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ABSTRACT

PURE TENSILE FRACTURBVMODELLING AND TOUGHNESS MEASUREMEN®
ON BRAZILIAN DISCS OF ANDESITE AND MARBLE

¥zdojan, Canseén
M.S., Department of Mining Engineering
Supervisor: Prof . Dr . Levend Tut

August 2017, 18 pages

In fracture mechanics, mode | loading type is characterized by opening of cracks in
tension.Considering the convenient availability samples from drilling work of the site
investigations, carbased specimen geometries ammmonly used in rock fracture
testing. Threeor fourpoint bending loading and compressive loading are major loading

configurations for fracture toughness testing.

For the investigation of geometric parameters in tensile fracturing of Brazilian disk type
geometries, Flattened Brazilian disc (FBD) method is employed for mode | fracture
toughness testing. This method is chosee @ simple specimen preparation procedure
and loading configuration. Brazilian disc geometry is constructed with opposite flat ends
corresponding to specific loading angles from the specimen center. Testing with this core
based geometry can lmnductedwithout precracking. Disc with flattened ends is
subjected to compressive loading alongtieat diametric line. @mpressive loading

generates a centerline crack under tensile opening mode.

Numerical modeling is conducted to compute mode | stresasityefactors for the

centerline crack initiation. Parametric relations are proposed to express stress intensity



factor in terms of the geometric entities of the samples. Improved equations established
the relations between the stress intensity factdrlaading angle for a wider range of

loading angles than those of the previous work. The range was expandeé‘tfrmm 250 A.

Two rock types as Ankara andesite and Afyon marble were included in the testing work.
Average mode | fracture toughness was measas?2 . 5 8 NO .18 andM.P&A3 NO . 2 7
MPa/id , respectively for 75 mm core specimens of andesite and marble. For 100 mm
diameter samples, mode | toughness values ®ere3 4 N O ./ Sfor ahBesite and

3. 04 N0 pd foor mdBle

Specimen sizeeffect on the toughness was estigated by employing two different
diameters of 75 mm and 100 mm for andesite and marble core samples. The size effect is
observed to be around 30% (3.34/2.58=1.29) for andesite h@&imgm and 100 mm

diameter.

KEYWORDS rock fracture testingnode | fracture toughnedtattened Brazilian disc
method fracture numerical modelling

Vi
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ANDEZKT VE MERMER BRAZKLSAMN DEKIRKEIMA RKNDE
MODELLEMESK VELTQKL UK

¥zdojan, Cansén
Y¢éksek Lisans, Maden M¢ghendi sl ifji
Tez Y°neticisi: Prof . Dr . Levend

AjJ ust o d48sayal 7 ,

Kérél ma mekanijindeembidsindegrk| @m&lsan - ekimles
edi |l mektedir. Kaya ker el ma testlerinde }
et ¢dl erindeki del me faaliyetlerinden el de

ol arak kull anél maktladeérv.e |b-asimae yd°krl te nred ketr e

testi i -in °nemli y¢kleme kekl i dir.
Brazilyan disk tipi geometrilerin -ekme K
arakteéermasénda mod | keréelma tokluju test
kullan € | makt adeér . Bu metod kolay numune haze
sebebiyle tercih edil mektedir. Brazilyan ¢
ge-en belirli yekl eme a-éel aréna g°re d¢zl
hen¢z -atl ak a-él madan ger-eklexktirilebil m
yé¢ke di key -apsal hat boyunca etKki et mekt
boyunca -atlak olukumunu sajl ar.

Sayésal model | eme mer kezidle kbka knl anyoadn |- ag d rai
faktorl erini hesapl amak amacéyla yapél makt
°©zg¢ geometrik parametreler cinsinden i f
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°ner i | nkeykitleedkiorr.mg | Ear , ger i |l meexk?ddeki f ak & R me
daha genik bir y¢kleme a-é& aral éjé araseéenda i

derece arasénée kapsamaktader.

Test -al ékmasénda Ankara andezit Il e Afyon m
kull anél méktoédr .1 Ofr atal akna t onk| uj u 75 mm -apl é
numurelerinde2 . 58 NO ./& 4e 3BMPa3 NO ./ 7o IMPraak ©°1 - ¢l megkt ¢r .
-atlak toklujJu her iki 3003NMMNVE BepnéRer°r nekt e a
i -3.n04 NMPa@ 6dir .

Tokluk ¢ zeri ndeki boyut sal et ki, 75 mm ve 100 mm

mer mer kar ot numunel eri ni kull anarak i ncel enmi
100 mm -apl arda @B342&681.29 Urz¢ lcmyatr £m.d a

Anahtar Kelimeler: kayk ér €l ma testi, mod | -atlak tokl uju

di sk y°ntemi, keréelmaya ilikkin sayeéesal model |
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CHAPTER |

INTRODUCTION

In nature, the rocks contain different size cracks changing from microscale to macroscale
and the cracks or flaws can exis distinct shapes. These defects cause accumulation of
infinite stress concentrations around the crack and is responsible for the stress
transformation at the crack tip due to crack orientation. Thus, depending on the magnitude
of stress, crack starte form or propagate after failure, namely fracture happens. The
science of rock fracture mechanics is primarily interested in fracture behavior during
loading and fracture toughness, which is an expression of crack resistance to propagation
of the crack. m development of fracture mechanics, supplementary fields of mechanics
are benefitted to settle important relations between fracture and failure of the rock. These
areas are summarized as continuum mechanics, solid mechanics, the elasticity and

plasticitytheories.

In classical mechanics, the materials are assumed to be flawless or without any cracks.
However, fracture mechanics focuses on the material having cracks or defects. With
regard to this, Inglis (1913) initially presented his mathematical solutiwlved with a
elliptical hole defined in a plate by holding the linear elastic material assumption. This
was concerned about high stress concentrations around elliptical cracks and ever yielding
material condition. Then, Gritf h 6 s e ar | i ddined sivess ilktenditylf&ctdrig



a large amount of stress gathered at the crack tip compared to the rest of material by using
|l nglisd view about stress concentration.
that an increase in the potential eneigyspent to the formation of new crack surfaces.
Thus, Griffith (1921) invented the relation between stress intensity f&ctord critical

energy release rat€c. After the development of elastic solutions, Irwin (1948) modified

the Griffith theory byshowing the plastic deformation in the metals. Later, Rice (1968)
pioneered the field of the elastic plastic fracture mechanics by taking the plastic region

concentrated around the crack tip into account using a simple mathematical theory.

1.1Some fracure mechanics applications in the past

This part covers the important structures related to praoticéhe use of fracture
mechanics in the pasRegarding this, the structures such as Liberty ships, aircrafts
constructed during both World Wars providedny practical solutions against failures.
Until World War I, rivets and bolts had been used as local crack arresters to prevent
catastrophic failures. In World War Il, weldment techniques began to be applied upon
ships against fractures; however, 103indge or accidental events related to Liberty
ships were recorded. This was caused by the ignorance and limited data about the fracture
properties of welds. In the report about ship accidents (Kobayashi and Hisahiro, 1943),
these brittle fractures in LibgrShips occurred because high strength and ductile steels
transformed into low strength and brittle steels at low temperature. Herein, low
temperature caused the steel to show builtietile transition property and so many ship
accidents happened in wirntiene. Besides this, low weldability of steel, low weld quality

and poor design were responsible for them.

