
SCB0406 1 5.1942 0.1614 0.0465 0.9754
SCB0406 2 5.8923 0.1433 0.0488 1.0931
SCB0406 3 6.8518 0.1748 0.0569 1.2406
SCB0407 1 3.6205 0.1171 0.0540 0.8312
SCB0407 2 4.8035 0.1364 0.0586 1.0837
SCB0407 3 3.8264 0.0912 0.0468 0.8569
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According to the Table 5.5, maximum load decreases with increasing notch and
span length (Figure 5.37). Failure load values with increasing vertical displacement

values at peak loads are plotted in Figure 5.38.

To see the effect of crack mouth opening at failure (CMODy) on a/R and S/R,
normalized CMODx (i.e., P,/CMODy = k) versus a/R graphs were plotted for each
S/R ratio. From the plot, it is seen that ks which is a kind of measure of specimen

stiffness decreases with increasing notch and span length (Figure 5.39).

Fracture toughness of the Ankara andesite using SCB technique was found as

0.93+0.11 MPav/m (Figure 5.40).
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Figure 5.37 Load-Normalized Notch Length Curve of SCB
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Figure 5.40 Fracture Toughness-Normalized Notch Length values for each SCB specimen

5.7.2 SNDB Results

Data about load, vertical displacement and CMOD were recorded during SNDB
tests. As a result of this data, Load-Displacement and Load-CMOD curves were
plotted (in Appendix A, Figure A.2). Considering these graphs and error bands of
these graphs, the maximum load, maximum vertical displacement and CMODs were
achieved (Table 5.6). By using maximum loads (i.e. critical load), fracture

toughness (Kjc) of the Ankara andesite was calculated. K¢ is calculated from the

Equation 5.2.

K, =Yoo Nm (5.2)

where

Y; = normalized stress intensity factor

P, =load at fracture

R = specimen radius
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Table 5.6 Fracture data for each SNDB

N Pcr DlSp CMODf KIC
ame kKN mm mm  Mpay/m

SNDB0106 1 26.0200 0.2247 0.0347 1.1423
SNDB0106 2 24.5487 0.2064 0.0299 1.0140
SNDB0106 3 21.7122 0.2597 0.0334 0.8481
SNDB0107 1 18.3374 0.2336 0.0341 0.8600
SNDB0107 2 20.3098 0.2057 0.0352 0.9585
SNDB0206 1 15.8817 0.2013 0.0350 0.8409
SNDB0206 2 16.3458 0.2075 0.0380 0.8553
SNDB0206 3 16.5352 0.1799 0.0414 0.8665
SNDB0207 1 13.6487 0.1761 0.0419 0.8727
SNDB0207 2 15.0582 0.1626 0.0450 0.9717
SNDB0207 3 15.5684 0.1789 0.0398 0.9567
SNDB0306 1 15.7280 0.2029 0.0471 1.0682
SNDB0306 2 14.4561 0.1770 0.0443 0.9706
SNDBO0307 2 12.9169 0.1927 0.0488 1.0380
SNDB0307 3 12.1495 0.1748 0.0548 0.9824
SNDB0406 1 10.3262 0.1318 0.0488 0.9007
SNDB0406 2 12.2497 0.2098 0.0532 1.0601
SNDB0406 3 12.4307 0.1419 0.0513 1.0772
SNDBO0407 2 9.5955 0.1479 0.0480 0.9947
SNDB0407 3 10.3772 0.1762 0.0573 1.1019

By using data in Table 5.6, maximum load decreases with increasing notch and
span length (Figure 5.41). Failure load values with increasing vertical displacement

values at peak loads are plotted in Figure 5.42.

k¢ versus a/R graphs were plotted as in SCB studies, the k; value decreases with

increasing notch and span length (Figure 5.43). Fracture toughness of the SNDB

technique for Ankara andesite equals to 0.96+0.09 MPa+/m (Figure 5.44).
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5.7.3 Comparison of the SCB Test with the SNDB Test

In experiments, specimen preparation of the SNDB was easier than SCB specimen.
Notch cutting of SCB specimen was difficult process owing to the curved surface of
the specimens. Moreover, this curved surface caused problems in attaching upper

roller support loading arrangement on it because of the curvature of the top surface

of the specimen.