In the 1950s, another disaster was the first jetliner of the World named as Comet aircraft,
which happened because of very small fatigue crackstiagiat the rivets surrounding

the openings of window. These cracks were aroused from the square shape of window

whose sharp corners caused greater stress concentration than curved or oval edges.
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Moreover, repeated cabin pressure with the ups and dowmekea the metal to be
fatigued (Shukla, 2005).

In the past, bridge collapses such as Point Pleasant Bridge disaster were experienced due
to structural integrity. In this manner, the usage of only special material becomes
inadequate, also tangled relatiomstween materials, design, fabrication and loading

conditions might raise fracture problems (Shukla, 2005).

The previous catastrophic events and investigations about them built up fracture
mechanics knowledge applied in the fields of mechanical engigeeaerospace
engineering, civil engineering, metallurgical engineering and mining engineering. From
mining engineering perspective, the rock material and rock mass are with inherent cracks,

discontinuities such as joints, voids.atiferent from other diciplines.
1.2 The statement of the problem

Mode | fracture toughness is of interest in rock cutting, rock fragmentation, hydraulic
fracturing. In underground mining applications, compressive loads are activated by the
overburden stress. Stress conceitrstdue to the excavationduced activities lead new

crack surfaces to initiate.

For themeasurement abck fracture toughnesthere are some methodscommended

by ISRM and ASTM.The methods suggested by ISRM ateevron bend (CB),
(Oucherlony, 1988) short rod (SR), (Ouchterlony, 198&yacked chevron notched
Brazilian disc (CCNBD), Kowell, 19%) and semucircular bending (Kuruppu et al.,
2015. Brazilian type methods with compressive loading on disc specimens include
cracked chevronotched Brazilian disc (CCNBD), (Shetty et al., 1985), cracked straight
through Brazilian disc (CSTBD), setuircular bending test (SCB) (Chong and Kuruppu,
1984), Brazilian disc (BD) (Guo et al., 1993), flattened Brazilian disc (FBD) (Wang and
Xing, 1999.



Abouttheflattened Brazilian disc (FBD) testing method research outcomes like accurate
stress intensity factors with tedious modeling work, testing procedure requirements, and
reliable test results for a wide range of different rocks are limitéth recent improved
fracture modeling and statistical processing techniques, it is possible to produce new
expressions for stress intensity factors and fracture toughness measurement with FBD

geometry.
1.3 The objective of the study

The major ainof this stuly is to measure the mode | fracture toughness values of the

rocks in an improved and a more reliable way.

Although in previous studies, SIF solutions obtained from FBD related numerical models
were profoundly investigated, there is still need for impnosets. This study is designed
to improve the quality of stress intensity factor computations by advanced numerical

fracture modeling.

The second aim is to generate an improved parametric equation in order to compute stress
intensity factor (SIF) in termef the loading angle. Loading angle controls the width of

the flat loading ends and thus the ideal specimen geometry to be used in testing.

Final goal is to check if selected rock types show a significant size effect as reported in
the previous work byBaza nt and P f eBaarit ad Kazem{19909, Bazant

et al. (1991),Bazant et al. (1995, 199&nd Tutluoglu and Keleq2011). In recent
literature survey, it is observed that there is a scant amount of researches interested in size
effect issue ofmode | fracture toughness measurements. This study aims at presenting

extra findings and more explanations.



1.4 The methodology of the study

The first task is to create precise numerical models retateBD specimen geometries
with the same boundaryunditions as in laboratory work. Testing work follows next on
two rock types having different grain size and matrix.

In numerical work, according to input parameters obtained from mechanical properties
of the rocks, FBD models are constructed by using QBIS v12. finite element
program. Three major stages are the model generation, the mesh convergence study and
the generation of the stress intensity factors (SIFs). Then, statistical processing of
numerical modeling results yield expressions for estim&lfgn terms of loading angle

and critical crack lengths of specimen geometries of various diameters.

Numerical models are generated under 2D plane strain condition to simplify the problem
and save time. According to this, proper FBD geometries are gotestrat each defined

loading angle to catch convenient equations.

In experiments, two rock tysenamelyandesite and marble aosed in testing. These
rocks are commonly used in the pavements, subway, wall lining, decoration etc. and are
easily acessille. Ankara andesite is a pinkiginay colored, fine grained, slightly
weathered, massive, strong, igneous rock with some vesitigs Afyon marble is a
beigelight gray colored, fine grained, fresh, strong metamorphic rock containing several
micro fractues oriented in different direction§Vith the choice of these rocks, the

variation in mode | fracture toughness results is assessed based on rock type.

In the experimental work, there exists three subdivisions containing the preparation of
specimen, tessetup and size effect investigation. Firstly, specimen proper for FBD
geometry with a specific loading angle is ready for testing and appropriate test procedure
is applied by MTS 815 Rock Testing Machine in laboratory. In interpretation part, the
consiseéncy between past apdesentresults are controlled and size effect is monitored

according to current results.



Numerically computed critical crack lengths and experimentally measured critical crack
lengths are compared to assess the quality of the mgdedtirk to simulate real testing

conditions.

Two fitting equations derived byutluoglu and Keles (2011) are used in experimental
studies. There are sorakortcomings of these equations. The drawbacks of the equations
can be listed as low fit quality, wrgrnselection of parameters and narrower range of
loading angle. Thereforehese equations can lead to controversial and misleading
interpretations regarding site investigation and material design parameters. In this respect,
an improved numerical equatias proposed. In order to monitor extensive fracture
behavior of the material, the range of loading angle is relatively enlarged compared to the
study investigated by Tutluoglu and Keles (2011).

1.5 Sign convention

This work is performed by means of ABAQURIite element program utilized for
analyzing the general engineering applications. During interpretation stage, the sign of
mechanics used in ABAQUS program play an important role in the verification of the
model. In the contrary to rock mechanics conmentstresses, strains and displacements
having negative sign are interpreted as in compression whereas positive ones are in
tension. Furthermore, ABAQUS program definesrdaotates axes as the digitslof2, 3

in three dimensional space corresponding, tp, zaxes in tensor notation. According to

this,, is denoted byY and’Y gives the normal stress value alondisection. Initial
coordinate system referred to global reference systeyn  is transformed into the local
coordinate axes of 6 , lgcéted INnABAQUS visualizaan part”'Y6 i s expressed
the horizontal normal stress perpendicular to crack plane in this studyWlile b e c 0o me s

the vertical normal stress parallel to crack plane.

The signs of stress intensity factors uno®de | and mode Il loading&(andKj) are
interpreted differently from those of stresses. For instance, poKitwaue is obtained
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as a result of the crack opening subjected to the tensile stresses which is interpreted as
positive. Similarly, the sign oK) value changes upovhether crack is opened or closed.
Negative sign irK; is induced by the negative shear stresses due to the closing of crack

along crack line.

1.6 Outline of thesis

In Chapter 1, a brief introduction and some historical events about fracture meehenics
presented and in Chapter 2, rock fracture toughness tests suggested by ISRM and ASTM
and former investigations about fracture toughness are discussed. In Chapter 3, numerical
analysis related to various FBD geometries is presented to achieve nraisgyiistensity

factor equation. In Chapter 4, preliminary experimental stuaiesprocedurapplied

upon FBD specimens are conducted to obtain reliable and consistent fracture toughness
results. In Chapter 5, experimental results, discussidrcomparison about FBD method

and BD methoddés results are presented. Fi

FBD experiments, FBD and BD methsate given in Chapter 6.






CHAPTER 2

THEORETICAL BACKGROUND OF ROCK FRACTURE MECHANICS

Fracturemechanics is the science of the materials having cracks, defects and flaws. These
irregularities may lead structural failures because of high stress concentrations at local
points. To prevent these failures and expand focus of this area, cnackbased

theoretical studies and definitions were presented until now. Here, some of them were

provided.

2.1Fracture modes

Irwin (1957) firstly described basic fracture modes with respect to loading conditions at
the crack tip. In Figure 2.1, three independent enoentsalongx, y, zdirections defined

in local Cartesian coordinate system are shown. They are expressed as mode | (pure
tensile or opening mode), mode Il (sliding mode) and mode Il (tearing mode) which are
respectively in plane and out of plane sheades based on loading types. According to

this, a crack can initiate and propagate in three principal n{@ssmanith, 1983).



y —T|Y Y
X K2\ X X
-t

z z z

(a) (b) (€)

Figure 2.1 The principal fracture modes with respect to loading type: (a) mode |
(opening), (b mode Il (sliding),(c) mode 1l (tearing).(Chin Teh Sunand Zhihe Jin
2012)

2.2Linear elastic fracture mechanics(LEFM)

According toLEFM, the material is presumed to be homogenous, isotropic and linear
elastic. More importantly, plastic zone surrdurg crack tip is assumed to be very small

for brittle rocks. Elastic ModulusE} and Poi sis are @lastic Ratéerinlo  (
propertiesRelated formulas including these constants are arranged based on elasticity

theory.

2.2.1 Stress intensity factors

Irwin also defined the general term of stress intensity factor (BIs a quantity
measuring the stress field around the crack tip. The stress intensity fadtor&iofKi
were denoted for corresponding loading conditions. The forr@ikasandK;; were given
in Equation2.1. According to thenK changes with crack length)( far field stressg),

dimensionless stress intensity factd) depending on crack and specimen geometry.

K=®d — 2,1z ® Ki=® — 2tz ®

(2.1)
Where;

Ki: mode | stress intensity factor
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Ki: mode Il stress intensity factor
., /EME DODAAOO
T = shear stress

a= crack length

® — mode | dimesionless stress intensity factor

® —  mode Il dimensionless stress intensity factor

W= width of the specimen

According to | r Wiamriges a critical vadue at avhich thevimagenal
doesnoét resist, m aotthe crack initiatiom and propagationc Tthis r s
critical stress intensity factor is named as fracture toughKest$,is a material property
presumed to be independent from size.

2.2.2 Qack tip stress and displacement solutions

Considering the elastic raaial assumption, Westergaard (1934) represented the stress
and displacemersolutionsnear the crack tip stated below. In Figure 2.2, a stress element
is demonstrated. According to this, stress calculations were made in tarniseofadial

distance fom crack tip and--angle. Stress at crack tip has a square root singulaiy, 1/

11
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Figure 22 Near crack tip stress configuratiohdapted fromAyatollahi MR, Akbardoost
J,, 2019

Stress components near crack tip undede | loading

, —AT ©p OE+OE+ (2.2)
. —Ai 6p OEIOEL (2.3)
T —AT ©0E+ (2.4)
" mfor plane stress (2.5)
" Tz, ,  for plane strain (2.6)
t =01 0 (2.7)
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Displacement components near crack tip under mode | loading

V) T .. =
0 — — Al © k i "Q&F
oo c P Q C
(2.8)
6 O L eTk D& i
— — i
cl C“ C p c C
(2.9)
0O T (2.10)
k =— for plane stress (2.11)
k=0 17 for plane strain (2.12)
Stress components near crack tip under mode Il loading
0 — o =~ . O—
” ——OE+ ¢ Al OAI ©
ng" 1 C C C
(2.13)
0 — . = . O—
» ——OE+ Al OAI ©
ng" 1 C C S
(2.14)
T =P OE+ OE+
(2.15)
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» mfor plane stress (2.16)
" Tz, ,  for plane strain (2.17)

t =0t 0 (2.18)

Displacement components near crack tip under mode Il loading

—

0 l .
C C
(2.19)
6 0 TA'I'Q_/( i Q&F
— — i
cl CH c p c c
(2.20)
O T (2.21)
k =— for plane stress (2.22)
k=0 17 forplane strain (2.23)
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2.3 Elastic gastic fracture mechanics(EPFM)

Plastic deformation occurs as stress applied surpasses the strength of the material. In some
materials like ductile steels, plastic region around the crack tip is not neggialyand

LEFM approach is not applicable for them. Instead ofaste plastic fracture mechanics
formulas are used for ductile materials. According to EPFM, the material is assumed to

be elasteplastic and isotropic. Herd,integral concept is exgleed as an EPFM criteria.

2.31 Path Independent] integral

A path independent contour integral denoted as Jdisoveredby Rice (1968).J
integral was used for calculating energy required for creating new crack surfaces. The
contour integral theory cabe employed for both LEFM and EPFM approachmesigure

2.3, the contour surrounding crati is depicted through Cartesian coordinates, §f

Figure 2.3 Arbitrary contour around the crack tip

Jintegral formula is deoted by the Equation 2.24

J= G WQAw Y — Qi (2.24)
Where;

@G arbitrary contour around the crack tip beginning from lower flat notch surface up to

upper notch surface in a counterclockwise direction
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W: strain @ergy density

WEWXY)=, o » 22

Ti: components of traction vector based on outward normal &kbng
T, Z%¢&

. stress tensor

- strain tensor

ui: the components of displacement vector

n;: components of uhbutward vector normal to contour defined@s
ds differential arc length of contou®

In next sectionmode | fracture toughness testing background with different specimen
geometries and testing methods is summariddée specimens used for testing are
divided into three types of geometry which are bending, Brazilian disc aragmieed

Brazilian disc.

2.4 Fracture testing with bending type specimens

Bending tests are commonly used to inspect mode | failure of brittle rocks. For three
point and symmeit four-point bending tests, rectangular beams are used while for semi
circular disc and straight notch disc bending tests, either disc or half disc shaped
geometries are necessa8emicircular disc and straightotched disc geometries are
rather new gemetries loaded by bending until fracturimig.all thesespecimensan edge

crackat lower boundarys constructed through the center of geometry with a wire saw.

For test setp, two rollers as support points underneath the specimen are put at the same

distance from the crack. Another roller is mounted to the upper center of the specimen.

16



2.4.1 Three-point bending test

Srawley (1976) proposed the mode | stress intensity factor solution with a polynomial

expression in terms of crack lengt),(width (W), span lengthY), applied concentrated

load P). As he stated, this solution is used for many purposes including fatigue crack

growth due to broad rangeafWratio from 0 and 1. However, according to ASTM E399
standard, Srawley noted thafW ratio shold be within the range of 0.45 and 0.55 to

measure more reliable and accurate mode | stress intensity factors. Besides this

restriction, this solution becomes valid for the conditioS&E4.