The stiffness k¢ values of both specimen types were plotted in Figure 5.45 for S/R =
0.7. The stiffness values for SNDB are seen to be approximately 120% higher. This
means that with the same notch and span length, maximum load values achieved
with SNDB method are higher than SCB method load values. Higher failure load
levels will be an advantage considering the accuracy of the load measuring system.
With our load measuring and data acquisition system, error band of the load-
displacement curves of SNDB test was observed to be less than the error band of

the load-displacement plots of SCB tests.
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Figure 5.45 Comparison of both methods for k; versus notch length
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The error band difference is seen clearly in the Figure 5.46 (more figures about
Load-Displacement and Load CMOD curves are in Appendix A, Figure A.1 and
A.2).
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Figure 5.46 Comparison of Load-Displacement and Load-CMOD plots of SCB and SNDB tests

Fracture toughness values of pink colored Ankara Golbasi andesite were
0.9320.11 MPavmand 0.96+0.09 MPav/m for SCB technique and for SNDB
technique, respectively. Results show that the standard deviation calculated for
fracture toughness of SNDB method is less than the SCB method, possibly

indicating that SNDB method produces more accurate results.
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CHAPTER 6

CONCLUSIONS

A new testing method was introduced to determine Mode I fracture toughness of
rock core specimens. The new method named as SNDB uses Straight Notched Disc
specimen under three-point Bending. 3D Numerical modeling was carried out with
FE program ABAQUS to find and develop relationships for the stress intensity
factors with varying disc specimen geometries. Models were also developed for
well-known specimen type SCB for verification and in order to compare the results

of this work to the previous results of other investigators.

In the numerical models, for both SCB and SNDB specimen type stress intensity
factors increased with increasing notch length and increasing span length. Stress
intensity factor in general were higher for SCB specimen models than SNDB
specimen models. For both methods stress intensity factors slowly increase for
crack fronts far from the upper roller support loading point, that is small a/R ratios
for SCB specimens and small a/B ratios for SNDB specimens between 0.1-0.5.
Then a rapid increase is observed as crack front approaches to the upper boundary
load application point. Variation in stress intensity factors for varying span distance

(S/R ratios) is not as much as for crack front-upper loading point distance.

For the same S/R ratios and the same crack front-upper loading point distances (a/R
for SCB and a/B for SNDB) stress intensity factors values for SCB specimen
models are a little bit higher than for SNDB specimen models. Also crack tip tensile
yield zone and tensile crack front confining pressure were higher for SCB specimen
models. This means that a more intensive stress field with higher values of crack tip
stresses exists at the crack tip for SCB specimens. This might cause more extensive

yield zone and higher crack tip plasticity leading to deviations from the assumptions
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of LEFM. That is why the new testing method with SNDB specimens is expected to

produce more accurate results being less affected than crack tip plasticity.

In the experimental work, higher loads were observed for SNDB method tests than
for SCB method tests. Failure load decreased with increasing notch length for both

techniques. From fracture tests, fracture toughness of SCB technique is equal to
0.93+0.11 MPav/m and  fracture toughness of SNDB technique is equal to

0.96+0.09 MPa\/E . As seen from the values, there is a little difference between
SCB and SNDB tests.

Recommendations

The effects of the notch angle and thickness, specimen diameter and thickness can
be examined by numerical methods. The type of the notch can be changed to see the

variation in normalized stress intensity factor.

The newly developed testing method, SNDB can be tried with other types of rock

which have different characteristics.

In experiments different notch angles and thicknesses and various specimen
diameters and thicknesses can be tested in order to observe their effects on fracture

toughness.

Besides the Mode I normalized stress intensity factor, pure Mode II normalized
stress intensity factor should be studied by numerical modeling. Moreover, by
considering numerical results pure Mode II fracture toughness should be

investigated by changing notch angle in experiments.

Number of experiments could be increased to satisfy the accuracy. Various span

and notch lengths should be studied to extend the application of the test.
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APPENDIX A

LOAD-DISPLACEMENT AND LOAD-CRACK
MOUTH OPENING DISPLACEMENT CURVES OF
TESTS
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Figure A.1 Load-Displacement and Load-CMOD curves of SCB tests
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Figure A.2 (Continued) Load-Displacement and Load-CMOD curves of SNDB tests
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Figure A.2 (Continued) Load-Displacement and Load-CMOD curves of SNDB tests
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Figure A.2 (Continued) Load-Displacement and Load-CMOD curves of SNDB tests
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Figure A.2 (Continued) Load-Displacement and Load-CMOD curves of SNDB tests
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Figure A.2 (Continued) Load-Displacement and Load-CMOD curves of SNDB tests
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APPENDIX B

SPECIMEN PHOTOS AFTER EXPERIMENTS

Figure B.1 Some of the SCB specimen photos after experiments
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Figure B.2 Some of the SNDB specimen photos after experiments
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