Srawley stated this formula as below

[

— Y ) &) ) )
06V 8 07 VW pBw & o PL BES X
0 w U (
C P Cyg P &

Ki: mode | stress intensity factor

P: applied concentrated load

@ (/W) mode | dimensionless stress intensity factor
B: thicknesf test specimen

W: depth of test specimen

S span length

a: crack length

a/W dimensionless crack length

Tada et al. (2000) expressed

17
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Ki o 2,z z¢h, —ho
(2.26)
for — land— 4,
Vi (@/W) = 8 _ 8 8_8—7 8 —
(2.27)
Ki=———2& — 2 2 &
(2.28
Where
M: moment

, . tensile stress

2.4.2 Symmaric four -point bending test

According to ASTM C 142116 (2001) four-point bending fixture for fracture test is
given under suggested test fixture procedures irAtiteexi Al as seen in Figure 2.4
Stress intensity factor solutiofKj proposed by ASTM (421 (2001)for four-point
bending model is presented below. This formula is valid within the range of 0.35

a/W 0.6. Moreover, according to ASTM C 14286 (2001) outer span length to inner
span length ratio Y 7'Y) must be ideally taken as 2.
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O
Test Specimen
—
-
A | w W

I | Indents, Precrack, or Chevron Notch

Figure 2.4 View of four-point bending test setp

z
_ *
Kipe= W = 7

z

O W= pRYYXD P —

(2.30
Here,
Kipe: mode | stress intensity fawtunder fowpoint bending test
P: applied concentrated load
B: thickness of test specimen
W: depth of test specimen
So: outer span length of test specimen
S: inner span length of test specimen
a/W dimensionless crack length

@: mode | dimensionks stress intensity factor
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2.4.3 Semicircular bending test

Semicircular bending (SCB) method, namely Straight notched -séwular bending
method was suggested by Chong and Kuruippi984. Both load line displacement
(Chong and Kuruppul984) and fraetre toughness computations (Chaatgal, 1987)

were provided. They performed finite element analysis for limited range of crack lengths
and span lengths. Lim et al. (1993) conducted an extensive numerical analysis for a broad

range of crack length, spagnigth and mixeanode stress intensity factors.

As seen in Figure 2,5he SCB specimen is subjected to thpeat bending loading. SCB
disc contains a straight edge notch. It can be madhuitd a chevron notch instead of
straight notch because of theseeess in machining and high stress concentration causing

stable crack growth and less fracture process zone (FPZ), (Ayatollahi, 2013).

(b)

Figure 2.5 Threepoint loading (a) and crack line (b) configuration of semgular
specimen (Adapted from Ayatollahi et al., 2016)

The SCB method is recommended due to simplicity in preparation of specimen,
laboratory setp, test procedure, only applicability to wide range of rocks, less machining

and small size amount of material raguanent, (Lim et al., 1994). Moreover, it is proper
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for mixed mode, mode | and mode Il loading modes. Mode | fracture toughness value can
be computed by using the formula in Equat2o81 (Kuruppu et al., 20156

0 1o -R) (2.31)
Where;
Ki : mode | stress intensity factor
P: applied concentrated load
a: crack length
R: radiusof test specimen
B: thicknesf test specimen
S half of span length
® : dimensiongss stress intensity factor basedaéiRandS/R(Lim et al., 1994)

a'Y: dimensionless crack length
Y, is given in Equatior2.32by Lim et al. (1994) below. This formula is valid for 0.1
a/R 0.8 andS/R=0.8.

s e e O & & & e
O 5 RwpuBE Wby PCEAE  POUVT  WXdg

(2.32

Lim et al. (1993) studied the influencesapfS, —over SIF evaluation of SCB geometry
using the numerical models. In this work, SCB geometry with dimensionless span length
varying between 0.5 and 0.8 and dimensionless crack length varying between 0.1 and 0.8
was used. Considering these limits, when half of span leBptb (adius ratio decreases,

pure mode Il SIF becomes dominant. Likewisereduces withKc when theparameters

of a and—increase. In addition, numerical results show that shorter crack lengths are

preferred because of less variatiorKis values than longer crack lengths.
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Il n Funat su et

diameterand 25 mm thickness. By using diamond saw with the thickness of 0.a8/Rm,

ratio were adjusted for the cases of 0.3, 0.4, 0.5 and span temgthus ratio of 0.8 was

al . 6s

kept constant in each specimen.

I n We i et al

. 0s

study

experi ments

(2015) ,

(2015)dunder mac hi

three point loading. These seruoircular specimens with a straight crack had by

test

sandstonewere tested fo6/R=0.8. They were 30 mm in thickness and 36.5 mm in

radius. The range @/Rratio was kept between 0.36 and 0.4 and/B=8.8. Related

mode | fracture toughness values were listed in Talile 2.

Table 2.1 Mode | fracture toughness values with SCB testing method

Material Type Kic (MPapd ) | Source

DazhouSandstone 0.56 Wei et al. (2015)

Qingdao Granite 0.87 Wei et al. (2015)

Granite 0.68 Chang et al. (2002)

Marble 0.87 Chang et al. (2002)
Limestone 0.68 Khan and AlShayea (2000)
Ankara Andesite 0.94 Tutluoglu and Keles (2011)
Johnstonegynthetic mudtone)| 0.06 Lim et al. (1994)
Sandstone 0.27 Singh and Sun, 1990

2.4.4 Straight notched disc bending test

Straight notched disc bending (SNDB) method was initially proposed by Tutluoglu and

Keles (2011) to measure mode | fracture toughness valuelofiraterials and concrete,

etc. SNDB specimen has a circular plate type geometry with a straight notch subjected to

threepoint berling loads as seen in Figure 2.6
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This method presents many advantages such as easy specimen preparation, simple test
procedire, smaller fracture process zone (FPZ) size, and thickesssl variable

stiffnesswhichis an advantage in specimen size effect investigations.

Loading
roller

Support
rollers

Figure 2.6 Straight notched disc bending (SNDB) specimen geometry timaespoint
loading

Tutluoglu and Keles (2011) computed dimensionless stress intensity factors and
measured fracture toughness with SNDB methidtey were estimated by changing
significant geometrical parameters containing dimensionless crack leagih (

dimensionless thicknesgR), dimensionless span leng®/B.

Mode | dimensionless stress intensity factor was repteddy the Buation2.33
@ =—= and, =— (2.33

Where

0 : mode | stress intensity factor
P: applied concentrated load

a: crack length

R: radius of test specimen

t: thickness of test specimen
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S half of span length
. .tensile stress

®: mode | dimensionless stress intensity factor basedto®/Randt/R

Tutluoglu and Keles (2011) proposed two parametric equdtorm®mputation ofnode
| stress intensity f@orsfor the specimens within the ranges@ a/t 0.9, t/R 3
andtT® “YR 0.8.

The linear form of mode | dimensionless stress intensity factor equation strongly depends

on S/Rratio. Parametens andn in the equation are functions aft andt/R ratios.

o & - & (2.34

<l o
<l o
<l o
<l o
<l o

(2.35)

Second formula composed of fifth orderlypwmial function with coefficients was
offered for varioud/R ratios It was found that the increase in disc thickness results in
higher mode | fracture toughness values.

2.5Brazilian disc test background

In early 1940s, Akazaw@d943)and Carneirq1943) proposed Brazilian disc test (BDT),
namely splittension test to measure tensile strength of brittle rocks and concrete.
Carneiro worked on a correlation between the uniaxial compressive strength and tensile
strength ( . In 1978, ISRM suggested a tensile strength measurement method with a
testing configuration formed by inserting two opposite curved jaws for loading cores

under compressioas seen in Figure 2.7
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.. Upper steel jaw
1

+ 4 Guide pin

Lower steel jaw

Brazilian Disc specimen

Figure 2.7 Indirect tensile strength test configuration of Brazilian disc (Improved
illustration from ISRM, 1978)

” — (2.39
Where
P: failure load
R: disc radius

t: disc thickness
2.5.1 Stress distribution induced by a point load and uniform arc loading

Prior to use of loading device suggested by ISRM (1978), some loading alternatives were
evalated for tensile strength esurement. As seen in Figure 2c8mpressive loading

was applied by a concentrated lo&dat the upper and lower part of thin circular disc
specimen to measure the tensile strength based on the tension generated indinectly at
center of the disc. Related to stress distribution, vertical normal stress, horizontal normal

stress and shear stress in Cartesian coordinates are expressed by the symbgp|s qf

. ,respectively.
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According t o elry(i9303 theenik alidear contact at initial stage of
diametriccompression test and at the loading point, this causes compressive stress go to
infinity along vertical l i ne. @O59)when ot her ha
time elajses, load ascends and linear contact converts into slightly flat contact area with

load increase. Although both theories give identical results, slightly flat surface is

deformed by increasing load. This means that in extreme points along vertical line,

compressive stress is not infinite (Clvarez Fe

0) T

| >
I‘-. X
~ R
b
Figure28Br azi |l i an disc subjected to concentrated
Fern8ndez et al ., 2015)

Based on elastic solution, stress disthidnu at the centa’R=0 of the disc were given by
Hondros (1959). Maximum tensile stress was reported to be at the center perpendicular
to the compressive loading direction; this is where tensile failure occurs. The solution

included an angle o Gand p for circular distribution of concentrated loading at the
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loaded ends. This was necessary in order to eliminate the effect of crushing problem under
the concentrated loading testing practice (Figure 2.9

\xiw P

201
e

(o)

=V

R

FFAC

Figure29Radi al |y distributed compressive | oad
al., 2015).

For the load distribution adjusted geometry, stress distribution transformed into polar
coordinatesr( — is given by:

1

- i s
U Py ! Qe T A
" m ‘sz| F— ‘| AOA@A—Ii—Zowm
P Cv w el Y P v
(2.37)
- | I i
0 Py G A .
" " 'Y(‘)Z| ‘l — ‘| Wl wo—eafi—z 0O WE |
P C v W el av P v
(2.38
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S S ) (2.39

, — (2.40

p: — (2.4)
Where
P: applied concentrated load
p: appliedpressure
R: disc radius
t: disc thickness
w: projected width over loaded section
2 :loading angle in degrees
r: radial distance from the center of the disc
—gangular displacement of a point from the centehefdisc
, . radial normal stress
» . tangential normal stress

Herein, the pressure along projected width which is flat surface was calculated using the

parameter ofv equal toDsiff andtangential stress along loaded vertical line was found

as— at the center.

According to these expressions, when half of loading angle approaches to zero, it is found
that, , tangential stress and, radial stress at the center are found equa-tand—

, respective}. In other scenario including half of loading angle tending towards infinity,
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both of them become —. Coming to another case, whiR andt tend to zero,

separately, stress becomes zero. For this condit®natio was taken as 1 to be able to
negotiate with the plane strain assumption and simplify the equation by removing the

uncertainty about the parameters in the calculation.

After Hondrosé (1959) stress solutions,
displacement formula for the Baidian disc by applying opposite uniform radial loads
over arc length of disc. The idea lying behind this loading is the stress transformation

over arc lengths.

Wang et al. (2004) adapted the same formula for flattened Brazilian disc specimen by
considerig flat ends instead of opposite circular arc lengths and rearranged closed form

stress solution of Brazilian disc (BD) by addigps—instead oP as seen in Figure 2.10
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Figure 2.10 Differential stress and force compotem polar coordinates
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Q,a0— (2.43
2.5.2 Crack initiation conditions for FBD and BDT methods

The stress distribution enging with disc geometry induces failure conditions to
alternate. According to Griffith strength criterion (1924), crack initiation conditions were

given based on specimen geometry associated with test type as below.

If 311 ” T[ [Nl ” (24®
if3, n,, — (2.45
When in Brazilian disc method, equalities ¢f 3 ,, m and, , are achieved at

the center ofhe disc, tensile crack initiates at the disc center. In other words, rock fails
at which tensile stress surpasses the tensile strength of rock.

On the other hand, in Flattened Braziliancdisethod, as the conditions®f T
and, ——are satisfied at the center of the disc, tensile crack initiates from the
center.

2.6 Fracture toughness testing with flattened Brazilian disc test method

Guo et al. (1993) suggested a mode | fracture tougtesssg method based on
Brazilian tensile strength testing specimen geometry. With this method, mode | fracture
toughnessKic) can be measured without machining a notch or crack.

Guo et al. (1993) studied the relations between SIF parameters and defined a formul
betweenY;, dimensionless stress intensity factor aiR, dimensionless crack length
using a numerical integration method. The numerical solution indicated that

dimensionless stress intensity factor was a function of dimensionless crack length.
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Guoetal . (1993) changed the | oading angl es
stress intensity factor behaves at different crack lengths. According to this, the

dimensionless stress intensity factor decreases due to expansion of contact area when
loading angle increases. This causes tensile region narrowing and reducing fracture

toughness.

After numerical interpretations, mode | fracture toughness formula for BDT was derived
as below (Guo et al., 1993).

Ke 620 26 - (2.49
Where;
Kic: mode | fracture toughness (MA@ )
B: the constant dependent on geometry of the specimen

B——
|/| z Z z Vl

Pmin: local minimum load
D: disc diameter

R: disc radius

t: disc thickness

Y| (- ddimensionless stress intensity factor

a: half of crack length
a: half of loading angle (in radians)

a/R dimensionless crack length
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» . radial normal stress
» . tangential normal stress

I n Guo et al . 6s met hordfdéciepaBcds suchtadiedidenotwer e a
guarantee crack initiation at the center and crack propagation along vertical axis of
diameter and did not explain how loading angle controls where the crack initiates (Wang

and Xing, 1999). Uniform arc loading presednhin the calculations was difficult to

practice and wrong selection of domain led to inconsistent SIF results for center cracked

problems.

In pursuit of abetter method, Wang et al. (2Q00developed a Flattened Brazilian disc
(FBD) method to overcome thlehortcomings of Brazilian disc test (BDT) suggested by
Guo et al. (1993). In Figure 2.1the geometry proposed for this method was
demonstrated and opposite curved surfaces with the same flattened end Widtre (2
constructed to maintain easy loadinglajuarantee crack initiation at the disc center by

discarding crushing problem at contact points.

Figure 2.11 The geometric representation of Flattened Brazilian disc (Keles and
Tutluoglu, 2011)
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Dashed line in Figure 2.1shows where the crack formation occurs during loading.

Wang et al. (200¢dderived a formuldor model fracture toughness of FBD geometry as

given in equatior2 47.

KIC:Z—‘M_ (247)

Where;

Kic: mode | fractue toughness (MP#& )
P: applied concentrated load (N)

Pmin: local minimum load (N)

®: dimensionless stress intensity factor
®  =maximum dimensionless stress intensity factor
R: disc radius (mm)

D: disc diameter (mm)

t: disc thicknesgmm)

L: half of flattened end width (mm)

2a: loading angle in radians

a: half of crack length (mm)

ac: half of critical crack length (mm)
a/R dimensionless crack length

In Table 2.2 the results of fracture toughness tests applied by Guo €toai3) wee

given. In these tests, six specimens including sandstone, varied cbioestone
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different coarsgrained marbles were used to determine fracture toughness. In addition,
chevron test suggested by (IDPSB)RdMefoaunddath€u o et

close to each other. To illustratéc values of sandstone, grey limestone subjected to
chevron bend test resulted in 0.68 NMéa, and 1.85 MP@a , while corresponding

values were obtained as 0.67 NMBaand 1.58 MP®a& under Brazilan disc test.

Table 2.2 Mode | fracture toughness values with FBD geometry

Material Type Kic (MPapO) | Source

Sandstone 0. 67NO.|Guoetal (1993)

White limestone 1. 38NO.|Guoetal. (1993)

Grey limestone 1. 58 NO.|Guoetal. (1993)
Finegrained marble |1 . 0 0 NO .| Guo et al. (1993)
Coarsegrained marble 1 . 1 2 NO .| Guo et al. (1993)

Basalt 3. 01NO.|Guoetal (1993)

Chalk 1. 15 N | Proveti and Michot (2006)
Granite 1. 29 NO.|Chang et al. (2002)
Marble 0. 99 NO .| Chag et al. (2002)

A valid Brazilian type (FBD) mode | fracture test should have a central crack forming
during the load application. Crack is supposed to be in line with the direction of applied
boundary loading. Crack presumably propagates in a stableemaith a decrease in the
applied concentrated lode and this part is associated with a negative slope of load
displacement plot. Load drop continues for a while. Then, with a positive slope, applied
load shows an increase until disc is completelyt spio two halveslt must be ensured

that cracking does not begin under the loading platens.
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In experiments conducted by Wang and Xing (1999), the FBD methods were compared
with CCNBD suggested by ISRM (Fowell, 1995). According to tlig, value of
Chorgging limestone was found as 1.25 NHéafor FBD method whereasc value of

same rock type for CCNBD test was obtained as 1.26AdPé# was seen that there was

a close relationship between the results of both test types. In extensive study o§lliutiu
and Keles (2011), FBD fracture toughness results were found as 1.4QiGVifea
andesiteand 1.12 MP@a for marblewhile Kic value of andesiteas 1.45 MPRA for
CCNBBD tests.

Wang and Xing (1999) made efforts to determine the range of aptioading angle by

applying a boundary element method. Wang and Xing found that the loading angle of 2
required to initiate crack at the center s
(2004) computed this critical loading anglé)2 as 2 @gAinitd efemensnethod

and in Kaklis et al.ods finite el ement mo d
Opti mum | oading angle for mode | fracture
and 30A (Huang et al., 2014 and Wang et al

Instess analysis conducted by Keles and Tutl

and 12A |l ess than 14A gave normalized equ
than 14A resulted in smaller than 1. Thes
ocurs out of disc center for the angle | o0\

small flattened length is exped to yield unreliabléracture toughness result.
2.7 Fracture toughness testing with cracked Brazilian disc geometry

Tension failure otracked Brazilian disc type specimens under compressive loading is
induced at the tip of central crack. Then, the crack propagates alongrdidimeparallel
to loading direction to initiate mode | failure.
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For initial crack, a wire saw is used foentral cracks inside disc. The shape, direction,
location, sharpness and machining of the crack influence stress concentration developed
from the crack tip. Although preracking stage is a critical and demanding operation,
these cracked methods are pre¢d due to simpler test agh and specimen preparation,
compared to those of CB (chevron bend) test and SR (short rod) tests.

2.7.1 Cracked straight through Brazilian disc (CSTBD) test

The cracked straight through Brazilian disc (CSTBD) is a circulkecispen containing a
central crack subjected to compressive loading to determine mode |, mode Il and mixed
mode fracture toughness of rocks. Firstly, Libatskii and S.E.Kovchik (1967) developed
an analytical solution for CSTBD geometry to investigate theemidihcture toughness.
Secondly, Awaji and Sato (1978) used this specimen to indicate mode I, mode Il and
mixed mode fracture toughness of graphite, plaster and marble. Later, Atkinhabn
(1982) derived the SIF solutions for Brazilian disc with aigitathrough crack (STC)
aligned at any direction. This method enables different modes of loading on the same test

conditions by changing the direction of crack inclination angle.

As illustrated in Figure 22, inside a Brazilian disc, a straight throughak is opened
from the center by a means of drill bit and wire saw based on crack orientation. Fhis pre

cracked specimen is compressively loaded along its core diameter using the platens.
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Figure 2.12 Brazilian disc witha straight through crack (STC) with crack inclination
angle

Mode | and mode Il stress intensity factors for CSTBD specimens containing both
inclined cracks and straight through cracks (STC) were determined by using these
equations proposed by Atkinsonatt (1982) as below.

o Lo (2.48)

0 —W (2.49
Where
0 : mode | stress intensity factor
0 : mode Il $ress intensity factor
P: applied concentrated load (N)
R: disc radius (mm)

0: disc thickness (mm)
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ca crack length (mm)

—: crack inclination angle

| . dimensionless crack length

wdmode | dimensionless stress intensity factor
@ : modell dimensionless stress intensity factor

The dimensionless stress intensity factor equations badgdrai—presented below are
valid for the condition oB/R T1@. According to this, more reliable fracture toughness
resul ts wer e o0 bgsexpermends upon RMVA gpeckmerns at shorbcrack
lengths. Also, Krishnan et al. (1998) studied upon crack inclination angle to obtain pure
®and f oundaR=0.145wher?=0.A a't

WOdp Ti Q& Ti QEp T&)éi—%
(2.50)

Mdc Ywé i v (—;) i Qe
(2.51)

Fowell and Xu (1993) provided thie solution (Equatior2.52) with abestfit polynomial
function valid br the wide range of 0.05¢'Y Ti@o L

W - IOV IBIOWT XBToLO PARYLT BPPPp CKTPY

CB WVW ORX W PR TOW YROOW X@XTC
X&@T ¢ o)

(2.52
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2.7.2 Cracked tevron notched Brazilian disc (CCNBD) test

Shetty et al. (1985) developed a new method called as cracked chevron notched Brazilian
disc method (CCNBD) and applied it to determine fracture toughness of three ceramics
by adapting S| FO6s eadnehtothewon sotcleed dis€sSIm BOB5, s p
ISRM recommended CCNBD specimen asi@deal specimen fofracture toughness
measurementsinder mode I, mode Il and mixed modeading. Advantages of the
proposed test are higheiléae loads, larger tolerance against machining error, easier test

procedure and less variation in results due to the notch type (ISRM, 1995).

Geometry of CCNBD specimen depicted in Figule8is transformed into dimensionless

parameters represented akobe

(&)

o

1
le— o —>|

\
\ \
P )
4 2 S, it £
—R— &,
;
V’ TIII7 7007277700777 /‘//,%\ )
7 '

IA ” Loading plate

Figure 2.13 CCNBD specimen and test configuration (Fovetlal, 2006)
Where

| w7y
| wTY
| orY

| (o) (®)
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Restrictions related to geometric parameters of CCNBD test and valid ramgéfor

and  paraméers werepresentedbelow andn Figure 2.14
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Figure 2.14Valid range of and  parameters

Chevron notch is constructed with two circular cuts from symmetric faces at the center
of Brazilian disc along the same diametrical cutting plane by using diamond saw. The
cutting depth is determined based on radius and the dimensionless geometric parameters
such adb, U or Us (Chang et al., 2002 Also, the cutting depth should be ideatitor

both cuts. After specimen preparation, compressive loading is simply applied over the

specimen by plate along straight through crack line.
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The mode | fracture toughness and minimum dimensionless stress intensity factor
solutions were expressed addw (ISRM, 1995).

=0 (253

O =0zQ° (2.54

Kic: mode | fracture toughness (MBm)

Pmax failure load (N)

B: thickness of disc (mm)

D: diameter of disc (mm)

Ymin* : minimum dimensionless stress intensity factor
The constants af and] depend on the values|of and

I n Chang et al.ds work upon granite and me
54 mm indiameter and 185 mm in thickness were investigated for the size effect on

fracture toughness. For specimen preparation, the cutting machine used for opening a
chevron notch had a diamond saw with a diameter of 50 mm and a thickness of 0.8 less

than 1.5 rm upper limit suggested by ISRM.

Kic results of CCNBD experiments by some researchers are tabulated for various rocks

in Table 23.
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Table 2.3 Mode | fracture toughness values by CCNBD tests

Material Type Kic (MPapyd ) Source

Barre granite 1.38 3t @ Igbal and Mohanty (2006)
Laurentian granite 1.38 3t o Igbal and Mohanty (2006)
Stanstead granite 1.08 8t x Igbal and Mohanty (2006)
Granite 1.35 0.06 Chang et al. (2002)
Marble 1.06 8t Y Chang et al. (2002)
Dolerite 1.43 0.03 Dwivedi et al. (2000)
Agglomerate 1.32 0.05 Dwivedi et al. (2000)
Basalt 1.51 0.06 Dwivedi et al. (2000)
Fine grained Sandstone 0.24 0.01 Dwivedi et al. (2000)
Limestone 0.79 0.01 Dwivedi et al. (2000)
Dolomite 1.09 m8u Dwivedi et al.(2000)
Quartzmica Schist 1.27 0.02 Dwivedi et al. (2000)
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CHAPTER 3

FINITE ELEMENT PROGRAM AND NUMERICAL MODELLING OF

FBD GEOMETRY

The majority of engineering problems is solved by partial differential equations due its
complexity (e.g. geometrjgoundary conditions, etc.). To find approximate solution of
them, finite element method (FEM) is used for different geometries (e.g. stress intensity
factors). ABAQUS softwaréicensedto the Middle East Technical University users is a
powerful finte element package to handle fracture mechanics applications. This software
package is used to compute stress intensity factors of specimen geometries employed in
this research. ABAQUS is selected to interpret the models adapted from fracture
mechanics pblems according to the outputs of stress, strain and displacements. From
the numerical models, mode |, mode Il and combined mode stress intensity factors of

various geometries are computed.

Higher accuracy and convergence for solutions are achievedctgasing number of

mesh elements in this program. It is known that as the number of elements and nodes in
mesh increase the solution accuracy rises. However, the higher computation time is
required based on the problem type and geometry. A detailed m@asizapon work is
conducted to increase accuracyKefindac, computations. Overall specimen geometry

mesh and special crack tip mesh parameters are varied for the optimization.
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3.1 The program structure of ABAQUS

ABAQUS analysis modules are dividedanwo groups including ABAQUS/Standard

and ABAQUS/Explicit which consist of complementary and integrated tools.

1 ABAQUS/Standard : generglurpose, FE module

1 ABAQUS/Explicit : explicit dynamics, FE module

1 ABAQUS/CAE : combination of analysis modules intc@mplete ABAQUS
environment for modelling, managing and monitoring analysis and visualizing its results
1 ABAQUS/Viewer: forming output database through the files containing extension
.0db to interpre(ABAQUS 6.141 Documentation, 2014)

3.1.1 The assignmendescription of ABAQUS Modules

In this part, some modules such as part, property, etc. are introduced to generate the model
in ABAQUS software. Within these modules described below, a logical sequence is

followed prior to submit the model into program bm@ing interpreted.

In part module, a new geometry is constructed by selecting proper shape such as
rectangle, circle and so on from the related options and in this module, partitions are

created. Moreover, number of part can be increased based ondke nee

In property module, necessary material properties of the part are identified. Related
module presents many material options listed as elasticity, plasticity,-@wdbumb
plasticity, clay plasticity, Drucker Prager and so on. In subsequent stepnsduiuld be
assigned to the part. In assembly module, parts and instances are defined and entire model
including instances is formed by adjusting the location of parts with respect to coordinate
system(ABAQUS 6.141 Documentation, 2014)

In step modulea sequence of analysis steps is created and can be edited depending on

loading, boundary conditions, analysis procedure. Moreover, the specifications about
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steps can be changed upon whether analysis is linear or nonlinear. In fact, number of steps

and itsspecifications are influenced by the mechanical behavior of problem.

To get desired outputs related to steps, output requests are obtained from selected output
request type. Output requests are divided into two groups which are History Output and
Field Qutput requests. While outputs can be acquired for entire model or specific region
from Field Output request, those related to a specified node can be taken from Field
Output request.

In load module, a number of loads such as the concentrated and didtldadecan be

applied with the desired boundary conditions.

In mesh module, mesh elements are created for the parts or instances by using specific
mesh techniques. Moreover, element types, shapes, mesh quality and seeding are assigned

inside this module.

In interaction module, interactions including surface to point, surface to surface and point
to point can be generated. Also, connections are defined between two deformable bodies
and between one deformable and rigid body. Other interactions are madegoyamnse

constraints such as tie and coupling.

In job module, after essential processes within model are completed, entire model is
submitted as a job. Errors and warnings about the job are obtained from monitoring

option.

In visualization module, deforation outputs restored to output database are shown by

means of contour, vector and¥Xgraphics through viewports.

In sketch module, a two dimensional profile is built to form geometry prior to describe a
native form of ABAQUS part.
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3.1.2 The descriptims of general terms and notation used in ABAQUS

This part identifies common terms and notation utilized in FEM analyses. Basic terms are
seeding, partitions and degree of freedoms. The degree of freedoms (dofshanslibe

of independent coordinates wleel to define location of body and divided into two groups
including both rotations and displacememMBAQUS defines six dofs in terms of
displacements as, Uy, us along the directions, y, zand rotations asrs, urz, urz around

thex, y, zaxes, resgctively. The restrictions along these components can be applied upon

faces, lines and edges.

Partitioning is to divide model region by creating supplementary internal lines, edges and
faces. This facilitates to control the movement of the model by impliéngenecessary

loads, boundary conditions and couplings. By this method, meshing quality and solution
accuracy is enhanced since it can adjust mesh intensity by focusing on critical regions.
Also, partitions can manage the seeding operation in a moiéapigeeding is to assign
nodes depending on discretization of boundary and to adjust the number of nodes upon
lines or faces. By increasing number of nodes, mesh refinement is maintained for mesh

sensitive regions. Thus, seeding and partitioning proegdishown in Figure 3.1.

seeds

partitions

Figure 3.1 Half of flattened Brazilian disc with partitions and seeds in 2D plane strain
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3.1.3 Crack modelling procedure and related terms in ABAQUS Software

ABAQUS software introduces some paraerstwidely used in the field of linear elastic
fracture mechanics. These parameters are denoted as seam crack, crack front or cell, crack
tip or line, crack extension direction, singularity elements assigned at crack tip and crack

propagation direction iterms of angle .

There are two types of cracks defined as seam cracks and notches, namely blunted cracks.
Seam crack is represented with a virtual edge and plane having zero thickness as seen in
Figure 3.2 and Figure 3.3. This crack type is enclogatidregion; however, it tends to

open when loaded. In this study, closed region refers to contour integral region in 2D
space. Crack front, crack tip, crack extension direction, singularity elements at crack tip

are assigned in this region.

sketched e | seam
#| partition He#  crack

Figure 3.2 The representation of tadimensional seam crafRBAQUS 6.141

Documentation, 2014)
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- sketched - seam

partition ! crack

Figure 3.3 The representation of thremensional seam craclABAQUS 6.141
Documentation, 2014)

After sean crack is indicated, crack front is selected as the first circle surrounding the
crack tip. While crack front becomes circular plane in 2D space, the cell replaces in 3D
space. Thus, as observed in Figure 3.4 and Figure 3.5, contour integral calcolaiisn o

between the first contour and the outmost contours. Within 3D crack front, contour

integral is calculated for each node along the crack line.
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Figure 3.4 Two-dimensional crack front and successive contour integrabmegi
surrounding the crack tfABAQUS 6.141 Documentation, 2014)

crack front

crack line (call)

Sl e

Figure 3.5 Threedimensional crack front and contour integral calculation region
(ABAQUS 6.141 Documentation, 2014)
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Crack extension direction shows in whidinection the crack starts to propagate during
loading. In ABAQUS, it is represented fQyector which is a unit vector parallel to crack

extension.

Another issue about the crack modelling is the stress state at the crack tip corresponding
to stress sindarity. Stress concentration occuasound sharp edges such as cracks,
notches due to the influence of far field stresses. At the crack tips, stresses accumulated
rise towards infinity and become singular. To calculate it precisely, the relation of square
root singularity is used for linear elastic brittle materifiisorder to create square root
singularity, seconarder elements are used at the crack tip sincedigdr elements
ignores the misside nodes and so msgide nodes are preferred for acayan elastic

case, mieside node moves to 0.25 of the distance between native nodes (Figure 3.6).
Therefore, these collapsed elements at the singularity are created by eliminating single
node or duplicate nodes to be able to extend the crack. The tallap£D elements at

the crack tip is illustrated in Figure 3.7.

e —

MName:  Crack-1

Type: Contour integral

Domain: Geometry

Singularity

Second-order Mesh Options

Midside node parameter (0«<t<1): |0.25
MNote: Crack tip is at t=0
Degenerate Element Control at Crack Tip/Line
No degeneracy
@ Collapsed element side, single node

Collapsed element side, duplicate nodes

oK Cancel

Figure 3.6 Singularity optiorat crack tip for 2D and 3D linear elastic region
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Figure 3.7 Singlesided collapse of secormatderquadrilateral elements at the crack tip
(ABAQUS 6.141 Documentation, 2014)

After seam crack and contour integral region are specified, stress intensity Kactods
Ki are computed in the contour integral region. The crack propagation direction (CPD
at initial condition is made available as a result of contour integral computation. In this
study, maximum tangential stress (MTS) is preferred to compute CPD-arfigédated

formula is given in Equatio8.1

— GF | ) (3.1)

CPD angle which makés value to be zero. CPD angle is calculated basectack line.
For pure mode | stat& value is supposed to be zero. In this cassck propagation is
in the straight direction along the crack plane a#sifound as zerof K; >0, —becomes
less than zero. In contrastKii <0, —becomes grater than zero. This angle is determined

from g vector and normal vector.
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3.2 Numerical modelling of FBD geometry

Numerical modeling is performed to compute mode | stress intensity factor and to
investigate the characteristic parameters related toBBPegeometry. For the modelling
work, ABAQUS v12 package is used to simulate the numerical models of FBD

geometries. The variation &f value with loading angle arad/R value is analyzed.

Mesh convergence study is required to reach the reasonablenestfar varying loading
angles. Approximately 150 models with varying flat loading end widths are run. After
completion of mesh convergence study, best fitted equation§ ford ac/R based on
loading angle are explored. The loading angle range appliegpanded from 2o 50

to derive a reliablé;.
3.2.1 Modelgeneration

Two-dimensional plane strain modelling is applied. In the initial trials, diameter and
loading angle are selected as 75 mm and @&pectively to check the accuracy of the
modelng work. This loading angle is chosen since it stays within the optimum range
between 20and 30 (Wang et al, 2004). In addition, accurate boundary conditions with
the loading are applied to investigate pure tensile effect upon FBD geometry. The
concentated load of 1000 N is implemented from the bottom layer of the specimen
through +y direction. The results are verified at different crack lengths for this angle.
Related FBD geometry is shown in Figure 3.8 and related dimensions are listed in Table
3.1. As illustrated in Figure 3.8, the half of crack length i€ 22.5 mm and the half

loading angle 4) is taken as 10

52



L=6.51 mm

Figure 3.8 Dimensions of FBD geometry

Table 3.1 Dimensions of FBD geometry

Dimensions Value
R 37.5 mm
a 10A
a 22.5 mm
L 6.51 mm

Boundary conditions for FBD modeling are summarized in Table 3.2. FBD model is fixed

at the flat top boundary alongdjrection. Upper boundary center is fixed tdixection.

The load of 1 kN is @plied from the flat bottom boundary alonediyection with a
reference point. Reference point transfers concentrated load as an uniformly distributed
load along flat bottom boundary and is coupled atlitgction. There is no displacement
constraints appd along the crack plane. Elastic Modul&®3 ( and Poi $so0onos
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are used as 12 GPa and 0.15, respectively based on the work by Tutluoglu and Keles
(2011) on a similar andesite material. These elastic properties do not affe€t the
computations anyway, since Ricédegral used in contour integral computationS s

is a path independent scalar work based entity.

Table 3.2 Boundary Conditions of FBD test geometry

Boundary Condition Application Points Fixed DOF
B.C.1 Upper central point u=0

B.C. 2 Upper flattened length u=0
B.C.3 Lower flattened length u=0
B.C.4 RP1 u=0, k=0

H\ﬁ;?ﬂ along ¥ (uz) direction

Fixed top central point
along x (u1) direction

Vertical force as 1kN is applied by RP1

Figure 3.9 Boundary conditions and loading configuration of FBD geometry
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In mesh generation of the model, the most crucial part includes meshing of the whole
body. Meshig is the combination of contour integral region surrounding the crack tip
and the resting body. According to this, the elements around crack tip are assigned by the

singular elements to compute singular stresses accumulated at the tip of crack (Wang et

al., 1977). These elements are signified by the factol*ﬂi as performed in element

library of ABAQUS Software.

In models assigned with cracks, meshing process mostly suffers from the size of contour
integral region, because extremely large or small size of contour integral region creates
wrong SIF véues. According to the suggestionsdna by ABAQUS User 6s
(2014, 16 contour integrals are signified for the outmost contour integral region
including the radius of 2 mm. The singular stresses start to be calculated from the
innermost contour integraegion with the radius of 0.25 mm. Within this region, swept

mesh is applied whereas the rest is subjected to structured mesh. During this process,
80000 mesh elements are employed and element type is selected as CPE8R. This element
type is expressed apiadratic, plane strain reduced integrated. At each crack tip, 612

quadrilateral elements are found to calculate the mode | stress intensity factor.
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Figure 3.10 Contour integral region with partitions around the seam crackBi)
geometry

o
Global Seed:
3 Global i 8

Sizing Controls

Approximate global size:
Curvature control

Maximum deviation factor (0.0 < h/L = 1.0):

(Approximate number of elements per circle: §)

Minimum size control

@ By fraction of global size (0.0 < min < 1.0}

() By abselute value (0.0 < min < global size)

[ Defaulis] [ Cancel ]

Lok | [Capy ]

ch

Figure 3.11 Seeds and meshing surrounding the contour integral region
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In Figure 3.12, urdeformed and deformed shape of the overall FBD specimen geometry

subjected to symmetric compressive loading at flas endlustrated.

Figure 3.12Un-deformedeft view) and deformedright view)shape of the overall FBD
specimen geometry under loading

In Figure 3.13it is seen that yielding occurs in tension, since Von mises saksgs\are
positive. High stress gradients are seen at the corners under compressive loading and they

expand from the crack tip to the flat loading boundary.

Figure 3.13 Potential yielding zone developed from crack tip towat#sloaded flat
boundaries
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